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Aims The effectiveness of cell-based treatments for regenerative myocardial therapy is limited by low rates of cell en-
graftment. Y-27632 inhibits Rho-associated protein kinase (ROCK), which regulates the cytoskeletal changes associ-
ated with cell adhesion, and has been used to protect cultured cells during their passaging. Here, we investigated
whether preconditioning of cardiomyocytes, derived from human-induced pluripotent stem cells (hiPSC-CM), with
Y-27632 improves their survival and engraftment in a murine model of acute myocardial infarction (MI).

....................................................................................................................................................................................................
Methods
and results

After MI induction, mice were subjected to intramyocardial injections of phosphate-buffered saline, hiPSC-CM cul-
tured under standard conditions (hiPSC-CM–RI), or Y-27632-preconditioned hiPSC-CM (hiPSC-CMþRI). The result-
ing engraftment rate calculated 4 weeks after implantation was significantly higher and the abundance of apoptotic
transplanted cells was significantly lower in hiPSC-CMþRI recipients than in hiPSC-CM–RI animals. In cultured hiPSC-
CM, Y-27632-preconditioning reversibly reduced contractile activity and the expression of troponin genes, while in-
creasing their attachment to an underlying mouse cardiomyocyte (HL1) monolayer. Y-27632 preconditioning also
increased the expression of N-cadherin and integrin ß1, the two cell junction proteins. hiPSC-CMþRI were also
larger in cell area with greater cytoskeletal alignment and a more rod-like shape than hiPSC-CM–RI, both after trans-
plantation (in vivo) and in culture. The effects of Y-27632 preconditioning on contractile activity and morphology of
hiPSC-CMs in culture, as well as on their engraftment rate and apoptotic death in MI mouse grafts, could be reca-
pitulated by hiPSC-CM treatment with the L-type calcium-channel blocker verapamil.

....................................................................................................................................................................................................
Conclusion Preconditioning with the ROCK inhibitor Y-27632 increased the engraftment of transplanted hiPSC-CM in a murine

MI model, while reversibly impairing hiPSC-CM contractility and promoting adhesion.
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1. Introduction

Stem- and progenitor-cell-based therapies are among the most promis-
ing strategies for promoting myocardial repair in patients with cardiac
disease.1,2 However, the effectiveness of these treatments is believed to
be limited by the low proportion of cells that are retained and survive at
the site of administration (i.e. the engraftment rate).3 Many of the trans-
planted cells are lost to ischaemia, inflammation, and other cytotoxic

outcomes of tissue injuries,4 and therefore, attempts to increase the en-
graftment rate often focus on approaches aimed at improving cell sur-
vival, including genetic modifications5; treatment with prosurvival
factors,6 pharmacological agents,7 or exosomes,8,9 as well as hypoxic10

or heat-shock preconditioning.11 However, when murine embryonic
stem cells were delivered to the uninjured myocardium of athymic nude
rats, only approximately 40% of the administered cells remained at the
delivery site for 3–5 h,12 which suggests that a substantial proportion of
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the transplanted cells failed to adhere to the native tissues and were lost
to the peripheral circulation. This observation may also explain why
approaches towards restricting passive cell movement, such as the trans-
plantation of engineered tissues rather than individual cells,13,14 or creat-
ing a physical barrier that may prevent injected cells from leaking out
through the needle track,15 are often associated with higher rates of
engraftment.

Cell adhesion and migration are implemented through cytoskeletal
changes, many of which are regulated by Rho-associated, coiled-coil-con-
taining protein kinases (ROCKs)16; ROCK1 is expressed in lung, liver,
spleen, kidney and testis, while ROCK2 is primarily expressed in the heart
and brain.17 Both isoforms are inhibited by Y-27632, a cell-permeable
small molecule that competes with ATP for access to the ROCK catalytic
site18,19 and is widely used to protect cultured stem/progenitor cells dur-
ing their passaging.20 Y-27632 also attenuates the contractile activity of
smooth-muscle cells by reducing calcium sensitivity.21 Here, we investi-
gated whether the effect of Y-27632 preconditioning on cardiomyocyte
(CM) adhesion and contraction can improve the engraftment rate of the
injected cells in a murine model of myocardial infarction (MI). The trans-
planted CMs were differentiated from human-induced pluripotent stem
cells (hiPSC), which have been extensively studied for use in regenerative
therapies because they can be derived from reprogrammed somatic cells
of any patient and then used to generate a theoretically unlimited number
of cells of any lineage that can be re-administered to the same patient
without provoking an immune response.15

2. Methods

2.1 hiPSC-derived CM differentiation and
culturing conditions
The hiPSCs were reprogrammed from human cardiac fibroblasts as de-
scribed previously,22 transfected with a luciferase reporter gene,23 and
maintained on Matrigel Membrane Matrix (Thermo Fisher Scientific) in
mTeSRTM medium (Stem Cell Technologies) until 75% confluency and
CM differentiation was performed by using a small molecule-based proto-
col, described previously.24 Briefly, the cells were cultured in basal me-
dium (RPMI 1640 medium supplemented with 2% B27 supplement minus
insulin) with CHIR99021 (a GSK-3 inhibitor) for 24 h and in CHIR99021-
free basal medium for 48 h; then, IWR-1 (a Wnt inhibitor) was added, and
the cells were cultured for another 48 h before the medium was replaced
with fresh basal medium, containing B27 supplement without insulin.
Beating hiPSC-derived CM (hiPSC-CM) began to appear 9–12 days after
differentiation was initiated. Y-27632 preconditioning consisted of a 12 h
culture period in 10lM Y-27632. Similarly, verapamil preconditioning
consisted of a 12 h culture period in 1mM of verapamil. Day 28 (4 weeks
after initiation of cardiomyocyte differentiation) hiPSC-CMs were used
for transplantation as we described before.23 Before transplantation, the
hiPSC-CMs were washed with phosphate-buffered saline (PBS), dissoci-
ated with 0.25% Trypsin (Cat# MT25-53CI, Fisher Scientific Inc.), centri-
fuged at 1000 rpm for 5 min, and resuspended in PBS.

2.2 MI and cell transplantation
All animal procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of Alabama at
Birmingham and performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (NIH publica-
tion No 85-23). MI was induced in NOD/SCID mice (2–4 months of age,
body weight 20–25 g; The Jackson Laboratory, Stock Number 001303)

as described previously.23 Briefly, mice were anaesthetized with inhaled
isoflurane (1.5–2%), intubated, and ventilated; then, a left thoracotomy
was performed, and the left anterior descending coronary artery was li-
gated with an 8-0 non-absorbable suture. Immediately after MI, animals
in the hiPSC-CM–RI group were treated with hiPSC-CM that had been
cultured under standard conditions, animals in the hiPSC-CMþRI group
were treated with hiPSC-CM that had been cultured with 10 lM of the
ROCK inhibitor Y-27632 for 12 h, and animals in the PBS group were
treated with an equivalent volume of PBS. Similarly, animals in the hiPSC-
CM–VER group were treated with hiPSC-CM that had been cultured un-
der standard conditions, animals in the hiPSC-CMþVER group were
treated with hiPSC-CM that had been cultured with 1mM of verapamil
for 12 h. The treatments were administered via intramyocardial injection
at three sites (3� 105 cells/animal, 1� 105 cells/site); one site was lo-
cated in the infarcted region, and two were located in the region sur-
rounding the infarct. The chest muscles and skin were closed, and the
mice received intraperitoneal injections of buprenorphine (0.1 mg/kg)
every 12 h for up to 3 days and intraperitoneal injections of carprofen
(5 mg/kg) every 12 h for up to 1 day after surgery. After terminal studies
at the indicated time points, animals were sacrificed under isoflurane in-
halation followed by cervical dislocation.

2.3 Engraftment rate
Engraftment was determined both via in vivo bioluminescence imaging
(BLI)25 and by histological assessment of series of histological heart sec-
tions, stained for expression of the human variant of cardiac troponin T
(hcTnT) and human nuclear antigen (HNA).23 BLI was performed at the
University of Alabama at Birmingham Small Animal Imaging Shared
Facility with a Xenogen IVIS-100 system. Mice were anaesthetized with
isoflurane and intraperitoneally injected with a luciferase substrate D-lu-
ciferin (375 mg/kg body weight); 10 min later, after luciferin reached
mouse hearts via circulation and became converted to optically active
oxyluciferin,26 the number of engrafted cells was determined by compar-
ing BLI signal intensity in the anterior left chest region to a standard curve
generated from BLI measurements of known quantities (0.5� 104,
1� 104, 5� 104, 1� 105, 3� 105, and 5� 105) of luciferase-expressing
hiPSC-CM.25 For histological assessments, double-positive cells were
counted in every 10th serial section of the whole heart, and the calcu-
lated total cell number in all analysed sections was multiplied by 10 to
obtain the total number of engrafted hiPSC-CM per heart. The engraft-
ment rate was then calculated by dividing the number of engrafted
hiPSC-CM by the number of cells injected and expressed as a
percentage.

2.4 Histological assessments
Histological assessments were performed with cultured cells and cryo-
preserved sections as described previously,24 following IHC staining with
the corresponding primary and secondary antibodies (Supplementary
material online, Table S1). Tumour formation was assessed by histology
as described before.23 A thorough histopathological investigation did not
reveal any myocardial nodule or mass. Besides, immunostaining of
grafted cells was negative with commonly used tumour markers includ-
ing carcinoembryonic antigen, a-fetoprotein, CA-125, and S-100 (data
not shown).

2.5 Hypoxia
hiPSC-CMs were pretreated with 10mM Y-27632 (hiPSC-CMþRI),
CN03 (hiPSC-CMþRA), or 1mM verapamil (hiPSC-CMþVER) for 12 h.
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Untreated cells in a separate group were used as a control (hiPSC-
CM-RI, or hiPSC-CM-VER). After 12 h treatment, cells in all three groups
were enzymatically detached (0.25% trypsin containing 2% chicken se-
rum) and replated onto new chamber slides that were recoated with
matrigel. The cells were then placed into an incubator which supplied 1%
O2, 5% CO2, and 94% N2. After 12 h, 24 h, and 48 h of incubation, the
cells were washed and fixed with 4% paraformaldehyde for half an hour,
followed by apoptosis analysis as described below.

2.6 Apoptosis analysis
Apoptosis level in the cells was analysed with an ApopTag Apoptosis
Detection kit, as directed by the manufacturer’s instructions (Cat#
S7100, Chemicon International, Billerica, MA, USA). Briefly, samples (i.e.
cultured cells or cryopreserved tissue sections) were fixed with 4% para-
formaldehyde for 20 min, washed in PBS, incubated with 75mL of equili-
bration buffer for 5 min at room temperature, incubated with 55mL of
TdT enzyme for 1 h at 37�C, washed with stop buffer for 10 min, rinsed
3 times with saline, incubated with anti-digoxigenin conjugate for 30 min
at room temperature, rinsed with PBS, and imaged by a fluorescence mi-
croscope. Assessments of cultured cells were repeated twice and, at
least eight sections from the infarcted region and the border zone of the
infarcted region were evaluated for each heart.

2.7 Western blot
Cells were lysed with ice-cold Protein Extraction Reagent (Fisher
Scientific) containing both protease-inhibitor (Sigma-Aldrich) and
phosphatase-inhibitor (Sigma-Aldrich) cocktails; then, proteins were
quantified with Coomassie Blue (Pierce), and SDS-PAGE/western blot
analysis was performed by using Precast Protein Gels (Bio-Rad), Trans-
Blot Turbo Mini PVDF Transfer Packs (Bio-Rad), and PVDF membrane
staining with the corresponding antibodies (Supplementary material on-
line, Table S1) as described previously.23 Western blot signal was ana-
lysed by densitometry using an Image J software.

2.8 Enzyme-linked immunosorbent assay
(ELISA)
ELISA assays were performed by using different Quantikine ELISA kits
purchased from R&D Inc. (cat. # HSTCS0, DVC00/SVC00/PDVC00,
DVE00/SVE00/PDVE00, DFA00B, and DTA00C/STA00C/PDTA00C).
In brief, 10mM Y-27632 or 1mM verapamil were added into the hiPSC-
CMs culture medium for 12 h, while untreated cells in separate groups
were used as a control. The cell culture supernatants were collected
prior to experiment and stored at -20

�
C before use. First, 50mL of assay

diluent, contained in the ELISA kit, were added to each well followed by
200mL of standard, sample, or control and mixed well. The plates were
incubated for 2 h at room temperature on a horizontal shaker. The
plates were then washed four times with 400mL washing buffer per well
each time. The antibody conjugates were added to each well in 200mL
volume. The plate was then incubated at room temperature for 1 h. The
plates were again washed four times with the washing buffer. The enzy-
matic colour reaction was carried out by adding 200mL of substrate so-
lution to each well and incubation of the plate at room temperature for
20 min. Lastly, 50mL of stop solution were added to each well and the
colour change of the solution in each well from blue to yellow was moni-
tored visually. The plates were analysed by BioTek Synergy Hybrid Plate
Reader at 450 nm, 540 nm and 570 nm visible wave lengths and the con-
centration of the proteins were calculated based on the background-
normalized absorbance.

2.9 Cell attachment assay
Mouse HL-1 cardiac muscle cells (Millipore, Inc. #SCC065) were cul-
tured in RPMI 1640 medium supplemented with 10% FBS until 95–100%
confluent; then, the hiPSC-CMs (with or without 10mM of Y-27632 pre-
conditioning for 12 h) were treated with 0.25% trypsin for detachment,
resuspended in RPMI 1640 medium, and incubated with non-specific IgG
or neutralizing antibodies against N-Cadherin and Integrin at 37

�
C for 1

h. The hiPSC-CMs (200 000 cells per well) were then added to the sur-
face of the HL-1 monolayer. Floating hiPSC-CMs were collected and
counted 2–4 h later, and the attached hiPSC-CMs were quantified by
subtracting the number of floating hiPSC-CMs from the total number of
hiPSC-CMs added to the feeder layer, and expressed as a percentage.
To confirm the histology data, the attached hiPSC-CMs were subjected
to BLI assay. The BLI signal was quantified and the number of attached
hiPSC-CMs was determined by comparing BLI signal intensity of each
sample to the standard curve.23 The number of attached cells was nor-
malized to the total number of cells loaded and expressed as percentage.

2.10 Calcium recording and contractility
hiPSC-CM preconditioned with Y-27632 (10mM), Rho kinase activator
(RA) (100 nM), verapamil (1mM), or no preconditioning (mock-treated)
were incubated at 37�C for 30 min in Phenol Red-free DMEM containing
0.02% (w/v) Pluronic F127 and 5mM Fluo-4 AM. Cells were then washed
in a dye-free medium three times and rested for 30 min to allow for de-
esterification of the dye. Cells were then placed in a microincubation sys-
tem (Harvard Apparatus), maintained at a temperature of 37�C, and per-
fused with Tyrode’s Solution containing (in mmol/L): 140 sodium
chloride, 1 magnesium chloride, 10 HEPES, 5 potassium chloride, 10 glu-
cose, and 1.8 calcium chloride, titrated to a pH of 7.4 with sodium hy-
droxide. An Olympus IX-81 confocal microscope coupled with a
Fluoview FV1000 laser scan head was used to record spontaneous cal-
cium transients by employing an XT line-scan. Recordings were taken
for cells with continued ROCK inhibitor treatment (þRI), ROCK activa-
tor treatment (þRA), or no treatment (-RI) in the perfusion solution,
and from cells at 12 h, 24 h, 48 h, and 72 h after withdrawal of RI and RA.
Calcium transient recordings were also taken for cells with and without
1mM verapamil. Calcium transient recordings were processed and ana-
lysed using MATLAB R2016A (The MathWorks, Inc., Natick, MA, USA).
Spontaneous contraction recordings were taken using transmitted light
function of the Olympus IX-81 microscope and captured using a PCO
1200 s high speed camera. Contraction measurements were made by us-
ing an Image J software.

2.11 Statistical analysis
Experiments and data analysis were performed by two researchers in a
blinded fashion, and data are presented as mean ± SEM. Significance
(P < 0.05) was determined via a Student’s t-test for comparisons be-
tween two groups and via a two-way ANOVA for comparisons among
three or more groups.

3. Results

3.1 ROCK inhibition improves the survival
of transplanted hiPSC-CMs
MI was surgically induced in mice and then the animals were subjected to
intramyocardial injection of either PBS, or hiPSC-CM cultured under
standard conditions (hiPSC-CM–RI), or hiPSC-CMs cultured in the

Rho kinase inhibition enhances cell engraftment 345
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presence of 10lM ROCK inhibitor Y-27632 for 12 h (hiPSC-CMþRI).
Because the iPSC-derived CMs were of human origin and carried a lucif-
erase reporter gene, the engraftment rate was determined both in living
animals via in vivo BLI25 (Figure 1A and B) and in histological heart sections
of sacrificed animals by identifying cells that express the hcTnT or HNA
(Figure 1C). The results from both analyses indicated that Y-27632 pre-
conditioning significantly increased the engraftment rate: luciferase activ-
ity was approximately six-fold higher on Days 3, 7, and 28 following
treatment with hiPSC-CMþRI, than after administration of hiPSC-CM–RI

(Figure 1B, Supplementary material online, Figure S1A), and hcTnT/HNA-
expressing cells were approximately seven-fold more abundant in hearts
from hiPSC-CMþRI-treated animals, than in hearts from animals in the
hiPSC-CM–RI-treatment group (Figure 1C, Supplementary material on-
line, Figure S1B). We determined the proportion of HNA-positive cells
that did or did not co-express hcTnT (i.e. hiPSC-derived CMs or non-
CMs, respectively) at Day 28 after cell transplantation. Our results sug-
gested that in hiPS-CMþRI and hiPSC-CM-RI treated hearts, 92–96% of
the engrafted hiPSC-derived cells were cardiomyocytes (Figure 1C,
Supplementary material online, Figure S1C).

To explore the mechanism by which ROCK inhibition enhances the
engraftment rate of transplanted hiPSC-CMs, we first analysed apoptosis
and cell cycle activity in the grafts. Y-27632 preconditioning was found to
promote an anti-apoptotic effect in grafted hiPSC-CMs, as indicated by a
significantly lower number of TUNEL-positive cells in sections from
hiPSC-CMþRI-hearts than in those from the hearts of hiPSC-CM–RI-
treated animals on Day 2 (Figure 1D, Supplementary material online,
Figure S1D). Apoptosis level was low on Day 7 in both cell-treatment
groups, suggesting that cells undergo apoptosis mainly during the first
few days after cell transplantation. The amounts of hcTnT-expressing
cells that were also positive for the proliferation marker Ki67 (Figure 1E,
Supplementary material online, Figure S1E) in both cell-treatment groups
on Days 7 and 28 were similar, suggesting that Y-27632 preconditioning
did not affect cell cycle in the transplanted cells.

3.2 ROCK inhibition reversibly inhibits the
contractile activity of hiPSC-CMs
Next, we studied how ROCK inhibition increased the survival of trans-
planted hiPSC-CMs. Y-27632 preconditioning was associated with
substantial changes in the morphology of the transplanted cells: hiPSC-
CMþRI were significantly larger than hiPSC-CM–RI, with greater cytoskel-
etal organization and a more defined, rod-like shape 7 days after
transplantation (Figure 2A, Supplementary material online, Figure S2A and
B). Although cell morphologies equalized between hiPSC-CM-RI and
hiPSC-CMþRI at Day 28, the cell area of hiPSC-CM-RI remained signifi-
cantly less than that in hiPSC-CMþRI. It was reported that Y-27632
reduces coronary and cerebral artery vasospasm in large-animal mod-
els.27,28 In addition, Y-27632 appears to impede the contractile activity of
smooth-muscle cells by reducing calcium sensitivity.21 Another ROCK
inhibitor Fasudil has been linked to downregulation of cardiac troponin I
(cTnI) expression in rats.29,30 These reports prompted us to perform
in vitro studies to explain the observed correlation between changes in
cell contractility and cell morphology, i.e. the mechanism whereby Y-
27632 inhibits contractile activity of transplanted hiPSC-CMs, resulting in
their well-developed morphology and improved survival.

First, we examined cell morphology of cultured hiPSC-CMs 12 h after
dissociation and replating (Figure 2B, Supplementary material online,
Figure S2C and D). In line with the in vivo data, hiPSC-CMþRI displayed a
well-developed morphology and larger cell area as compared to hiPSC-

CM–RI. Interestingly, cells (hiPSC-CMþRA) treated with Rho/Rac/Cdc42
Activator I (ROCK activator)31,32 revealed a clearly smaller cell area and
more round shape as compared to hiPSC-CM–RI or hiPSC-CMþRI. This
observation was consistent with higher magnification bright field micros-
copy images of the cells obtained from the same field of view at different
time points (1 h, 3 h, 5 h, and 12h) after cell replating, which suggested
that comparing to –RI groups, the proportion of rod- or irregular-
shaped (other than round-shape) cells was increased in þRI groups and
decreased in þRA groups (Figure 2C, Supplementary material online,
Figure S2E). Interestingly, at 72 h after withdrawal RI and RA, while no dif-
ference was found between –RI andþRI groups, the cell area was signifi-
cantly smaller in þRA groups comparing to –RI or þRI groups
(Figure 2B, Supplementary material online, Figures S2D and S3). Second,
we analysed apoptosis levels in hiPSC-CMs under a hypoxia condition by
a TUNEL staining assay. During 12 h, 24 h, and 48 h of culturing under
hypoxia conditions, the number of TUNEL-positive cells, grown without
Y-27632 preconditioning (hiPSC-CM–RI), gradually increased and even
more increased in ROCK activator-treated CMs (hiPSC-CMþRA), while
the number of apoptotic cells was significantly reduced in cells precondi-
tioned with ROCK inhibitor (hiPSC-CMþRI) (Figure 2D, Supplementary
material online, Figure S2F).

We further investigated whether ROCK inhibition reduces the con-
tractile activity of cultured hiPSC-CM that might promote the observed
cell morphology change. Compared to hiPSC-CM–RI, the contractile ac-
tivity of hiPSC-CMþRI was reduced by 32%, but increased by 42% in
hiPSC-CMsþRA (Figure 3A, Supplementary material online, Figure S4A).
Furthermore, hiPSC-CMsþRI displayed a 41% reduction in peak calcium
transient fluorescence and an 11% reduction in calcium transient dura-
tion (calculated to 50% recovery), as compared to hiPSC-CM–RI

(Figure 3B, Supplementary material online, Figure S4B). On the contrary,
hiPSC-CMsþRA exhibited a 48% increase in peak calcium transient fluo-
rescence and a 13% increase in calcium transient duration, relative to
hiPSC-CM–RI (Figure 3B, Supplementary material online, Figure S4B).
Neither ROCK inhibitor (Y-27632) nor activator (Rho/Rac/Cdc42
Activator I) promoted any significant change in the recovery time
(Figure 3B, Supplementary material online, Figure S4B). Interestingly, pre-
treatment with Y-27632 for 12 h significantly inhibited expression of
cTnI and cTnT (Figure 3C, Supplementary material online, Figure 5A), two
subunits of troponin (Tn) protein that regulates cardiomyocyte contrac-
tion. In contrast, the 3rd subunit of troponin cTnC was not dramatically
affected by Y-27632 preconditioning (Figure 3C, Supplementary material
online, Figure S5A). The phosphorylation of myosin light chain 2 (p-
MLC2), a target of Rho Kinase, was also reduced by Y-27632 pretreat-
ment of CMs (Figure 3C, Supplementary material online, Figure S5A).
Interestingly, all cells completely recovered from these inhibitory effects
72 h after Y-27632 withdrawal (Figure 3D, Supplementary material on-
line, Figure S5B).

3.3 Inhibition of contractile activity by
verapamil enhances the survival of
transplanted hiPSC-CMs
To verify if transient contractile inhibition contributes to Y-27632-medi-
ated protection of transplanted hiPSC-CMs, we studied cell morphology,
contractility, and apoptosis of hiPSC-CMs treated with a potent L-type
calcium-channel (LTCC) blocker verapamil, which has been reported to
arrest contractility of rat ventricular cardiomyocytes in culture.33 After
trypsinization hiPSC-CMs were replated and treated with different con-
centrations of verapamil (0.1mM, 1mM, and 10mM) for 12 h.
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.Cell morphology changes were detected via phalloidin staining. Our data
suggest that verapamil promotes morphological development of hiPSC-
CMs and increased cell area in a dose dependent manner (Figure 4A,
Supplementary material online, Figure S6A). We then studied the effect

of verapamil on contractility of hiPSC-CMs. Similar to Y-27632 precondi-
tioning, treatment with verapamil (1mM) for 12 h resulted in a 76% re-
duction in hiPSC-CM contractility (Figure 4B, Supplementary material
online, Figure S6B), which is consistent with previous report that this

Figure 1 Y-27632 preconditioning improves engraftment rate of hiPSC-CMs transplanted into hearts of MI mice. Since transplanted cells carried a plasmid
vector encoding a firefly luciferase reporter and were of human origin, the engraftment was evaluated via BLI and by identifying grafted cells that expressed
the hcTnT and HNA. (A) A standard curve was generated from BLI measurements of various known hiPSC-CM cell numbers seeded on a plate. (B)
Luciferin signal was higher in mice treated with hiPSC-CMþRI than those treated with PBS or hiPSC-CM-RI on Days 3, 7, and 28 after surgery. n = 6–9 mice
per group. *P < 0.05 vs. PBS group; †P < 0.05 vs. hiPSC-CM-RI group. (C) Heart sections from mice, sacrificed on Days 7 and 28 after surgery, were stained
for hcTnT and HNA. Engraftment size was higher in mice receiving hiPSC-CMþRI than those receiving hiPSC-CM-RI on both Days 7 and 28 after surgery.
Heart sections were stained with wheat germ agglutinin to define the cell border and with antibodies against HNA and hcTnT. The proportion of HNA-pos-
itive cells that also co-expressed hcTnT was determined and expressed as a percentage. (C) Images were obtained from animals on Day 28 after surgery.
For 10X images: bar = 100 lm; for 40X images: bar = 20lm. n = 5 mice per group; 32–40 sections per mice were evaluated. *P < 0.05 vs. hiPSC-CM-RI group;
unpaired Student’s t-test was performed. (D–E) Cells undergoing apoptosis were identified by TUNEL staining. Cells with active cell cycle were identified by
immunostaining for Ki67. The percentage of TUNELþ/hcTnTþ hiPSC-CMs (D) and Ki67þ hiPSC-CMs (E) was calculated. (E) Images were taken on Day 28
after surgery. (D and E) Bar = 20lm. n = 4–6 mice per group; four sections per mice were evaluated. *P < 0.05 vs. hiPSC-CM-RI group. One-way ANOVA
analysis with Bonferroni correction was performed (B). Unpaired Student’s t-test was performed (C–E). Data were presented as the mean ± SEM.
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Figure 2 Y-27632 preconditioning changes morphology of hiPSC-CMs in vivo and in vitro, and increases their resistance to hypoxia-induced apoptosis.
hiPSC-CMs were identified by immunostaining for hcTnT and cell morphology was revealed through phalloidin staining both in vivo and in vitro. (A) Seven
days after cell transplantation, hiPSC-CMþRI displayed a rod-shaped morphology, whereas hiPSC-CM-RI exhibited an irregular shape. Sections were stained
with wheat germ agglutinin to define the cell border. The cell area of hiPSC-CMsþRI was significantly increased comparing to hiPSC-CMs-RI. Twenty-eight
days after cell transplantation, both hiPSC-CMþRI and hiPSC-CM-RI displayed a rod-shaped morphology. The cell area of hiPSC-CMsþRI remained signifi-
cantly higher comparing to hiPSC-CMs-RI. Bar = 20lm. n = 5 mice per group. *P < 0.05 vs. hiPSC-CM-RI. (B) Twelve hours after replating and treatment (RI
or RA), Y-27632-preconditioned CMs (þRI) exhibited a well-organized F-actin filaments and a more extended shape than non-preconditioned CMs (-RI) or
ROCK activator (Rho/Rac/Cdc42 Activator I)- preconditioned cells (þRA) in culture. Consistent with in vivo data, the cell area of hiPSC-CMþRI was signifi-
cantly larger comparing to hiPSC-CM-RI and hiPSC-CMþRA. At 72 h after withdrawal of RI and RA, while no difference was found between –RI and þRI
groups, cells in þRA groups remained significantly smaller than –RI and þRI groups. Bar = 20lm. n = 6 replicates per group. *P < 0.05 vs. hiPSC-CM-RI;
†P < 0.05 vs. hiPSC-CMþRI. (C) To track changes in cell morphology, a series of images for the same field of view were captured at different time points (1 h,
3 h, 5 h, and 12 h) after replating and treatment (RI or RA). While hiPSC-CMsþRI started developing a rod-shape morphology at 5 h after seeding, hiPSC-
CM-RI or ROCK activator-preconditioned CMs (hiPSC-CMþRA) remained round-shaped even at 12 h. The number of rod- or irregular-shaped (other than
round-shape) cells was counted and presented as a percentage of total number of cells under the microscopic field. Bar = 50lm. n = 6 replicates per group.
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Figure 2 Continued
*P < 0.05 vs. hiPSC-CM-RI; †P < 0.05 vs. hiPSC-CMþRI. (D) After dissociation and replating, hiPSC-CMs were treated with chemicals (RI or RA), and
were cultured under hypoxia condition. TUNEL staining was performed to assess apoptosis of hiPSC-CMsþRI under hypoxia condition at different
time points (12 h, 24 h, and 48 h). ROCK inhibitor protected hiPSC-CMs from hypoxia-induced apoptosis, as indicated by a reduced level of apopto-
sis in hiPSC-CMsþRI as compared to hiPSC-CM-RI or hiPSC-CMþRA. In addition, ROCK activator sensitized hiPSC-CMs to hypoxia-induced apopto-
sis. Bar = 50 lm. n = 6 replicates per group. *P < 0.05 vs. hiPSC-CM-RI; †P < 0.05 vs. hiPSC-CMþRI. Unpaired Student’s t-test was performed (A).
One-way ANOVA analysis with Bonferroni correction was performed (B–D). Data were presented as the mean± SEM.

Figure 3 Y-27632 preconditioning reduces contractility of hiPSC-CMs and downregulates expression of cardiac troponin (cTn) subunits. hiPSC-CMs
were enzymatically digested and replated on glass coverslip. hiPSC-CMs were subjected to a contractility and calcium transient assays 12 h after precondi-
tioning with ROCK inhibitor (Y-27632, 10mM), and at 12 h, 24 h, 48 h, and 72 h after Y-27632 withdrawal. For Western blot analysis, hiPSC-CMs were enzy-
matically detached and replated onto a six-well plate and whole cell lysates were prepared. The RI treatment resulted in reduced contractility (A) and
calcium transients (B), as indicated by the decreased peak calcium transient fluorescence (peak DF/F0) and the calcium transient duration (calculated to 50%
recovery, CaTD50). Conversely, the RA treatment resulted in an increase in peak calcium transient fluorescence and an increase in calcium transient dura-
tion. Neither Y-27632 nor ROCK activator resulted in any significant change in recovery time (TD50). The difference between the three groups was equal-
ized at 48–72 h after withdrawal from RI or RA, suggesting these electrophysiological changes were transient. n = 10–11 cells per group. *P < 0.05 vs.
hiPSC-CM-RI; †P < 0.05 vs. hiPSC-CMþRI. (C) Western blot showing a reduced expression of cardiac troponin subunits (cTnT and cTnI), but not cTnC, and a
decreased phosphorylation of MLC2 (a substrate of ROCK) in hiPSC-CMþRI. (D) Western blot showing the Y-27632-induced inhibition of contractile regu-
latory proteins (troponins and phosphorylated MLC2) that was transient and recovered 72 h after the drug withdrawal. (C and D) n = 5–7 sample replicates
per group. *P < 0.05 vs. -RI. One-way ANOVA analysis with Bonferroni correction was performed (A and B). Data were presented as the mean ± SEM.
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dose of verapamil is sufficient to inhibit contraction of rat ventricular car-
diomyocytes effectively.34 Besides, verapamil treatment resulted in a
56% reduction in peak calcium transient fluorescence as well as a 26%
reduction in calcium transient duration. This treatment also resulted in a
63% reduction in the recovery time (Figure 4C, Supplementary material
online, Figure S6C). Based on the data presented with RI, it cannot be ex-
cluded that these effects with verapamil is transient. The impact of verap-
amil (1mM) on apoptosis of hiPSC-CMs during 12 h, 24 h, and 48 h of
hypoxia was also assessed by TUNEL staining. Our data revealed that ve-
rapamil inhibited hypoxia-induced apoptosis for all three time points
(Figure 4D, Supplementary material online, Figure S6D).

We also assessed the survival and morphology of verapamil-
preconditioned hiPSC-CMs (hiPSC-CMþVER) in vivo. Interestingly, verap-
amil preconditioning (1mM, 12 h) significantly improved the engraftment
efficiency of transplanted hiPSC-CMs in mice with induced MI, as
revealed by the increased luciferase signal in bioluminescence assay
(Figure 5A, Supplementary material online, Figure S7A) and the increased
number of hcTnT/HNA double positive cells upon histological staining
(Figure 5B, Supplementary material online, Figure S7B) of tissue specimens
at both Days 7 and 28 after cell administration. Verapamil-
preconditioned CMs (hiPSC-CMsþVER) exhibited an increased cell area
and a rod-like shape on Day 7 (Figure 5C, Supplementary material online,
Figure S7C), as well as a reduced apoptotic activity on Days 2 and 7
(Figure 5D, Supplementary material online, Figure S7D), compared with
the control (hiPSC-CMs–VER) cells. Although cell morphologies equal-
ized between hiPSC-CM–VER and hiPSC-CMþVER at Day 28, the cell area
of hiPSC-CM–VER remained less than that in hiPSC-CMþVER. Overall, the
percentage of apoptotic hiPSC-CMs were low (�0.5%) in both groups
(-VER vs. þVER), and there was no difference between these two
groups (data not shown). These data suggested that transiently blocking
contraction of transplanted hiPSC-CMs promotes their survival under
hypoxic conditions.

3.4 Transient inhibition of contractile
activity does not interfere with intrinsic
pro-angiogenic activity of grafted hiPSC-
CMs
Paracrine effects exerted on infarcted hearts by transplanted cells have
been demonstrated to be essential for myocardial regeneration.9,35 We,
therefore, determined if transient contractile inhibition of transplanted
hiPSC-CMs by Y-27632 or verapamil affects such a paracrine function.
To this end, the infarct border zone vasculature was assessed by CD31
immunostaining. Notably, vessel density throughout border zones of all
the MI hearts showed a similar decrease by Day 7, regardless of the cell
treatment. In contrast, vascular density significantly increased in hearts
implanted with hiPSC-CMsþRI relative to hearts injected with non-
preconditioned hiPSC-CMs–RI by Day 28 (Figure 6A, Supplementary ma-
terial online, Figure S8A). A similar increase was observed for hearts
implanted with hiPSC-CMþVER relative to hiPSC-CM–VER-implanted
hearts (Figure 6B, Supplementary material online, Figure S8B). Therefore,
it is unlikely that Y-27632 or verapamil treatments interfere with the in-
trinsic paracrine effects of grafted hiPSC-CMs. To characterize the para-
crine effects of transplanted hiPSC-CMs, various ELISA-based assays
were employed for direct quantification of various cytokines in superna-
tants from Y-27632- or verapamil-treated cells in vitro.36 In those assays,
the release of cell adhesion (VCAM1), pro-angiogenic (VEGF, FGF), pro-
migratory (G-CSF), and pro-apoptotic (TNF-a) factors was compared in
all the experimental groups (-RI vs. þRI, and –VER vs. þVER). Neither

Y-27632 nor verapamil treatment changed the release of any of the
above cytokines, except that Y-27632 preconditioning increased the re-
lease of a cell adhesion molecule VCAM1 (Figure 6C and D), which indi-
cated that ROCK inhibition could promote cell adhesion of transplanted
hiPSC-CMs.

3.5 ROCK inhibition increases hiPSC-CM
adhesion
Although the efforts in improving cardiac cell engraftment rate have of-
ten focused on increasing cell survival and viability after transplantation
into the cytotoxic environment of the infarcted tissue, a substantial num-
ber of cells may be simply lost by being washed out from the administra-
tion (injection) site by the peripheral circulation.

We conducted a series of in vitro experiments to determine whether
the augmented engraftment, associated with ROCK inhibition in the
implanted hiPSC-CMs, might also occur through the increase in adhesion
of the injected cells (improved cell retention), in addition to the im-
proved cell survival. Our rationale for anticipating an increase in cell ad-
hesion was based upon the following considerations: (i) ROCK is the key
participant in the mechanisms that regulate cytoskeletal reorganization,37

(ii) Y-27632 is known to upregulate Ras-related C3 botulinum toxin sub-
strate 1 (RAC1), which promotes cadherin-mediated cell adhesion,38

and (iii) Y-27632 preconditioning appeared to promote expression of
N-cadherin, integrin ß1 (a molecule that regulates cytoskeleton organi-
zation39), and Connexin 43 (Cx43), as shown by enhanced fluorescent
intensity of immunostaining in cultured cells (Supplementary material on-
line, Figure S9) and in tissue sections (Supplementary material online,
Figure S10). Western blot data confirmed the upregulation of these pro-
teins during Y-27632 treatment (Figure 7A, Supplementary material on-
line, Figure S11A), and a gradual normalization of these proteins to a level
similar to control (-RI) after Y-27632 withdrawal (Figure 7B,
Supplementary material online, Figure S11B).

To validate the importance of N-cadherin and integrins in mediating
hiPSC-CMs adhesion to the recipient mouse hearts, an in vitro cell attach-
ment experiment was performed using the HL-1 as feeder cells. HL-1 is
a mouse cardiomyocyte cell line that can be passaged and it phenotypi-
cally mimics adult mammalian cardiomyocyte.40 The hiPSC-CMs were
cultured with or without 10 lM Y-27632 for 12 h, followed by incuba-
tion with non-specific antibodies or antibodies against either N-
Cadherin or Integrin ß1 and then seeded onto a monolayer of HL-1
feeder cells (Figure 7C). Two and four hours later, both immunofluores-
cence staining with anti-hcTnT antibody (Figure 7D, Supplementary ma-
terial online, Figure S12A) and BLI analysis (Figure 7E, Supplementary
material online, Figure S12B) of adherent cells were performed. The
results indicated that significantly more CMs were attached to the under-
lying cell layer when hiPSC-CMsþRI were used (with Y-27632 precondi-
tioning) than in the case of hiPSC-CMs–RI, and this difference could be
obliterated by culturing the hiPSC-CMþRI with N-cadherin-neutralizing
or integrin-neutralizing antibodies for 1 h before seeding.

4. Discussion

One of the major obstacles to maximizing the effectiveness of cell ther-
apy is the low number of cells that are retained and survive at the site of
administration.15,41 In this regard, the most noteworthy finding from the
experiments reported here is our observation that the engraftment rate
of hiPSC-CM increased approximately seven-fold, when the cells were
preconditioned with a ROCK inhibitor Y-27632 prior to injection into
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Figure 4 Verapamil preconditioning reduces contraction of hiPSC-CMs and enhances their resistance to hypoxia-induced apoptosis. Cultured hiPSC-
CMs were treated with different concentration of verapamil (0.1mM, 1mM, or 10mM), a potent LTCC inhibitor, for 12 h in vitro. hiPSC-CMs were identified
by anti-hcTnT immunostaining, and cell morphology was analysed by phalloidin staining. For contractility studies, cells growing in glass coverslips were pre-
conditioned for 12 h with verapamil (1mM). (A) Similar to Y-27632 preconditioned cells, verapamil-preconditioned cells (hiPSC-CMþVER) exhibited well-or-
ganized F-actin filaments and a more extended shape comparing to control cells (hiPSC-CM-VER). The cell area of hiPSC-CMsþVER significantly increased
relative to hiPSC-CMs-VER in a dose-dependent pattern. Bar = 20mm. (B) hiPSC-CMþVER displayed a reduced contractility relative to hiPSC-CMs-VER. (C)
Verapamil treatment also resulted in reduced peak calcium transient fluorescence (peak DF/F0) and duration (CaTD50), as well as reduced recovery time
(TD50). (D) Impact of verapamil (1mM) on apoptosis of hiPSC-CMs during 12 h, 24 h, and 48 h of hypoxia was assessed by TUNEL staining. Verapamil inhib-
ited hypoxia-induced apoptosis at all three time points. Bar = 50mm. (A and D) n = 5 replicates per group. *P < 0.05 vs. non-preconditioned cells; P < 0.05 vs.
VER-0.1. (B and C) *P < 0.05 vs. hiPSC-CMs-VER; n = 10–11 cells per group. One-way ANOVA analysis with Bonferroni correction was performed (A).
Unpaired Student’s t-test was performed (B–D). Data were presented as the mean ± SEM.
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Figure 5 Preconditioning with verapamil improves transplantation of hiPSC-CMs in MI mice. (A) BLI was performed on Days 3, 7, and 28 past surgery to
evaluate engraftment rate in live animals. n = 8 mice per group. *P < 0.05 vs. PBS. †P < 0.05 vs. hiPSC-CMs-VER. (B) Histological analysis was performed to ana-
lyse the presence of hcTnT and HNA in heart sections from mice that had been sacrificed on Days 7 and 28 after MI induction and hiPSC-CM injection. The
engraftment rate was calculated by dividing the number of cells expressing both hcTnT and HNA by the total number of cells administered and expressed
as a percentage. n = 5 mice per treatment group. For 10X images, bar = 100 lm; for 40X images, bar = 20lm. (C) The morphology of grafted hiPSC-CMs
was assessed by anti-hcTnT antibody and phalloidin tissue staining in the MI heart sections from mice that received either hiPSC-CMsþVER or hiPSC-
CMs-VER. The cell area of hiPSC-CMsþVER was significantly larger than that of hiPSC-CMs-VER 7 days after transplantation, and this difference remained
28 days after transplantation. Bar = 20lm. (D) Apoptotic cells were identified via TUNEL staining and the percentage of TUNEL-positive hiPSC-CMs was
calculated. Bar = 20lm. (B) Images were taken on Day 28 after cell transplantation, whereas images were obtained from animals sacrificed on Day 7 (D). (C
and D) n = 5 mice per treatment group; with four sections per mice analysed; *P < 0.05 vs. hiPSC-CM-VER group. One-way ANOVA analysis with Bonferroni
correction was performed (A). Unpaired Student’s t-test was performed (B–D). Data were presented as the mean ± SEM.
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Figure 6 Transplantation of Y-27632 or verapamil-preconditioned hiPSC-CMs promotes angiogenesis in MI mice. (A and B) Tissue sections from the bor-
der-zone of MI hearts obtained from mice that received intramyocardial injection of (A) PBS-, hiPSC-CMs-RI-, and hiPSC-CMsþRI, or (B) PBS-, hiPSC-CM-VER,
and hiPSC-CMþVER were immunofluorescently stained for the expression of CD31 and cTnT. Sections from the corresponding regions of the hearts from
Sham mice were used as control. Vessel density was determined as the number of CD31-positive vascular structures per square millimetre. Bar = 20mm.
n = 5 mice per treatment group; four sections per mice were evaluated. *P < 0.05 vs. Sham mice; †P < 0.05 vs. MI mice. (C and D) Cell adhesion (VCAM1),
pro-angiogenic (VEGF, FGF), pro-migratory (G-CSF), and pro-apoptotic (TNF-a) cytokines released from (C) hiPC-CMþRI or (D) hiPC-CMþVER in vitro
were determined by ELISA. n = 3 replicates per group.* P < 0.05 vs. –RI group. One-way ANOVA analysis with Bonferroni correction was performed (A and
B). Unpaired Student’s t-test was performed (C and D). Data were presented as the mean ± SEM.
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the infarcted hearts of mice. We also showed that the increase in the cell
engraftment rate was accompanied by a reduction in the number of apo-
ptotic hiPSC-CMs and unchanged proliferative activity. Y-27632 precon-
ditioning also reduced the contractile activity of cultured hiPSC-CM. The
latter could (at least in theory) improve the survival rate of transplanted
hiPSC-CM by reducing their demand for ATP and other nutrients, which
are relatively scarce in the infarcted region of the myocardium.
However, the effect of Y-27632 on hiPSC-CM contraction efficiency
was reversible and, consequently, did not affect the paracrine capabilities

of transplanted hiPSC-CMs. Y-27632 preconditioning was also found to
increase adhesion of the cultured hiPSC-CMs to the underlying layer of
HL-1 feeder cells. Thus, we postulate that ROCK inhibition improves en-
graftment by transiently reducing CM contractility, enhancing survival of
the transplanted cells, and increasing their adhesion to the native tissues
at the site of administration, which subsequently reduces the number of
cells that are lost to the peripheral circulation. Additional studies are
needed to determine mechanisms by which Y-27632 treatment enhan-
ces engraftment.

Figure 7 Y-27632 enhances adhesion of hiPSC-CMs via promoting formation of adherens junctions. (A and B) Western blot data confirmed the upregu-
lated expression of N-Cadherin, Integrin ß1, and Cx43 in hiPSC-CMsþRI at 12 h after cell passaging (relative to GAPDH) (A), and these differences were
gradually normalized at 48–72 h after RI withdrawal (B). n = 5 replicates per group (A and B). Y-27632 preconditioning increases adhesion of hiPSC-CMs to
the feeder layer, and this effect was partially abolished by pretreatment of CMs with anti-N-Cadherin or anti-Integrin ß1 antibodies. (C) Schematic represen-
tation of the adhesion experiment. (D) Immunofluorescence analysis of -RI andþRI hiPSC-CMs with and without their pretreatment with anti-N-Cadherin
(N-Cad) and anti- and Integrin ß1 (Integ) antibodies. Attached hiPSC-CMs at 2 and 4 h after cell replating onto HL1 feeder layer were identified by immunos-
taining for hcTnT. The cell attachment rate was calculated by dividing the number of CMs attached to the feeder layer by the total number of CMs originally
plated and expressed as a percentage. Bar = 100mm. (E) Bioluminescence analysis of luciferase-expressing CMs treated as in D, and quantification of the at-
tached cells (expressed as a percentage of total number of replated CMs), based on BLI signal quantification performed at 2 and 4 h time points; n = 5–7 rep-
licates per group (D and E). *P < 0.05 vs. hiPSC-CM-RI; †P < 0.05 vs. hiPSC-CMþRI. One-way ANOVA analysis with Bonferroni correction was performed (D
and E). Data were presented as the mean ± SEM.
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.
The improved adhesion properties observed for the Y-27632-pre-

conditioned hiPSC-CM were accompanied by an upregulated expression
of junction proteins N-cadherin and integrins, which have been impli-
cated in cell adhesion, migration, and growth.42–45 Cadherin is also one
of the three primary components of cardiac intercalated discs, structures
unique to cardiac muscle cells. Studies in mice suggest that N-cadherin
contributes to gap-junction formation, since an induced, cardiac-specific
deletion of N-cadherin gene was found to be associated with lower lev-
els of connexin expression, a decline in CM conduction velocity, and a
spontaneous ventricular tachycardia.46,47 In consistent with these, we
also observed an increased connexin-43 (Cx43) expression in hiPSC-
CMþRI than hiPSC-CM-RI in vitro (Figure 7A, Supplementary material on-
line, Figures S9 and S11A) and in vivo (Supplementary material online,
Figure S10A and B). Thus, it is possible that Y-27632 preconditioning may
enhance the coupling between grafted hiPSC-CMs with host myocar-
dium after their recovery from a transient contractile inhibition via pro-
moting gap junction formation.

Y-27632 preconditioning was also associated with a striking change in
hiPSC-CM phenotype. Seven days after transplantation, preconditioned
cells were noticeably larger and exhibited more myocyte-like appear-
ance (a more defined rod-like shape and cytoskeletal organization) than
cells cultured under standard conditions. In cultured cells similar mor-
phological changes were recapitulated by CM treatment with either
Y-27632 or an LTCC-blocker verapamil. Data on cell area changes after
12 h, compared with 24 h, 48 h, and 72 h shows that the effect of Y-
27632 is transient. The fact that control cells (-RI) increase their cell area
over time to matchþRI cells after 72 h suggests that the initial effect may
be via faster and more efficient adhesion of þRI cells to the plate or
feeder cells compared to -RI cells, rather than an actual cell size change
after Y-27632 treatment. Y-27632 significantly reduced the expression
of cTnT and cTnI, which regulate CM contraction by forming a complex
with cTnC (a troponin subunit which binds to intracellular Ca2þ).
Collectively, the above observations suggest that reduction in the Ca2þ-
induced contractile activity alone, rather than the more diverse changes
associated with ROCK inhibition, may promote a more myocyte-like
phenotype in transplanted and cultured hiPSC-CM. Calcium channel
blockers are commonly used for treating patients with heart failure.48

ROCK inhibitors are also being tested for treating patients with coro-
nary heart diseases and heart failure.49,50 When patients receiving
hiPSC-CMs as a therapy are also receiving ROCK inhibitor or calcium
channel blockers, a caution should be made that the systemic levels of
these medications may inhibit the contraction of implanted hiPSC-CMs.

There are some limitations in our study: (i) a deeper analysis of sarco-
mere organization is warranted to further understanding how rock inhib-
itor preconditioning increases cell area and induces cardiomyocyte
morphology and cytoskeletal organization, while decreases cTnT and
cTnI expression as well as contractility. (ii) The contractility assays rely
on fractional shortening which is semi-quantitative since cell shape and
mechanical properties may be different. (iii) The contractility assays
were performed on singularized cells which does not account for differ-
ences in gap junction function. Electrophysiological analysis is warranted
given that verapamil also enhances engraftment and changes calcium
handling.

In conclusion, the data presented here suggest that intramyocardial in-
jection of hiPSC-CMs, preconditioned with a ROCK inhibitor Y-27632
prior to administration, significantly improves the cell engraftment rate.
This improvement is likely to occur not only due to an increased cell sur-
vival, but also through an augmented cell adhesion properties promoted
by upregulation of junctional proteins, such as integrins and N-cadherin.

In addition, Y-27632 preconditioning reversibly impaired the contractile
function of hiPSC-CMs, downregulated cTnI and cTnT expression, and
led to striking morphological changes in CMs that could be recapitulated
in vitro by a calcium-channel blocker verapamil. An attenuated contrac-
tion could potentially lower CM energy consumption, thereby increasing
survival of transplanted hiPSC-CMs in ischaemic hearts. It is yet to be de-
termined whether the engraftment rate could also be improved by ge-
netic overexpression of junctional proteins and/or through the
mechanism, whereby Y-27632 regulates the expression of cardiac tro-
ponins. Importantly, our results also suggest that various engineering
approaches aimed at restricting the loss of transplanted cells from the
implantation (administration) site due to their passive movement, such
as methods for increasing a transplanted cell adhesion, could potentially
improve cardiac cell engraftment.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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