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anti-Arpc2 (EPR8533) (1:2,000; Abcam, ab133315), anti-Arhgef6/Cool2/aPIX
(C23D2) (1:1,000 for immunoblot; 1:400 for immunostain; Cell Signaling, 4573),
anti-Gapdh antibody (1:5,000; Millipore, MAB374), anti-GFP-horseradish perox-
idase (HRP) (1:3,000; MBL, 598-7), anti-RFP-HRP (1:3,000; MBL, PM005-7), anti-
FLAG M2-HRP (1:5,000; Sigma-Aldrich, A8592), anti-V5-HRP antibody (1:5,000;
Life Technologies, R961-25), HRP-coupled goat anti-rabbit (1:8,000; Cappel,
55696), anti-mouse IgG (1:8,000; Cappel, 55550), Alexa Fluor 488- (1:1,000 for
staining; Life Technologies, A11029), Alexa Fluor 546- (1:1,000 for staining; Life
Technologies, A11003) and Alexa Fluor 568-labelled secondary antibodies (1:1,000
for staining; Life Technologies, A11011), and Alexa Fluor 647 phalloidin (1:100 for
staining; Cell Signaling, 8940). Anti-FLAG M2 affinity gel (A2220) and anti-V5
agarose affinity gel (A7345) were from Sigma-Aldrich. We used three different
AMPK activators: AICAR is metabolized intracellularly to ZMP (5-aminoimida-
zole-4-carboxamide-1-B-p-ribofuranotide), an AMP analogue. A769662 is a thie-
nopyridone derivative that acts as an allosteric activator of the AMPK by binding to
an alternative site that does not overlap with the AMP-binding site.

2-DG is a non-metabolizable glucose analogue and inhibitor of phosphohexose
isomerase that inhibits glycolysis and mimics glucose starvation, increases the
AMP/ATP ratio and thereby activates AMPK.

Antibodies for Pdlim5 and pS177 of Pdlim5. Six polyclonal Pdlim5 antibodies
(1:1,000 for immunoblotting and immunostaining) and two polyclonal
phospho-Ser177 (pS177)-Pdlim5 antibodies (1:1,000 for immunoblotting) were
generated as follows. Three different peptides corresponding to mouse Pdlim5
sequences (amino acids 229-245, QGDIKQQNGPPRKHIVEC; amino acids
290-306, CTGTEHLTESENDNTKKA; and amino acids 381-397, SSGTGASVG-
PPQPSDQDC), as well as Ser-phosphorylated and non-phosphorylated peptides
corresponding to the mouse Pdlim5 sequences surrounding Ser177 (amino acids
172-182, LHLSA(pS)GLHVS), were chemically synthesized. Rabbits were
immunized five times with the keyhole limpet haemocyanin-phosphopeptide
conjugates mixed with Freund’s complete adjuvant and bled 7 days after the last
immunization. Phosphopeptide-reactive antibody was captured by a column
containing phosphopeptide-conjugated Sepharose. The antibodies were then
eluted, and those reactive to sequences other than phosphoserine were removed
using a column containing non-phosphorylated peptides. Specific reactivity with
the targeted phosphoserine sequence was confirmed by ELISA using
phosphorylated and non-phosphorylated peptides.

Cell culture and siRNA transfection. C2C12 cells (an immortalized mouse
myoblast cell line) and HEK293T cells were obtained from the American Type
Culture Collection. A vSMC line established from thoracic aorta of a p53-knockout
mice (P53LMACO1) was purchased from Health Science Research Resources
Bank. These cells were maintained in DMEM medium (Sigma-Aldrich)
supplemented with 10% FCS (Equitech-Bio) and 1% penicillin-streptomycin at
37°C in a 5% CO, atmosphere at constant humidity and passaged by
trypsinization at 70-80% confluence. HL60 cells and RAW264.7 cells were
obtained from the Japanese Collection of Research Bioresources Cell Bank and
American Type Culture Collection, respectively. These cells were maintained in
RPMI1640 medium with 10% FCS and 1% penicillin-streptomycin. HEK293T cells
and vSMCs were transfected with plasmids using Lipofectamine 2000 reagent
(Invitrogen). To knock down endogenous Pdlim5, C2C12 cells and vSMCs were
transfected with siRNAs (30 nM) targeting Pdlim5 (siPdlim5-1, sense: 5'-
ggaacaauaugucguggauTT-3'; antisense: 5 -auccacgacauauuguuccTT-3'; siPdlim5-2,
sense: 5'-ggguaguagcuaugagaauTT-3'; antisense: 5'-auucucauagcuacuacccTT-3')
using Lipofectamine RNAIMAX (Invitrogen). To knock down endogenous Arpc2,
vSMCs were transfected with siRNAs (5nM) targeting Arpc2 (siArpc2-1, sense:
5'-ggccuauauucauacacgaTT-3'; antisense: 5'-ucguguaugaauauaggecTT-3'; siArpc2-
2, sense: 5’-gaaccaggauauaauguuuTT-3'; antisense: 5'-aaacauuauauccugguucTG-3')
using Lipofectamine RNAIMAX (Invitrogen). RAW264.7 cells (mouse leukemic
monocyte macrophage cell) were used to check the effect of siRNAs against
Arhgef6. RAW264.7 cells were transfected with siRNAs (50 nM) targeting Arhgef6
(siArhgef6-1, sense: 5'-gauucuuaaggugaucgaaTT-3'; antisense: 5'-
uucgaucaccuuaagaaucTG-3'; siArhgef6-2, sense: 5'-gugaugaucuagaacgauuTT-3';
antisense: 5’-aaucguucuagaucaucacTG-3') using GenMute siRNA Transfection
Reagent for RAW 264.7 (SignaGen). siControl was used as a negative control.
Efficiency of siRNA-mediated knockdown was confirmed at 24 and 72 h after
incubation with siRNAs. AMPKa double-knockout (AMPKa1 ™/~ a2~/ =) MEFs
(AMPKa-null MEFs)?® were kindly provided by Dr B. Viollet (INSERM, France)
and maintained in DMEM supplemented with 10% FCS, 1 mM sodium pyruvate
and 1% penicillin-streptomycin at 37 °C in a 5% CO, atmosphere at constant
humidity.

Hypoxia. Cultured cells were exposed to hypoxia for 2 h. Hypoxic conditions (1%
0,) were maintained in a MCO-5M multi-gas incubator (Sanyo).

Establishment of the KDR system. To replace endogenous Pdlim5 by EGFP-

tagged recombinant Pdlim5 (WT, S177A or S177D), vSMCs were transfected with
siPdlim5-2 to deplete endogenous Pdlim5. Next, 12 h after siPdlim5-2 transfection,
siPdlim5-2-resistant EGFP-tagged Pdlim5 (WT, S177A or §177D) was adenovirally
transduced into vSMCs, to establish the KDR system. vSMCs were incubated with
adenovirus at a multiplicity of infection of 10 in DMEM supplemented with 10%

FCS at 37 °C under 5% CO, for 30 min, with gentle mixing every 10 min, and then
further incubated for 48 h before analysis.

Purification and identification of Pdlim5. C2C12 cells seeded on 15-cm dishes
(2 x 108 cells per dish) were treated with 2 mM of AICAR for 1h, harvested and
lysed on ice in lysis buffer A (20 mM Tris pH 8.0, 0.5% NP-40, 0.5% CHAPS, 20%
acetonitrile, 25 mM p-glycerophosphate, 10 mM NaF and protease inhibitor
cocktail (Nacalai Tesque)). Lysates were incubated at 4 °C with agitation for

20 min, followed by centrifugation at 10,000 g for 20 min. Supernatant from six
15-cm dishes was passed through a 0.45-um sterilization filter and loaded onto a
TSK-GEL SuperQ-5PW (7.5 x 75 mm, TOSOH) anion-exchange column pre-
equilibrated with column buffer A (20mM Tris pH 8.0, 0.5% CHAPS, 20% acet-
onitrile, 25 mM B-glycerophosphate, 10 mM NaF). After being washed with col-
umn buffer A, proteins were eluted with a linear gradient of NaCl (0-1 M over
60 min) at a flow rate of 0.5 ml min ~ L. Fractions (0.5 ml each) were collected and a
50-ul aliquot of each fraction was analysed by immunoblotting with anti-pACC
antibody. The corresponding fractions were prepared in the presence of 0.3% TFA
(trifluoroacetic acid), 0.1% OG (n-octyl-B-p-thioglucopyranoside) and 20% acet-
onitrile, and loaded onto a Protein-R (4.6 x 250 mm, Nacalai Tesque) reverse-
phase HPLC column pre-equilibrated with column buffer B (0.1% TFA and 0.1%
OG). After being washed with column buffer B, the proteins were eluted with a
linear gradient of acetonitrile (20-80% over 60 min) at a flow rate of 0.5 ml min ~ .
Fractions (0.5ml each) were collected and a 25-pl aliquot of each fraction was
analysed by immunoblotting with anti-pACC antibody. The corresponding frac-
tions were again prepared in the presence of 0.3% TFA, 0.1% OG and 20% acet-
onitrile, and loaded onto a 5Ph-AR-300 (4.6 x 250 mm, Nacalai Tesque) reverse-
phase HPLC column pre-equilibrated with column buffer B. After being washed
with column buffer B, proteins were eluted with a linear gradient of acetonitrile
(20~80% over 60 min) at a flow rate of 0.5 mlmin ~!. Each fraction was analysed
by SDS-PAGE and visualized by silver staining and immunoblotting with anti-
PACC antibody. Target bands matching the pACC antibody cross-reacting bands
were excised from the gel and analysed using matrix-assisted laser desorption/
ionization-quadrupole-time-of-flight-tandem mass spectrometry (MALDI-Qq-
TOF MS/MS).

Protein purification. Recombinant FLAG-tagged Pdlim5 proteins were purified as
follows: HEK293T cells transfected with pEF-DEST51/cFLAG plasmid encoding
WT Pdlim5, §175A Pdlim5 or S177A Pdlim5 were lysed in lysis buffer B (20 mM
MOPS pH 7.5, 0.15M NaCl, 0.5% CHAPS, 1 mM EDTA, 1 mM dithiothreitol
(DTT) and protease inhibitor cocktail) and immunoprecipitated with anti-FLAG
M2 agarose (Sigma-Aldrich) at 4 °C for 30 min. The beads were washed three times
with wash buffer (20 mM MOPS pH 7.5, 0.3 M NaCl, 0.5% CHAPS, 1 mM EDTA,
1 mM DTT and protease inhibitor cocktail) and eluted with elution buffer (20 mM
MOPS pH 7.5, 0.3 M NaCl, 0.5% CHAPS, 1 mM DTT and 0.5 mgml“1 FLAG
peptide (Sigma-Aldrich)) at 4 °C for 30 min. After centrifugation, the supernatants
were used as recombinant FLAG-tagged proteins. Recombinant GST-Pdlim5
proteins (WT, S177A, $177D and APDZ) were purified as follows: BL21 chemically
competent E. coli (Invitrogen) were transformed with pGEX-6P-1-WT Pdlim5,
PGEX-6P-1-S177A Pdlim5, pGEX-6P-1-5177D Pdlim5 or pGEX-6P-1-APDZ
Pdlim5, and then induced with 0.5 mM isopropyl-p-p-thiogalactoside (Sigma-
Aldrich) at 25°C for 10 h. The cells were collected by centrifugation and lysed by
sonication in PBS containing 5mM EDTA and protease inhibitor cocktail. After
addition of 1% Triton X-100, the lysates were agitated at 4 °C for 30 min and pulled
down with glutathione-Sepharose 4 Fast Flow (GE Healthcare) at 4°C for 1h.
After being washed three times, the proteins were eluted with 15 mM reduced
glutathione and ultrafiltered in elution buffer using a Nanosep 10K Device (Pall
Life Science).

Immunoblotting. Immunoblotting was performed using the indicated antibodies.
Blots were cropped such that at least one marker position is present. Uncropped
full scans of the figures are supplied in Supplementary Figs 17-23.

Phosphorylation assay. Phosphorylation assays were carried out at 30 °C in a
reaction volume of 10 ul containing Tris-HCl (20 mM pH 7.4), glycerol (10%),
NaCl (0.3 mM), AMP (0.2mM), MgCl2 (10 mM), v-32P ATP (GE Healthcare
BioScience, 10 uCi, 1.7 pmol) and AMPK purified from rat liver (2ngul ™).
Purified mouse Pdlim5-cFLAG proteins or purified recombinant GST-fused mouse
Pdlim5 proteins were used as substrates. After 60 min, reactions were terminated
and ultrafiltered in PBS containing 0.1% SDS using a Nanosep 10K Device (Pall
Life Science). Each fraction sample was analysed by SDS-PAGE and visualized by
autoradiography. For immunoblotting with anti-pS§177 antibody, recombinant
GST-fused Pdlim5 proteins were incubated under the same conditions, except that
ATP (0.1 mM) was included instead of y-32P ATP.

Scratch assay. KDR/EGFP-Pdlim5 (WT, S177A and S177D) cells or MEFs were
plated on a collagen-coated 35-mm glass dish at a density of 5 x 10° cm ~ 2. Eight
hours after plating, a scratch was made with a P-200 pipette tip and the lesions
were observed for a total of 8 h. Differential interference contrast images were
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recorded every 5 min using an Olympus LCV110 incubator microscope (Olympus
Corporation, Tokyo, Japan). To determine cell trajectories, the centrioles of cell
nuclei were tracked throughout time-lapse movies, and migration-tracking images
were generated using the MetaMorph 7.1.3.0 software (MDS Analytical Technol-
ogies, Downingtown, PA, USA). Overall migration speed was calculated as the
average of migration speeds measured every 5 min.

Single-cell migration assay. KDR/EGFP-Pdlim5 (WT, S177A and S177D) cells
were plated on a collagen-coated 35-mm glass dish at a density of 5 x 10°cm ™2,
Five hours after the plating, we started to observe cell migration by recording
differential interference contrast images every 5min for a total of 4h using an
Olympus LCV110 incubator microscope (Olympus Corporation).

Immunocytochemistry and fluorescence imaging. vSMCs or KDR cells were
seeded on a collagen-coated 35-mm glass dishes (Asahi Techno Glass Corporation,
Chiba, Japan). After cells firmly attached to the dish, they were washed once with
warm PBS and fixed with 4% paraformaldehyde for 5min at room temperature.
Next, the cells were permeabilized with 0.1% Triton X-100 in PBS for 5min at
room temperature and then blocked with 1% BSA at 4 °C overnight. The next day,
samples were immunostained with primary antibodies (1:1,000 in 1% BSA, 1h).
For secondary reactions, species-matched Alexa Fluor 488- or Alexa Fluor 568-
labelled secondary antibody was used (1:1,000 in 1% BSA, 30 min). Just before
imaging, the sample was incubated with Alexa Fluor 647-conjugated phalloidin in
CGS-Sol A for 1 h. Fluorescence images of EGFP, Alexa Fluor 488, Alexa Fluor 546,
Alexa Fluor 568 and Alexa Fluor 647 were recorded using an Olympus FV1000-D
confocal laser scanning microscope (Olympus Corporation) equipped with a
cooled charge-coupled device CoolSNAP-HQ camera (Roper Scientific, Tucson,
AZ, USA) and a PLAPO x 60 oil-immersion objective lens. To measure the
paxillin-positive area, all intensity profiles were analysed using the MetaMorph
7.1.3.0 software.

Time-lapse imaging of KDR/EGFP-Pdlim5 cells. KDR/EGFP-Pdlim5 (WT and
S177A) cells were seeded on collagen-coated 35-mm glass dishes at a density of
4 x 10* cm ™ 2. Five hours after plating, cells were treated with AICAR (2 mM). The
fluorescence images were recorded from 10 min before to 60 min after AICAR
treatment, using an Olympus IX-81 inverted fluorescence microscope (Olympus
Corporation) equipped with a cooled charge-coupled device CoolSNAP-HQ
camera (Roper Scientific) and a PLAPO x 60 oil-immersion objective lens con-
trolled by MetaMorph version 7.1.3.0. An EGFP image was obtained every 30s
through a U-MNIBA2 filter (Olympus Corporation), which had a 470-495 exci-
tation filter and a 510-550 emission filter. Cells were maintained on a microscope
at 37 °C with a 5% carbon dioxide mixture using a stage-top incubator (Tokai Hit).
MetaMorph was used to convert a series of time-lapse images to video format.

Measurement of the GTP-bound form of Rac1, RhoA and Cdc42. KDR cells at
50%confluence were incubated for 24 h in FCS-free DMEM to starve the cells, and
then treated with 10% FCS for 30 min. Cell lysates were collected and levels of
activated GTP-bound Racl, RhoA and Cdc42 were determined using the G-LISA
Racl Activation Assay Biochem Kit (BK126, Cytoskeleton Inc., CO, USA), G-LISA
RhoA Activation Assay Biochem Kit (BK121, Cytoskeleton Inc.) and G-LISA
Cdc42 Activation Assay Biochem Kit (BK127, Cytoskeleton Inc.), respectively.

Imaging of Rho GTPases (Rac1, RhoA and Cdc42) activities. To visualize
activities of Rho GTPases in living cells, we established a vSMC cell line stably
expressing a Rho GTPase FRET biosensor consisting of cyan fluorescent protein
(CFP) and yellow fluorescent protein (YFP), as previously described®. In brief,
vSMCs were transfected with the CFP/YFP-type FRET biosensor gene for Rho
GTPases, using the PiggyBac retrotransposon-mediated gene transfer system, and
then cultured for 2w with 10 pgml~! blasticidin S to select for vSMCs stably
expressing the FRET biosensor (Raichu-Racl, RhoA or Cdc42/vSMC). Next, a KDR
system for vSMCs expressing Raichu-Racl, Raichu-RhoA or Rhaicu-Cdc42 was
established as described above, except for the use of an adenovirus encoding non-
tagged Pdlim5 (WT, S177A and S177D)-T2A-mCherry instead of EGFP-tagged
Pdlim5 (Raichu-Racl, RhoA or Cdc42/KDR-Pdlim5-T2A-mCherry). Forty-eight
hours after the transduction of Pdlim5-T2A-mCherry, Raichu-Racl, RhoA or
Cdc42/KDR-Pdlim5-T2A-mCherry cells were re-plated on collagen-coated glass-
base dishes. All experiments were performed at 37 °C in a 5% CO, atmosphere using
a heating chamber. Dual images for CFP and YFP were obtained on a laser scanning
microscope (LSM710, Zeiss) using an excitation wavelength of 405 nm and emission
bandpass filters of 458-510 nm for CFP and 517-598 nm for YFP. After background
subtraction, FRET/CFP ratio images were created using the LSM software ZEN2011
(Zeiss) and displayed as an intensity-modulated display image. For quantitative
FRET analysis, the FRET/CFP ratio of each cell was calculated by dividing the
fluorescence intensity of YFP by that of CFP over the total cellular area.

GST pull-down assay. For identification of proteins associated with Pdlim5, 20 ug
of purified GST-tagged Pdlim5 WT or S177D-Pdlim5 was immobilized on

glutathione-Sepharose beads and incubated at 4 °C for 2 h with cell lysate from
2% 10% U937 cells in lysis buffer (30 mM MOPS pH 7.5, 150 mM NaCl, 0.5%
Triton-X100, 1.5mM MgCl,, I mM EGTA, 1 mM DTT and protease inhibitor
cocktail). After three washes of the beads with lysis buffer, associated proteins were
eluted in elution buffer (30 mM MOPS pH 7.5, 500 mM NaCl, 0.5% Triton-X100,
1.5mM MgCl,, 1 mM EGTA, I mM DTT and protease inhibitor cocktail) and then
subjected to silver staining and high-sensitivity shotgun liquid chromatography-
mass spectrometry (LTQ Orbitrap ELITE, Thermo Scientific).

F-actin binding assay of AMPK. F-actin binding assays were performed using the
Actin Binding Protein Biochem Kit (BK001, Cytoskeleton, Inc.) according to the
manufacturer’s protocol, with minor modifications. Briefly, 1 ul of F-actin (21 uM
actin) in actin polymerization buffer (100 mM KCl, 2mM MgCl,, 0.5mM ATP,
0.2mM Tris-HCl, pH 8.0) was mixed with 0.5 pl of purified AMPK (200 ngul 1)
in the presence or absence of GST-tagged WT-Pdlim5 and 1 ul of o-actinin
(Lpgul™ 1y in 60 pl reaction volume, incubated for 1h at 24°C and then cen-
trifuged at 150,000 ¢ for 1.5h at 24 °C, to pellet the F-actin polymer and associated
proteins. Equal amounts of pellet (P) and supernatant (S) were resolved by SDS-
PAGE and analysed by immunoblotting with the indicated antibodies.

Statistical analyses. Box plots show the entire population. Other data are
expressed as means £ s.e.m. Two-tailed Student’s f-test was used to analyse dif-
ferences between two groups. Differences among multiple groups were compared
by one-way analysis of variance, followed by a post-hoc comparison with Dunnett’s
method using the JMP 8,0.1 software (SAS Institute Inc., Cary, NC, USA). P<0.01
was considered to indicate statistically significant differences.
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Engineering of three-dimensional (3D) cardiac tissues using decellularized extracellular matrix could be
a new technique to create an “organ-like” structure of the heart. To engineer artificial hearts functionally
comparable to native hearts, however, much remain to be solved including stable excitation-propagation.
To elucidate the points, we examined conduction properties of engineered tissues. We repopulated the
decellularized hearts with neonatal rat cardiac cells and then, we observed excitation-propagation of
spontaneous beatings using high resolution cameras. We also conducted immunofluorescence staining
to examine morphological aspects. Live tissue imaging revealed that GFP-labeled-isolated cardiac cells
were migrated into interstitial spaces through extravasation from coronary arteries. Engineered hearts
repopulated with Ca**-indicating protein (GCaMP2)-expressing cardiac cells were subjected to optical
imaging experiments. Although the engineered hearts generally showed well-organized stable
excitation-propagation, the hearts also demonstrated arrhythmogenic propensity such as disorganized
propagation. Immunofluorescence study revealed randomly-mixed alignment of cardiomyocytes,
endothelial cells and smooth muscle cells. The recellularized hearts also showed disarray of car-
diomyocytes and markedly decreased expression of connexin43. In conclusion, we successfully
demonstrated that the recellularized hearts showed dynamic excitation-propagation as a “whole organ”.
Our strategy could provide prerequisite information to construct a 3D-engineered heart, functionally
comparable to the native heart.
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© 2014 Elsevier Ltd. All rights reserved.

1. Introduction Large-scale replacement of cardiac cells is a prerequisite for effec-

tive treatment of end-stage heart failure.

Heart diseases are one of the leading causes of mortality
worldwide [1]. Despite of recent progress in heart failure treat-
ment, heart transplantation is still considered the final destination
therapy for patients with end-stage heart failure refractory to
conventional therapies. However, the benefits of heart trans-
plantation are limited due to the shortage of donor hearts. In this
context, myocardial regeneration therapy has emerged as a new
therapeutic approach to treat severe heart failure. Although several
clinical trials have been conducted {2}, most therapies involved
repairing specific regions of the heart and not the entire heart.

* Corresponding authors.
E-mail address: jles®cardiclogy medosaka-vacip (J.-K. Lee).

hetnffdxdod F101018/ L biomate ZOH05080
0142-9612/© 2014 Elsevier Ltd. All rights reserved.

For this purpose, a new technique for engineering three-
dimensional (3D) organ-like tissue using decellularized extracel-
lular matrix (ECM) was reported for the heart {3}, lung (4,5}, kidney
[6,71, and liver {8]. This technique has already been applied clini-
cally for the engineering of airway {3} or heart valves { 1], A recent
paper showed that induced pluripotent stem cell-derived cardio-
vascular progenitor cells repopulated in a decellularized heart and
successfully proliferated, then differentiated into cardiovascular
cells { 11]. This paper also demonstrated that repopulated induced
pluripotent stem cell-derived cells exhibited contraction and
electrical activity, but reconstructed heart function was evaluated
in the small regions of the heart. To date, only limited information is
available regarding the function of a totally engineered organ.
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Evaluation of arrhythmogenicity as a whole organ will be
indispensable to construct a functionally comparable 3D engi-
neered heart. In the present study, we hypothesized that recellu-
larized hearts show well-organized conduction as native hearts. To
elucidate the point, we investigated excitation—propagation prop-
erties of the recellularized heart by live imaging system using Ca®*-
indicating protein (GCaMP2) {311

2. Materials and methods
2.1. Animals

The study was carried out under the supervision of the Animal Research Com-
mittee of Osaka University and in accordance with the Japanese Act on Welfare and
Management of Animals. The experimental protocol was approved by the Animal
Care and Use Commiittee of the Osaka University Graduate Schoo! of Medicine.

2.2. Perfusion and decellularization of rat hearts

Adult female Wistar rats (10—12-weeks-old) were anesthetized and systemic
heparinization was followed by a median sternotomy. After ligating the caval veins,
the heart was removed from the chest. A 2-mm cannula was inserted into the
ascending aorta to enable Langendorff antegrade coronary perfusion. The right
atrium was opened and an incision was made to create an atrial septal defect fol-
lowed by the ligation of pulmonary artery and veins. Heparinized PBS containing
10 pm ATP was perfused for 15—30 min, followed by perfusion with 0.5% sodjum

dodecyl sulfate (SDS) in deionized water overnight. After washing with deionized
water for 15 min, the heart was perfused with 1% Triton-X100 in deionized water for
30 min, followed by washing with antibiotic-containing PBS (100 U/ml penicillin
(Invitrogen, Carlsbad, CA, USA), 100 pg/mL streptomycin (Invitrogen) and 1.25 pg/mL
amphotericin B (Sigma—Aldrich, St. Louis, MO, USA)).

2.3. Isolation and preparation of rat neonatal cardiac cells

One-day-old neonatal pups were sacrificed. Their hearts were removed and
placed immediately into a Petri dish containing Hank's Balanced Salt Solution
(HBSS) on ice. After removing the connective tissue, the hearts were minced with
scissors or blades. Trypsin (Neonatal Cardiomyocyte Isolation System, Worthington
Biochemical Corporation, Lakewood, NJ, USA) was added to the dish to a final
concentration of 50 pg/mlL, and incubated overnight at 4 °C. Then, trypsin inhibitor
reconstituted with HBSS and collagenase reconstituted with L-15 medium were
added to the dish. The tissue was placed in a 37 °C shaker bath for about 35 min.
The tissue was then strained through a 100-um cell strainer and washed with L-15
medium 3 times. After centrifuging the tissue, the pellet was collected and
resuspended in 30 mL of M199 (Invitrogen) with 10% FBS (BioWest, Kansas City,
MO, USA), 100 U/mL penicillin (Invitrogen), 100 pg/mL streptomycin (Invitrogen),
and EGM-2 Single Quots (CC-4176, Lonza, Allendale, Nj, USA) except FBS and
GA-1000.

2.4. Recellularization of decellularized hearts

Approximately 1.0 x 10° cells were suspended in M199 (Invitrogen) with 10%
FBS (BioWest), 100 U/mlL penicillin (Invitrogen), 100 pg/mlL streptomycin

| 0.5% SDS

Bar=2 mm
N 1% Trion-x100 >

Bar=50 pm

Fig. 1. Decellularization of rat hearts. (A) Macroscopic images of rat hearts during decellularization procedure: before decellularization (1); during 0.5% SDS solution perfusion
(2—3); after overnight 0.5% SDS solution perfusion (4); after 1% TritonX-100 solution perfusion (5). Bars indicate 2 mm. (B) Visualization of the architecture of perfused coronary
artery of decellularized extracellular matrix. (Evans blue solution was infused through aorta). (C) Microscopic structures of cadaveric (left) and decellularized (right) rat hearts (H—E
staining). No nuclear staining was observed in decellularized extracellular matrix. Bars indicate 50 pm.
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(Invitrogen), and EGM-2 Single Quots (CC-4176, Lonza) except FBS and GA-1000.
Seeded cells consisting of cardiomyocytes, fibroblasts, and endothelial cells were
infused through a T-shaped stopcock placed in the line. Recellularized rat hearts
were perfused continuously and maintained in 5% CO; atmosphere. The culture
medium was first changed at day 2 or day 3 with M199 (Invitrogen) containing 10%
FBS (BioWest), 100 U/mL penicillin (Invitrogen), 100 pg/mL streptomycin (Invi-
trogen), and 10 pwu cytosine arabinoside (Sigma—Aldrich), but without growth fac-
tors and then every 4872 h.

Cadaveric heart

2.5, Histology and immunofluorescence

We fixed rat cadaveric hearts, decellularized hearts, and recellularized hearts
with 4% paraformaldehyde and cryosectioned them. This was followed by hema-
toxylin—eosin staining and immunostaining. We permeabilized the slides with
0.25% TritonX-~100 for 20 min and blocked slides with PBS containing 10% BSA and
0.1% TritonX-100 for 60 min at RT. The samples were incubated overnight at 4 °C
with the following primary antibodies: anti-sarcomeric alpha actinin antibody
(mouse monoclonal 1:500; Abcam, Cambridge, UK), anti-sarcomeric alpha actinin

Decellularized heart

Bar=50 pm

Fig. 2. Immunofluorescent staining of ECM in cadaveric and decellularized rat hearts. Collagen type [, collagen type IV, laminin, and fibronectin were maintained in decellularized
(right) rat hearts as in cadaveric (left) hearts, but no nuclei was stained in decellularized (right) rat hearts. Bars indicate 50 pm.
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antibody (rabbit polyclonal 1:100; Abcam), anti-laminin antibody (rabbit polyclonal
1:200; Abcam), anti-fibronectin antitibody (rabbit polyclonal 1:200; Abcam), anti-
collagen IV antibody (rabbit polyclonal 1:200; Abcam), anti-collagen I antibody
(rabbit polyclonal 1:200; Abcam), anti-connexin43 (Cx43) antibody (rabbit poly-
clonal 1:200; Invitrogen), anti-CD31 antibody (mouse monoclonal 1:100; Abcam),
and anti-actin, alpha-smooth muscle-Cy3™ antibody (mouse monoclonal 1:500;
Sigma—Aldrich). The samples were then incubated for 1 h with a 1:200 dilution of
appropriate secondary antibodies. We embedded the samples in mounting medium
containing DAPI (ProLong® Gold Antifade Reagent with DAPI; Invitrogen). Immu-
nofluorescence images were acquired using a microscope (FSX: Olympus, Tokyo,
Japan; Biorevo: Keyence, Osaka, Japan).

2.6. Western blot analysis

The frozen samples of an adult rat heart and engineered hearts were homoge-
nized, and proteins were extracted on ice in a buffer solution containing 0.15 m NaCl,
1% NP-40, 50 mm Tris—HCl (pH 8.0), 0.5% sodium deoxycholate, 0.1% SDS and a
cocktail of protease inhibitor (Complete, Mini, EDTA-free, Roche, Basel, Switzerland)
and phosphatase inhibitor (PhosStop, 20 Tablets, Roche, Basel, Switzerland). Total
protein (10 pg/lane) was electrophoresed and separated on an Extra PAGE One

A

Precast Gel (nacalai tesque, Kyoto, Japan). After separation, proteins were transferred
onto nitrocellulose membrane sheets (GE Healthcare Japan, Tokyo, Japan). Following
transfer, the membrane was blocked in 5% low-fat dry milk in TBS-T at RT for 1 h.
Then, the membrane was incubated at 4 °C overnight with following primary an-
tibodies: sarcomeric alpha actinin (mouse monoclonal 1:500; Abcam), myosin
heavy chain (MYH) (rabbit polyclonal 1:500; Santa Cruz, Dallas, TX, USA), cardiac
troponin [ (rabbit polyclonal 1:1000; Abcam), Cx43 (mouse monoclonal 1:1000;
Invitrogen), VE-cadherin (goat polyclonal 1:500; Santa Cruz) or GAPDH (rabbit
monoclonal 1:5000; Cell Signaling Technology, Danvers, MA, USA). Immunoreactive
bands were visualized using an enhanced chemiluminescence (ECL) detection sys-
tem (Pierce Western Blotting Substrate Plus, Thermo Fisher Scientific, Waltham, MA,
USA) and an image analyzer (ImageQuant LAS 4000mini, GE Healthcare Japan).

2.7. Transmission electron microcopy

Decellularized and recellularized hearts were fixed using 2.5% glutaraldehyde
(Wako, Osaka, Japan) in 0.1 m phosphate buffer (pH 7.4) through coronary perfusion;
they were sectioned into 1-mm pieces and placed in 2.5% glutaraldehyde solution
for 2 h. The samples were post-fixed with 1% osmium tetroxide and dehydrated with
ethanol. They were embedded in epoxy resin and sectioned into 80 nm slices by

Fig. 3. Extravasation of GFP-labeled neonatal rat cardiac cells. (A) Dispersion of GFP-labeled isolated cardiac cells. GFP-labeled cells were antegradely infused into the coronary
artery through aorta (upper panel). Time course of the migration of the cells is shown in magnified images (lower panels): After injection: 4 min (left), 11 min (middle), 16 min
(right). The GFP-labeled cells (arrows) migrated into the interstitial spaces through extravasation. (B) At day 2, substantial portion of the seeded cells was observed in the interstitial
spaces. Arrows show decellularized vessel structure. The seeded cells existed in the interstitial matrix as well as in the lumens of coronary arteries. (C) GFP-positive cells were
retained in the heart for 7 days. Day 3 (left) and day 7 (right). GFP-positive cells were observed throughout the heart but inhomogeneously.
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ultramicrotome. Ultra-thin sections were prepared and examined under an electron
microscope (H-7650, Hitachi, Tokyo, Japan).

2.8. Transfection of adenovirus encoding GFP and GCaMP2

Isolated neonatal rat cardiac cells were infected with adenovirus encoding GFP
and GCaMP2 {31} at a multiplicity of infection (m.o.i.) of 10 and 20, respectively. GFP
and GCaMP2 expressing cardiac cells were suspended with the culture medium and
injected into the decellularized hearts as described above.

2.9. Electrical and mechanical experiments

Electrocardiograms (ECGs) were recorded in epicardial surface of ventricle.
Signals were then digitized through an AD converter (Digidata 1320, Molecular
Devices, Sunnyvale, CA, USA) and analyzed with softwares (Axoscope, Molecular
Devices; OriginPro, OriginLab Corporation, Northampton, MA, USA). Intraventricular
pressures were recorded through a catheter (1.4Fr-Mikro-Tip™ Catheter Transducer,
Millar, Bella Vista, NSW, Australia) with an amplifier (PowerLab, AD Instruments Inc.,
Dunedin, New Zealand).

7843

2.10. Live tissue imaging

We observed recellularized hearts temporarily under a fluorescent stereomi-
croscope (Leica Microsystems Ltd., Wetzlar, Germany). Recellularized hearts were
placed in culture flasks and their fluorescent images were recorded with a GFP-band
path filter. Data analysis was performed using custom MALTAB software (Math-
Works, Natick, MA, USA). Before fixation, calcium transient (CaT) of the recellular-
ized hearts were optically recorded using a high-resolution CMOS camera
(MiCAMO2, Brainvision, Tokyo, Japan). Data analysis was performed using custom-
made software (BV_Ana, Brainvision). Fast Fourier Transform (FFT) analyses were
conducted using software (OriginPro, OriginLab Corporation).

3. Results
3.1. Decellularization of adult rat hearts
Perfusion of 0.5% SDS and subsequent application of 1% Triton-

X100 removed all the cellular components from the hearts, leav-
ing behind the extracellular matrices (Fig. tA). Histological
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Fig. 4. Properties of recellularized hearts. (A) An image of a recellularized rat heart showing spontaneous beating. (Supplemental movie is available as Movie S2). (B) Real-time
tracings of ECG and ventricular pressure are shown. The tracings of ECG and manometry were synchronized and intraventricular pressure was approximately 0.75 mmHg. (C) A
microscopic image of a recellularized rat heart in transverse section (H—E staining). Inhomogeneous distribution of seeded cells was observed throughout the heart. Bar indicates
1 mm. (D) Western blot analysis of heart extracts. An adult rat heart and 4 engineered hearts were subjected to western blot analysis. Note the faint expression of VE-cadherin and
connexin43 (Cx43) in engineered hearts compared to adult rat heart, in contrast to the abundant expression of sarcomeric alpha actinin, myosin heavy chain (MYH) and cardiac
troponin 1 (Tnl), both in engineered and native adult rat hearts.
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evaluation revealed an absence of nuclei in the decellularized
hearts (Figs. 1C and 2). Immunofluorescent staining demonstrated
that collagen I, collagen IV, laminin, and fibronetin remained within
the decellularized heart matrix (Fig. 2). Antegrade coronary
perfusion with Evans blue dye delineated the extracellular struc-
tures of the main coronary arteries (¥ig. 1B). The arterial remnants
were abruptly terminated. Detailed observation revealed that
decellularization procedure destroyed the entire vessel walls in the
peripheral arterioles but not in the proximal arteries. This finding
may be attributed to sparse extracellular matrices in the peripheral
arterioles.

3.2. Whole-heart engraftment of GFP-labeled cells

Live tissue fluorescence imaging of the GFP-labeled seeded cells
after antegrade infusion through coronary arteries revealed that
the GFP-labeled cardiac cells had extended through the lumens of
decellularized coronary arteries into the interstitial spaces at the tip
of the remnant coronary arteries (Fig. 3A and Supplementary Movie
1). At day 3, inhomogeneous distribution of the GFP-positive cells

a-actinin

a-actinin

(o4 -actinin

was observed throughout the heart tissues. The seeded cells were
found in the lumens of coronary arteries as well as in the interstitial
matrix (Fig. 3B, C). We also observed that the GFP-positive cells
were retained in the heart during the entire observation period
(Fig. 3Q).

Supplementary video related to this article can be found at

hitprfidxdolorg/ 101016/ L biomaterials. 2014.05.080,

3.3. Recellularization of the decellularized hearts with cardiac cells
of neonatal rats

We seeded decellularized rat hearts with freshly isolated
neonatal cardiac cells through antegrade coronary perfusion. As the
cell isolation procedure did not include techniques such as “pre-
plating” method to remove specific cardiac cell types, both car-
diomyocytes and other types of cells such as fibroblasts were
seeded into the decellularized heart. The 3D organ-like culture was
maintained for 8—30 days. Recellularized hearts started sponta-
neous contraction 2—3 days after recellularization, which
continued for 8—30 days (Fig. 4A and Supplementary Movie 2). We

a~actinin

Bar=50 um

Bar=50 um

Fig. 5. Immunofluorescence study of recellularized hearts. (A) Sarcomeric alpha actinin-positive cells were surrounded by laminin-positive ECM. (B) Cx43 was sparsely observed
among sarcomeric alpha actinin-positive cells. (C), (D) Random alignment of cardiomyocytes, endothelial cells, and smooth muscle cells. The mixture of different cells was observed.
Alpha-actinin, CD31, and smooth-muscle-actin were used as cardiac, endothelial, and smooth muscle cell markers, respectively.
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recorded electrocardiogram (ECG) and intraventricular pressure.
The synchronized tracings of ECG and pressure were shown in
Fig. 4B. Microscopic observation revealed that seeded cells adhered
inhomogeneously to the decellularized ECM (¥Fig. 4C). We further
examined whether cardiac proteins existed in recellularized hearts
by western blot analysis (Fig 4D). As a result, cardiac contractile
proteins, including sarcomeric alpha actinin, MYH and cardiac
troponin [ (Tnl), were abundantly observed, while VE-cadherin and
Cx43 were only faintly detected in engineered hearts compared to
an adult rat heart. Among the seeded cells, sarcomeric alpha actinin
positive cells were detected in the ventricles; these cells were
surrounded by laminin-positive ECM (Fig. 3A). Although regions of
the alpha actinin-positive cells were accompanied by Cx43, the
expression was faint, which indicated that intercellular conduction
might be immature as compared to adult hearts (Fig. 5B). An
immunofluorescence study revealed a randomly-mixed alignment
of cardiomyocytes, endothelial cells, and smooth muscle cells
stained with alpha actinin, CD31, and smooth muscle (sm)-actin,
respectively (¥ig. 5C, D). CD31-positive cells and sm-actin-positive
cells were not necessarily localized to decellularized vessel-like
structures. Transmission Electron Microscope observations
showed that the decellularized hearts preserved collagen fibers
well in the ECM (Fig. 6A) and the recellularized hearts demon-
strated the presence of sarcomeric structures surrounded by ECM
(Fig. 8B).

Supplementary video related to this article can be found at
http://dxdotorg/10.1016/] biomaterials.2014.05.080.

3.4. Excitation-propagation of recellularized hearts

Engineered hearts seeded with GCaMP2-expressing cardiac
cells showed spontaneous beating within 2—3 days after recellu-
larization, at which point they were subjected to optical imaging
experiments. We observed that spontaneous excitations were
generally well aligned and stably propagated in the engineered
heart tissues (Fig, 7A and Supplementary Movie 3). Fiz. 7A shows
the representative images of propagation sequences in an engi-
neered heart. Excitation seemed to emerge in the lateral wall of left
ventricle (LV) and propagated through the free LV wall. Isochrone
map of the propagating CaT suggested inhomogeneous conduction
in substantial areas (Fig, 7C). Conduction velocity (CV) was an order
of magnitude or slower (approximately 0.5—5 cm/s) compared to
normal adult rat hearts.

Supplementary video related to this article can be found at
htipr/idxdoiorg/10.1016/i biomaterials 2014.05.080.

3.5. Arrhythmogenicity of recellularized heart tissues

To examine the underlying mechanisms of arrhythmogenesis in
the engineered heart tissues and the time-course of maturation in
electrical properties, live tissue fluorescence video imaging was
employed. We used FFT analysis to examine the synchronicity.
Spontaneous excitation of CaT recorded at the three discrete points
in the engineered heart tissues were subjected to FFT analysis. In
the sample of the first group, during spontaneous beating, the

Bar=500 nm

Bar=1 um

Fig. 6. Ultrastructure of decellularized and recellularized rat hearts by transmission electron microscopy. (A) Ultrastructure of a decellularized heart. Collagen fibers (arrows) in the
ECM were well preserved after decellularization procedure. (B) Ultrastructure of a recellularized heart. Arrows show cells with well-organized stria. Cardiac cells seemed to be
surrounded by ECM.
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entire heart tissues were well-synchronized (¥ig. 8A—E and Sup-
plementary Movie 4). Isochrone map showed that excitation
propagated rapidly through the left ventricle (Fig. 8D). Frequency
analysis showed similar frequency profile pattern at each point
(Fig. 8E). On the other hand, in the sample of the second group,
although substantial parts of the tissues showed well-organized
propagation of excitation, unsynchronized beatings were also
observed around ROI-2 (Fig. 9A—E and Supplementary Movie 5).
Isochrone map of the propagating CaT showed that initial

activation generated from two distinct sites at basal and apical
parts of the heart (Fig. 9D). The frequency profiles were accord-
ingly similar at ROI-1 and ROI-3, but not at ROI-2 (Fig. SE). These
observations suggested that there were muitiple re-entry like
circuits. The sample of the third group exhibited markedly
arrhythmogenic characteristics. The heart tissues showed sponta-
neous contraction, but each region did not show synchronization
(Fig. 10A—E and Supplementary Movie 6). Conduction between left
and right sides of the heart was hardly observed (Fig. iGD).

2.058%/div
JAV AN AN

207358/

AN A

sl

Fig. 7. Propagation of the intracellular calcium transient (CaT) in a recellularized heart. (A) Sequential images in spontaneous beating (every 40 ms). Optical images showed
excitation-propagation throughout epicardial surface of the recellularized heart. (B) Detection of the intracellular CaT. (C) Isochrone map (in 10 ms color-coded intervals) of the
propagating CaT. Isochrone map suggested inhomogeneous propagation in substantial areas. (D) Anatomical features of the recellularized heart from a frame of video file.



H. Yasui et al. / Biomaterials 35 (2014) 78397850 7847

Frequency analysis showed that ROI-1, -2, and -3 beat indepen-
dently (¥ig. 10E). These observations suggested each region had
automaticity although cardiac cells were continuously present
among ROI-1, -2, and -3.

Supplementary video related to this article can be found at
http:ffdxdolorg/ 10,1016/ biomaterials.2014.05,080,

4. Discussion
In the present study, we successfully constructed 3D engineered
hearts by recellularizing adult rat decellularized hearts with

neonatal rat cardiac cells, and demonstrated the excitation and
propagation properties of 3D engineered heart tissues as an “organ”.
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For myocardial regeneration therapy of severe heart failure,
sufficient wall thickness is required for engrafted cardiac tissues to
assist pumping function of the failing hearts. To elucidate the point,
several attempts have been made such as “3D cardiac patch” with
promoted maturation from ES cell-derived cardiomyocytes {12] or
“multi-layered cardiac cell sheets” based on temperature-
responsive cell culture dishes [13]. Despite of these efforts, there
still remains a limitation in oxygen delivery to thick myocardial
tissues, and thus the thickness of the engineered cardiac tissues is
confined to approximately 200 pm or less {14,15]. Recent tech-
niques to engineer cardiac tissues with perfusable blood vessels
have made thicker vascularized cardiac tissues feasible, which
showed spontaneous beating and were transplanted with blood
vessel anastomoses {16]. Eschenhagen and Zimmermann

ROI-1
wsons RO
s ROI-2

o ROI-3 0 1 2

ROI-2

[ L L

ROI-3

1 2
Frequency (Hz)

o4

:

10 20 30 40 50

60

Fig. 8. Propagation of recellularized heart tissues (‘well-synchronized’ group). (A) Detection of the intracellular CaT driven by local propagation of electrical activity (ROI-1, -2, and
-3) in the sample 1. (B) Anatomical features of the recellularized heart from a frame of video file. (C) Intracellular CaT at each site. We observed well-organized conduction of stable
excitation in substantial areas of the engineered heart tissues. (D) Isochrone map of the propagating CaT. Note that excitation rapidly propagated throughout the left ventricle. (E)
Fast Fourier Transform (FFT) analysis. Note that each site showed similar frequency pattern.
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engineered cardiac tissues using a mixture of collagen I, ECM pro-
teins (Matrigel®) and neonatal rat cardiomyocytes into molds; their
constructs were intensively interconnected {17} Their 1—4-mm-
thick engineered heart tissue grafts improved the systolic and
diastolic functions on implantation in infarcted rat hearts {18},
However, they could not preserve the large-scaled 3D archi-
tectures and natural matrix components of the heart. In this
context, decellularized whole hearts may act as niches for repo-
pulated cells and vessels for supplying the nutrients to the engi-
neered myocardial constructs. It was indicated that ECM
components and preserved mechanical properties of the decellu-
larized heart had directed differentiation of the stem/progenitor
cells into the cardiac lineage {141 This observation also suggests
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that decellularized heart matrix may therefore be a promising
alternative to synthetic scaffolds and a foundation for regenerative
efforts for 3D tissue engineering {201

Previous attempts have revealed that engineered myocardial
tissues are not fully synchronized in the small regions of the whole
hearts {11,21}. We achieved partial synchronization of significant
regions of the heart, but also observed regions which beat inde-
pendently. Synchronicity is an important factor for the construction
of a transplantable artificial organ, since asynchronous regions
impair the contractility, as well as potentially increase the risk of
lethal cardiac arrhythmias. The calculated CV in our engineered
heart tissues was markedly decreased (approximately 5 cm/s) as
compared to that reported previously in an adult rat heart {22,23}
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Fig. 9. Propagation of recellularized heart tissues (‘unsynchronized’ group). (A) Detection of the intracellular CaT driven by local propagation of electrical activity (ROI-1, -2, and -3)
in the sample 2. (B) Anatomical features of the recellularized heart from a frame of video file. (C) Intracellular CaT at each site. Propagation of most parts showed the unsynchronized
pattern. After 2 beats (arrows), there was a pause, and another wave emerged from the bottom of the heart and collided with the preceding wave. (D) Isochrone map of the
propagating CaT. Note that initial activation generated from two distinct sites at basal and apical parts of the heart. (E) FFT analysis. The frequency profiles were similar at ROI-1 and
ROI-3, but not at ROI-2. This suggested that at least two excitation-propagation existed.
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or in an in vitro cultured neonatal rat cardiomyocyte (NRCM),
whereas it was similar to that of NRCM with Cx43 mutation {24].
Slow conduction and electrical instability were more apparent in
the whole heart. The mixture of automaticity from multiple sites
and multiple re-entry leads to arrhythmogenic propensity and
obstructs adequate contraction. To create a whole heart with suf-
ficient contraction, electrophysiological evaluation of the whole
heart is essential.

Our engineered heart showed a marked decrease in expression
of Cx43, which is one of the reasons why our engineered constructs
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showed slow conduction and electrical instability as well as sparse
adhesion of the repopulated cardiomyocytes. This might be
improved by overexpressing Cx43 in the engineered cells. Immu-
nofluorescence study revealed randomly mixed alignment of car-
diomyocytes, endothelial cells, and smooth muscle cells stained
with alpha-actinin, CD31, and sm-actin, respectively; these cells
were located close to one another. The mixture of different cells
may inhibit smooth electrical conduction. Although these cells
were present simultaneously, it is possible that previously resident
cadiomyocytes attracted other endothelial cells and attempted to
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Fig. 10. Propagation of recellularized heart tissues (‘disorganized’ group). (A) Detection of the intracellular CaT driven by local propagation of electrical activity (ROI-1, -2, and -3) in
the sample 3. (B) Anatomical features of the recellularized heart from a frame of video file. The heart sample is shown in the same direction with panels A and D. (C) Intracellular CaT
at each site. We recorded disorganized propagation of asynchronous excitation with multiple origins, indicating automaticity. (D) Isochrone map of the propagating CaT. Note that
left and right sides of the heart showed distinct automaticity and that conduction between these distinct sites was hardly observed. (E) FFT analysis. Note that each site showed

different frequency pattern.
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form capillary blood vessels. Cross-talk between endothelial cells
and cardiomyocytes regulates not only early cardiac development
but also adult cardiomyocyte contraction {25]. Also, it has been
reported that the inductive signaling from endothelial cells plays an
important role in cardiac conduction system development {26}. The
co-existence of endothelial cells and cardiomyocytes may be
compatible with this endothelial—-cardiomyocyte interaction in the
native heart. The density of laminin was high around the resident
cardiomyocytes. The finding suggests that cardiomyocytes may
produce laminin autonomously in addition to the natural matrix
and adapt themselves at the resided space in the matrix. Supple-
mentation with additional extracellular matrices could be possible
experiments to attempt.

Extraction of the cadaveric heart per se could be potential con-
troversies due to the notion on the death. For example, fabrication
of scaffolds analogous to biological tissues using advanced tech-
nology such as 3D bioprinting technique may provide clues to solve
the issue {271 The technique has already been applied in various
biological tissues including heart valves | 28,29} and cartilage {30].
In this regard, 3D bioprinting could be a possible arsenal for heart
regeneration in the future, however, arrhythmogenic evaluation as
a whole organ will be still essential to create a sufficiently func-
tional heart.

5. Conclusion

We engineered 3D hearts by recellularizing adult rat decellu-
larized hearts with neonatal rat cardiac cells and observed
excitation-propagation of spontaneous beatings of the recellular-
ized heart tissues as an “organ”. We observed disorganized asyn-
chronous excitation arising from multiple origins while the
engineered 3D heart tissues generally showed well-organized sta-
ble conduction. Although previous studies have shown the elec-
trophysiological characteristics of 3D engineered heart tissues,
those were only limited to the small area of the heart. In the present
study, we clearly presented excitation and propagation properties
of the entire heart tissues as an “organ”. To construct functionally
comparable and transplantable artificial heart, our strategy may be
beneficial in the evaluation of the arrhythmogenic propensity, and
it is necessary to establish the technique to engineer 3D heart tis-
sues with stable excitation-propagation propensity as an organ.

Acknowledgments

We thank Nobu Miyakawa (Osaka University) for technical
support of neonatal rat cardiac cell isolation and rat heart decel-
lularization and Ken Shimono, Ph.D. (Panasonic Corporation) for
data analysis using MALTAB software.

This work was supported in part by the Japan Society for the
Promotion of Science [(Grant-in-Aid for Scientific Research (B),
26293188) (J.L.)I.

References

[

[2]

B3] it

[4] Qi HC

,1,:?&{} L Ee{* :J Gud L saa;!dm MB, O¥ L Tissue-engi-

Y akazmji’, 1)\:;

tkouch §, (i
avy valve replaces
‘a‘s, n and young adulis: early a(‘g

culation 2
] L TY,

R K, Dobashi | Wada ML Y
three-dimensional tissues w

to H, Nixdorff U,
Hastolic function i

v JE. Agladze K, Nakatsuyji N
l 'm E“ mas ;;iirr‘uoi‘ez‘n sEQin

cTiernan CF >\1a
xih;imf i £ ! YOCyTe ?W;}Mﬂ y
N=iy md sodium current in panfmmn\i;

5 and human valve inter-

YR, Ohiur
in the I
v GCadP.




HEALTHCARE

Postfach 10 11 61
69451 Weinheim
Germany

Courier services:
Boschstrafle 12

69469 Weinheim
Germany

Tel.: {(+49) 6201 606 235
Fax: {+49) 6201 606 500
E-mail: advhealthmat@wiley-vch.de

WILEY-VCH

Dear Author,

Please correct your galley proofs carefully
and return them no more than three days
after the page proofs have been received.

The editors reserve the right to publish your
article without your corrections if the proofs
do not arrive in time.

Note that the author is liable for damages
arising from incorrect statements, including
misprints.

Please note any queries that require your
attention. These are indicated with red Qs in
the pdf or highlighted as yellow queries in the
XML working window.

Please limit corrections to errors already in
the text; cost incurred for any further
changes or additions will be charged to the
author, unless such changes have been
agreed upon by the editor.

Reprints may be ordered by filling out the
accompanying form.

Return the reprint order form by fax or by e-
mail with the corrected proofs, to Wiley-VCH:
advhealthmat@wiley-vch.de

To avoid commonly occurring errors, please
ensure that the following important items are

correct in your proofs (please note that once
your article is published online, no further
corrections can be made):

e Names of all authors present and spelled
correctly

e Titles of authors correct (Prof. or Dr. only:
please note, Prof. Dr. is not used in the
journals)

e Addresses and postcodes correct

e E-mail address of corresponding author
correct (current email address)

e Funding bodies included and grant
numbers accurate

e Title of article OK

o All figures included

e Equations correct {symbols and
sub/superscripts)

e Note: the resolution of the figures in the

system and the PDF proofs is intentionally
of lower quality to avoid slow loading
times. Your high-resolution files will be
used for the final publication.

Please note: If you send any additional information, such as figures or other display items, to
advhealthmat@wiley-vch.de, please also indicate this clearly in the XML working window by

inserting a comment using the query tool.



Reprint Order Form 2015
- please return with your proofs -

Manuscript No.

Editorial Office:

Wiley-VCH Verlag, Boschstrasse 12
69469 Weinheim, Germany

Tel.: (+49) 6201 606 235
Fax: (+49) 6201 606 500

E-mail: advhealthmat@wiley-vch.de
http://www.advhealthmat.de

Please send me and bill me for

1 - mno. of reprints via [ airmail (+ 25 Euro)
e [] surface mail

| high-resolution PDF file (330 Euro).

My e-mail address:

Please note: It is not permitted to present the PDF file
on the internet or on company homepages

* Special Offer* If you order 200 or more reprints you
will get a PDF file for half price.

Information regarding VAT

Please note that from German sales tax point of view, the charge for
Reprints, Issues or Posters is considered as “supply of goods” and
therefore, in general, such delivery is a subject to German sales tax.
However,this regulation has no impact on customers located outside of the
European Union. Deliveries to customers outside the Community are
automatically tax-exempt. Deliveries within the Community to institutional
customers outside of Germany are exempted from the German tax (VAT)
only if the customer provides the supplier with his/her VAT number.

The VAT number (value added tax identification number) is a tax
registration number used in the countries of the European Union to identify
corporate entities doing business there. It starts with a country code (e.g.
FR for France, GB for Great Britain) and follows by numbers.

Mail reprints / cover posters to:

Invoice address:

Date, Signature Stamp

VAT no.:

(institutes / companies in EU countries only)

Purchase Order No.:

Cover Posters

Posters are available of all the published covers and
frontispieces in two sizes

i
| DIN A2 42 x 60 co/ 17 x 24in (one copy: 39 Euro)

|

|| DIN Al 60x 84 cm/ 24 x 33in (one copy: 49 Euro)

Postage for shipping posters overseas by airmail:
+ 25 Euro

Postage for shipping posters within Europe by surface mail:
+15 Euro

Credit Card Payment

VISA, MasterCard, AMERICAN EXPRESS

Please use the Credit Card Token Generator located at the
website below to create a token for secure payment. The token
will be used instead of your credit card number.

Credit Card Token Generator:
htips://www.wiley-veh.de/editorial_production/index.php

Please transfer your token number to the space below.

Credit Card Token Number:

Price list for reprints (The prices include mailing and handling charges. All Wiley-VCH prices are exclusive of VAT)

No. of pages Price (in Euro) for orders of
50 copies 100 copies 150 copies 200 copies 300 copies 500 copies

1-4 345 395 425 445 548 752

5-8 490 573 608 636 784 1077

9-12 640 739 786 824 1016 1396

13-16 780 900 958 1004 1237 1701

17-20 930 1070 1138 1196 1489 2022

for every additional 4 pages 147 169 175 188 231 315

* Special Offer % If you order 200 or more reprints you will get a PDF file for half price.

Wiley-VCH Verlag GmbH & Co. KGaA; Location of the Company: Weinheim;

Chairman of the Supervisory Board: Stephen Michael Smith,

WILEY-VCH

Trade Register: Mannheim, HRB 432833, General Partner: John Wiley & Sons GmbH,

Location: Weinheim, Trade Register Mannheim, HRB 432296,
Managing Directors: Dr. Jon Walmsley



ADHM201500065.xml Generated by PXE using XMLPublish’™ February 19, 2015 15:44 APT: WF JID: ADHM

HERY

A. Nishiguchi, M. Matsusaki, S. Miya- Haceslng Sssutsfrom dynaric rieno iner(ace Functional 3D-engineered tissues are suc-
gawa, Y. Sawa, M. Akashi* ......... XXX e cessfully harvested from a substrate using
Dynamic Nano-Interfaces Enable Har- stimuli-responsive hydrogel films with dy-
vesting of Functional 3D-Engineered namic nano-interface. The dynamic wet-
Tissues tability control at the interfaces allows for
cellular detachment, leading to tissue har-
vesting without serious damage and re-
maining polymers. This method can be
applied to various types of organs and
used for tissue transplantation in regen-
erative medicine.




ADHM201500065.xml

Generated by PXE using XMLPublishsM

' ADHM201500065(201500065) |

M \l.w'K

February 19, 2015

15:44 APT: WF JID: ADHM

www.MaterialsViews.com

www.advhealthmat.de

Dynamic Nano-Interfaces Enable Harvesting of
Functional 3D-Engineered Tissues
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A significant development in stem cell research with embry-
onic stem cells (ES cells) and induced pluripotent stem cells
(iPS cells) has promoted not only clinically relevant therapies
in regenerative medicine but also the establishment of disease-
specific models for drug discovery.l!! The use of stem cellsas a
cell source has the enormous potential for a cell transplantation
alternative to organ transplants, which is plagued by chronic
donor organ shortages. However, the injection of suspended
cells into diseased tissues has failed because of the loss of
cells and extremelylow graft survival rates.’! To overcome this
problem, a tissue transplantanon approach based on tissue en-
gineering concepts has attracted increasing attention in the
biomedical fields.) A number of functional polymeric mate-

rials have been reported in the in vitro fabrication of tissues

with highly orgamzed 3D structures of cells and extracellular
matrices (ECMs),’) but these may give rise to serious adverse
effects such as immunogenicity and inflammatory responses
to the surrounding materials. A scaffold-free tissue transplan-
tation that employs only cells and tissues would be useful as
an innovative therapeutic method.

To this end, cultured cells and tissues need to be har-
vested from substrates. However, the enzymatic treatment
for detachment of cells such as trypsin breaks not only cell-
substrate adhesion but also cell-cell connections, leading to
failures in tissue harvesting. Therefore, substrates with stimuli-
responsive interfaces that selectively switch cell-substrate ad-
hesion to weaken should be designed for the detachment with
the cell-cell connections. Several researchers have reported
the design of stimuli-responsive substrates such as photore-
sponsive substrates,’#" host-guest interactions,” and protein
interactions for the control of cell adhesion. One of the most
successful methods is cell sheet engineering that can be used to
detach cultured cell-monolayers from temperature-responsive
dishes grafted with poly(N-isopropylacrylamide) (PIPAAm) on
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the surface.’l When above the lower critical solution temper-
ature (LCST) near 32 °C, cells adhere to hydrophobic sur-
faces, while decreasing temperatures below the LCST changes
to the hydrophilic surfaces by hydration of grafted PIPAAm.
This transition in surface hydrophobicity causes cells to detach
through the dissociation of proteins. However, since it is dif-
ficult for water molecules to approach polymer chains grafted
on solid substrates and dehydrated polymers and aggregations
remain,”) the responsiveness during the swelling process is
low. Moreover, existing methods also have drawbacks includ-
ing the use of temperature decrease and photoreaction that do
not occur in living body, limitations in applicable substrates,
some damage during the process of harvesting and stacking,
and difficulties in harvesting functional tissues.

We previously reported a hydrogel scaffold comprising
disulfide-cross-linked poly(y-glutamic acid) (y-PGA-SS) to
construct large and thick 3D tissues by seeding cells and
degrading hydrogels.'% y-PGA-SS hydrogels have reductant-
responsive properties originating in the cleavage of disulfide
cross-linking points to thiol groups with reductants, which
leads to the degradation of y-PGA polymer matrices to form
tissues composed of cells and ECMs secreted from cells. We
consider that surfaces of stimuli-responsive hydrogels exhibit
hydrophobic to hydrophilic changes because y-PGA hydrogels
have hydrophobic property due to the methylene units in both
main chains and cross-linker (Figure S1, Supporting Informa-
tion). When the polymer networks cross-linked with disulfide
bonds are cleaved in response to reducing agents, highly mobile
dangling chains with hydrophilic carboxylic and thiol groups
will be exposed.! In this system, rapid responsiveness occurs
because water molecules exist in large quantities around hydro-
gels and can easily approach polymer chains. Dynamic control
of the wettability on nano-interfaces can be used to harvest cells
and functional tissues without damaging the tissues.

Here we report a novel method to harvest functional 3D-
engineered tissues using stimuli-responsive gel films where
the surface wettability can be dynamically controlled (Figure
1). The 3D tissues were constructed by a cell-accumulation
technique, which is based on fibronectin (FN) and gelatin (G)
nanofilms (FN-G nanofilms) coated onto cell surfaces,'? on
micrometer-sized thin films of y-PGA-SS hydrogels. We ad-
dressed dynamic property changes of wettability and structures
on nano-interfaces in response to reductants. We attempted hy-
drophobic to hydrophilic changes on nano-interfaces allowed
for harvesting functional 3D-tissues such as vascularized fi-
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Figure 1. Schematic illustration of the harvesting process of
3D-engineered tissues from reductant-responsive gel films of
disulfide-cross-linked y-PGA (y-PGA-SS). Pre-gel solutions con-
taining y-PGA, EDC, and cystamine (cross-linker) were thinly
coated on substrates by almost-complete aspiration of the solu-
tion. The cross-linking reaction of amine groups with carboxylic
groups proceeded within 10 min to form gel films on the sub-
strate. 3D tissues constructed by a cell-accumulation technique
onto gel films were exposed to cysteine-containing media, lead-
ing to harvesting various tissues including vascularized fibrob-
last tissues, liver tissues, and heart tissues from substrates.
During this process, hydrophobic to hydrophilic changes at in-
terfaces between gel films and tissues occurred dynamically
through exchange reactions between thiol groups in cysteine
and disulfide cross-linking bonds.

broblast tissues, hepatic tissues, and iPS-derived cardiac my-
oblast tissues without giving rise to serious physical damage.

The harvesting technique of 3D tissues consists of two-step
processes during hydrogel formation and the degradation of
gels by cleaving thiol groups. Pre-gel solutions containing y-
PGA, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
and cystamine were added to substrates. Since thick hydrogel
films (>1 mm) showed low cell-adhesive properties (data not
shown), thin hydrogel films were employed due to their higher
cell-adhesive property partly because mechanical properties
like stiffness were affected by the distance from substrates.['’)
We selected trans-well insert membranes with 8 pm pores as
a substrate to promote the diffusion of nutrients and reduc-
tants from basal porous membranes. Cross-linking reactions
via the formation of amide bonds were confirmed by FT-IR and
1H NMR analyses (Figure S2, Supporting Information). Cross-
linking densities, gelation times, and swelling ratios varied with
the concentration of y-PGA and molar ratio of EDC and cys-
tamine (Table 1, Supporting Information). In the following ex-
periments, hydrogels of 6-1-1 (wt% of y -PGA, [EDC]/[y-PGA],
and [NH,]/[COOH) were used due to the suitable stability and
swelling ratio.
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The formation of 6-1-1 gel films of y-PGA-SS was opti-
mized by quartz crystal microbalance (QCM) analyses, which
estimated the film thickness as approximately 70 nm from
frequency shifts in a dry form (Figure S3, Supporting Infor-
mation). These y-PGA-SS gel films possessed highly swellable
properties (swelling ratio: 10) due to carboxylate anion in main
chains and color 3D laser scanning microscopy observations
showed that the thickness in wet conditions was approximately
5 um at centers of membrane (Figure 2a). The resulting gel
films displayed smooth surface structures and filled almost all
pores. To evaluate the stimuli responsiveness of y-PGA-SS gel
films, we started with QCM analyses that measure weight loss
in a bulk state (Figure 2b). The weight loss depending on the
concentration of cysteine was confirmed, although there was
little change of the weight for 1 h of incubation. The production
of thiol groups by cleaving disulfide bonds in response to re-
ductants was confirmed by FT-IR spectra and UV-vis measure-
ment using Elman agsay (Figure S4, Supporting Information).
To investigate how reducing-stimuli alter surface structures
and wettability, atomic force microscope (AFM) observations
and contact angle measurements of gel films in a swollen state
were performed (Figure 2¢,d). Originally smooth gel films in-
creased in roughness after 1 h of incubation to form markedly
uneven surfaces after 24 h (Figure 2c). Interestingly, contact
angles drastically decreased within 1 min in response to incuba-
tion with cysteine and altered from 58° to 32° in just 1 h (Figure
2d). Therefore, the hydrophilicity of gel surfaces dynamically
increased through reduction reactions, indicating surface prop-
erty of gel films drastically changed even though the weight in
a bulk state did not change for 1 h. Moreover, we performed
QCM-D analyses for real-time measurements of the thickness
and shear elasticity in a flow state, especially in the early process
of degradation (Figure 2e). These values were calculated from
viscoelastic analyses of frequency shifts (Af) and energy dissi-
pation change (A D) using Voigt-based model (Figure S5, Sup-
porting Information). As a result, the film thickness slightly
decreased after incubation with cysteine and shear elasticity
increased in the early process, indicating high responsiveness
at interfaces. These results from gel films were in agreement
with that of mechanical properties of gels in bulk state, which
showed increases in rupture strength and shear elastic mod-
ulus after degradation (Figure S6, Supporting Information).
These results suggest that cleaving disulfide bonds exposed
highly mobile dangling chains with hydrophilic carboxylic and
thiol groups to interfaces, resulting in increases in wettability
and shear stress. Adhesiveness of cells and proteins to ma-
terials strongly depends on surface properties such as size,
conformation, stiffness, wettability, and interactions.'! There-
fore, unique nano-interfaces with dynamic structure-changes
including roughness, hydrophilicity, and the structure of poly-
mer chains can be used to control cellular adhesion and de-
tachment.

To evaluate whether cells dynamically respond to wettability
changes in nano-interfaces by reducing agents, the morphol-
ogy of normal human dermal fibroblasts (NHDFs) incubated
on y-PGA-SS 6-1-1 gel films was observed at the single-cell
level. NHDFs adhered and extended well in 1 day on gel films,
which were coated with fibronectin. Soon after the addition of
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