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promotes cardiogenesis by maintaining the proliferation and/or sur-
vival of embryonic cardiomyocytes.

It has been shown that canonical Wnt signals inhibit cardiogenesis
in chick and frog embryos, and that Wnt antagonists such as Dkk1
and Crescent secreted from the anterior endoderm or the organizer
region counteract the Wnt-mediated inhibitory signals and induce
cardiogenesis in the anterior lateral mesoderm®*. However, IGFBP-4-
mediated Wnt inhibition is required at later stages of development,
when the heart is already formed at the ventral portion and starts to
grow and remodel to maintain embryonic circulation. It has been
shown that Wnt/f-catenin signalling has time-dependent effects on
cardiogenesis in ES cells: canonical Wnt signalling in the early phase
of ES-cell differentiation promotes cardiomyogenesis, whereas it
inhibits cardiomyocyte differentiation in the late phase'®'*. In agree-
ment with this notion, IGFBP-4 promoted cardiomyocyte differenti-
ation of ES cells only when IGFBP-4 was applied in the late phase
after embryoid body formation (Supplementary Fig. 3a—c). Similar
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Figure 3 | IGFBP-4 is required for the differentiation of P19CL6 cells into
cardiomyocytes. a, Expression analysis of IGFBP family members by
RT-PCR during DMSO-induced cardiomyocyte differentiation of P19CL6
cells (from day 0 to day 8). b, Left: knockdown of Igfbp4 in P19CL6 cells
attenuated cardiac marker expression in response to treatment with DMSO.
BP4-1 and BP4-2 represent two different siRNAs for IGFBP-4. Right:
knockdown of Igfbp3 or Igfbp5 had no effect on cTnT expression in response
to DMSO treatment. ¢, Treatment with a neutralizing antibody against
IGFBP-4 (anti-BP4; 40 pgml ') attenuated DMSO-induced cardiomyocyte
differentiation of P19CL6 cells. Error bars show s.d. d, IGFBP-4
immunostaining during DMSO-induced differentiation of P19CL6 cells
stably transfected with xMHC-green fluorescent protein (GFP) reporter
gene. Top left, IGFBP-4 staining (red); top right, GFP expression
representing differentiated cardiomyocytes; bottom left, nuclear staining
with DAPI (4',6-diamidino-2-phenylindole); bottom right, a merged
picture. Scale bar, 100 im. e, Attenuated cardiomyocyte differentiation of
P19CL6 cells by Igfbp4 knockdown was rescued by inhibiting Wnt/-catenin
signalling. Control and Igfbp4-knocked-down P19CL6 cells were transfected
with an expression vector for GFP or LRP6N (a dominant-negative form of
LRP6) and induced to differentiate into cardiomyocytes by treatment with
DMSO. LRP6N overexpression rescued the attenuated cardiomyocyte
differentiation induced by Igfbp4 knockdown as assessed by MF20-positive
area (left panel), cardiac marker-gene expression and cTnT protein
expression (right panel). Error bars show s.d.
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time-dependent effects of Wnt/p-catenin signalling on cardiogenesis
has been shown in zebrafish embryos''. Moreover, several recent
reports suggest that Wnt/B-catenin signalling is a positive regulator
of cardiac progenitor-cell proliferation in the secondary heart field"*.
It therefore seems that canonical Wnt signalling has divergent effects
on cardiogenesis at multiple stages of development: first, canonical
Wnht signalling promotes cardiogenesis at the time of gastrulation or
mesoderm specification; second, it inhibits cardiogenesis at the time
when cardiac mesoderm is specified in the anterior lateral mesoderm;
third, it promotes the expansion of cardiac progenitors in the sec-
ondary heart field; and fourth, it inhibits cardiogenesis at later stages
when the embryonic heart is growing. It is interesting to note that
IGFBP-4 is expressed predominantly in the liver. Mouse IGFBP-4 is
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Figure 4 | IGFBP-4 is required for the maturation of the heart in Xenopus
embryos. a, In situ hybridization analysis of Nkx2.5 (an early cardiac
marker), cTnl (a mature cardiac marker), Hex (a liver marker), and XIGFBP-
4 (XBP4) mRNA expression at stages 34, 38 and 42. b, Knockdown of
XIGFBP-4by two different morpholinos (MO1 and MO?2) resulted in severe
cardiac defects as assessed by cTnl in situ hybridization at stage 42 (left).
These cardiac defects were rescued by simultaneous injection of MO-
resistant wild-type XIGFBP-4, mutant XIGFBP-4-H74P (BP4(H74P) and
LRP6N (n = 30 for each group). ¢, Temporal profile of cardiac defects
induced by XIGFBP-4 knockdown. Morphology of the heart as assessed by
cTnl in situ hybridization was almost normal at stage 34 but was severely
perturbed at stages 38 and 42. The right column shows sections of control
and MO-injected embryos. The arrow indicates the heart in control
embryos. No heart-like structure was observed in MO-injected embryos.
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also strongly expressed in the tissues adjacent to the heart such as
pharyngeal arches and liver bud at embryonic day (E)9.5
(Supplementary Fig. 3h). These observations and the results of
IGFBP-4 immunostaining in P19CL6 cells and ES cells suggest that
IGFBP-4 promotes cardiogenesis in a paracrine fashion. Together
with a previous report showing that cardiac mesoderm secretes
FGFs and induces liver progenitors in the ventral endoderm', these
observations suggest that there exist reciprocal paracrine signals
between the heart and the liver that coordinately promote the
development of each other.

IGFBPs are composed of six members, IGFBP-1 to IGFBP-6.
Reporter gene assays and B-catenin stabilization assays revealed that
IGFBP-4 was the most potent canonical Wnt inhibitor and that
IGFBP-1, IGFBP-2 and IGFBP-6 also showed modest activity in
Wht inhibition, whereas [GFBP-3 and IGFBP-5 had no such activity
(Supplementary Fig. 5a—c). In agreement with this, IP/western blot
analyses demonstrated that IGFBP-1, IGFBP-2, IGFBP-4 and IGFBP-
6 but not IGFBP-3 or IGFBP-5 interacted with LRP6 or Frz8CRD
(Supplementary Fig. 5d, ). Thus, the lack of cardiac phenotypes in
IGFBP-4-null mice or IGFBP-3/IGFBP-4/IGFBP-5 triple knockout
mice'® may be due to genetic redundancies between IGFBP-4 and
other IGFBPs such as IGFBP-1, IGFBP-2 and/or IGFBP-6.

The identification of IGFBP-4 as an inhibitor of Wnt/B-catenin
signalling may also have some implications for cancer biology'®. Tt
was shown that treatment with IGFBP-4 reduces cell proliferation in
some cancer cell lines in vitro, and that overexpression of IGFBP-4
attenuates the growth of prostate cancer in vivo. Decreased serum
levels of IGFBP-4 are associated with the risk of breast cancer.
Because the activation of Wnt signalling is implicated in several
forms of malignant tumours'”", it is possible that the inhibitory
effect of IGFBP-4 on cell proliferation is mediated in part by the
inhibition of canonical Wnt signalling.

METHODS SUMMARY

Cell culture. P19CL6 cells and ES cells were cultured and induced to differentiate
into cardiomyocytes essentially as described™'. P19CL6 cells (2,000 cells per 35-
mm dish) were treated with various conditioned media for screening of their
cardiogenic activities. For siRNA-mediated knockdown, pSIREN-RetroQ vec-
tors (Clontech) ligated with double-stranded oligonucleotides were transfected
into P19CL6 cells or ES cells, and puromycin-resistant clones were selected.
I[P/western blot analyses and binding assays. Conditioned media for [P/west-
ern blot analyses were produced by using 293 cells. Binding reactions were
performed overnight at 4 °C. '*’I-labelling of IGFBP-4 and Wnt3A was per-
formed with IODO-BEADS lodination Reagent (Pierce). A liquid-phase binding
assay was performed essentially as described .

Xenopus experiments. Axis duplication assays, animal cap assays, and in situ
hybridization analyses in Xernopus were performed essentially as described™.
Electroporation of mRNA was performed at stage 28 essentially as described*!.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Plasmids and reagents. cDNA clones encoding mouse IGFBPs and Xenopus
IGFBP-4 were purchased from Open Biosystems. XIGFBP-4-H74P mutant was
generated with a QuickChange Site-Directed Mutagenesis kit (Stratagene). His-
tagged human wild-type IGFBP-4 and mutant IGFBP-4-H74P (vectors provided
by X. Qin)* were produced and purified with HisTrap HP Kit (Amersham). Full-
length Frz8, FrzZ8 CRD and LRP6N were provided by X. He™*. Full-length LRP6,
membrane-bound forms of LRP6 deletion mutants, and Dkk1l were from C.
Niehrs*. pXwnt8 and pCSKA-Xwnt8 were from J. Christian®, pCS2—B-catenin
was from D. Kimelman®. sMHC~GFP was from B. Fleischmann®’. BRE-luc was
from P. ten Dijke®™. pCGN-Dvl-1 was described previously®. Soluble forms of
LRP6 deletion mutants and probes for in situhybridization analysis (Nkx2.5, cTnl
and Hex) were generated by PCR. IGFBP-4, Wnt3A, IGF-I, IGF-1I and BMP2
were from R&D. Neutralizing antibodies were from R&D (anti-IGFBP-4), Sigma
(anti-IGF-I and anti-IGF-1I), and Oncogene (anti-type-1 IGF receptor). The anti-
bodies used for immunoprecipitation, western blotting and immunostaining
were from Invitrogen (anti-Myc, anti-V5), Santa Cruz (anti-cTnT, anti-IGFBP-
4, anti-topoisomerase I (TOPO-I)), Sigma (anti-B-actin, anti-B-catenin, anti-
FLAG (M2)) and Developmental Studies Hybridoma Bank (anti-sarcomeric
myosin heavy chain (MF20)).

Cell culture experiments. P19CL6 cells and ES cells were cultured and induced
to differentiate into cardiomyocytes essentially as described®'. P19CL6 cells
(2,000 cells per 35-mm dish) were treated with various conditioned media for
screening of their cardiogenic activities. PI9CL6 cells or ES cells stably trans-
fected with «MHC promoter driven-GFP were generated by transfection of
oMHC-GFP plasmid into P19CL6 cells or ht7 ES cells followed by G418 selec-
tion. Luciferase reporter gene assays, western blot analyses, immunostaining and
RT-PCR were performed as described'’. Reporter gene assays were repeated at
least three times. PCR primers and PCR conditions are listed in Supplementary
Table 1. For siRNA-mediated knockdown, siRNAs were expressed with pSIREN-
RetroQ vector (Clontech). Oligonucleotide sequences used are listed in
Supplementary Table 2. pSIREN-RetroQ vectors ligated with double-stranded
oligonucleotides were transfected into P19CL6 cells or ES cells, and puromycin-
resistant clones were isolated and expanded. For B-catenin stabilization assays,
nuclear extracts of L cells were prepared with NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Pierce). Data are shown as means and s.d.

IP/western blot analyses and binding assays. Conditioned media for IP/west-
ern blot analyses containing full-length or various deletion mutants of IGFBPs,
LRP6, Frz8CRD and Dkk1 were produced with 293 cells. Binding reactions were
performed overnight at 4 °C. Immunoprecipitation was performed with Protein
G-Sepharose 4 Fast Flow (Amersham). '*’I-labelling of IGFBP-4 and Wnt3A was
performed with IODO-BEADS lodination Reagent (Pierce). A liquid-phase
binding assay was performed essentially as described". In brief, conditioned
media containing LRP6N-Myc or Frz8CRD-Myc were mixed with various con-
centrations of '*I-labelled IGFBP-4 and incubated overnight at 4 °C. LRP6N—
Myc or FrzZ8 CRD-Myc was immunoprecipitated and the radioactivity of bound
IGFBP-4 was measured after extensive washing of the Protein G-Sepharose
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beads. For a competitive binding assay, conditioned media containing
LRP6N-Myc or Frz8 CRD-Myc were mixed with '#’I-labelled Wnt3A and unla-
belled IGFBP-4, and incubated overnight at 4 °C. LRP6N-Myc or Frz8 CRD-
Myc was then immunoprecipitated and the radioactivity of bound Wnt3A was
measured.

Xenopus experiments and mouse in situ hybridization analysis. Axis duplica-
tion assays, animal cap assays and in situ hybridization analyses in Xenopus were
performed essentially as described®. Two independent cDNAs for XIGFBP-4,
presumably resulting from pseudotetraploid genomes, were identified by 5’
rapid amplification of ¢cDNA ends (Supplementary Fig. 4a). Two different
MOs targeting both of these two IGFBP-4 transcripts were designed (Gene
Tools) (Supplementary Fig. 4a and Supplementary Table 2). MO-sensitive
XIGFBP-4 ¢cDNA including a 41-base-pair 5'-untranslated region (UTR) was
generated by PCR. MO-resistant XIGFBP-4 ¢cDNA (wild-type and H74P
mutant) was generated by introducing five silent mutations in the MOI target
sequence and excluding the 5'-UTR (Supplementary Fig. 4a). To determine the
specificity of MOs, MO-sensitive or MO-resistant XIGFBP-4—ntyc mRNA was
injected into Xenopus embryos with or without MOs, and protein/mRNA
expression was analysed. PCR primers and PCR conditions are listed in
Supplementary Table 1. MOs and plasmid DNAs were injected at the eight-cell
stage into the dorsal region of two dorsal-vegetal blastomeres fated to be heart
and liver anlage. Electroporation of mRNA was performed essentially as
described™'. Injection of mRNA (5ng in 5nl of solution) into the vicinity of
heart anlage and application of electric pulses were performed at stage 28.
Whole-mount in situ hybridization analysis of murine IGFBP-4 was performed
as described™.
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ABSTRACT

Several studies focused on the characterization of bulge keratinocytes have proved that they are
multipotent stem cells, being recruited not only to regenerate the hair follicle itself, but also the
sebaceous gland and the epidermis. However, due to the difficulty in preparing transplantable cell
sheets harvested with conventional enzymatic digestion, there is still no direct evidence of the bulge
stem cells’ multipotency. Whether they can respond to adult dermal papilla (DP) signals in
recombination experiments also remains unclear. In this study, we addressed this problem by culturing
and detaching intact bulge keratinocyte sheets from thermo-responsive culture dishes, only by reducing
its temperature. When sheets of mass cultured bulge keratinocytes isolated from rat vibrissa follicles
were recombined with fresh adult DPs and sole skin dermis in vivo, regeneration of epidermis and
sebaceous gland-like structures, and formation of hair bulb with differentiating inner root sheath and
hair cuticle were observed within 3 weeks. However, regardless the expression of stem cells markers
like CD34, SA1004 and SA1006, no structures were observed when cloned bulge keratinocytes were
used to prepare cell sheets and recombinants, revealing the possible existence of monoclonal stem cells
within the bulge region. This report is the first to succeed in harvesting adult bulge keratinocyte sheets.
Using these sheets it is demonstrated that bulge stem cells directly respond to adult DP signals to

induce hair bulb formation in vivo.
© 2008 International Society of Differentiation. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Hair follicles are specialized mammalian skin appendages
responsible for hair fiber production. Thanks to their accessibility,
many studies have focused and eventually succeeded in the
localization, isolation and characterization of hair follicle stem
cells. Like other adult stem cells, hair follicle stem cells are
assumed to be slow cycling and have superior self-renewal and
multipotency abilities (Cotsarelis, 2006). Being able to be detected
as label-retaining cells (LRC) (Cotsarelis et al., 1990; Taylor et al.,
2000), many studies have demonstrated that in rodent hair
follicles, most stem cells are located in the bulge, a swelling in the
upper part of the outer root sheath (ORS), with very few in the
hair bulb (Kobayashi et al., 1993; Taylor et al., 2000; Oshima et al,,
2001; Claudinot et al., 2005). Bulge keratinocytes isolated from
vibrissa follicles show high clonogenecity and proliferative
capacity in vitro (Kobayashi et al.,, 1993; Oshima et al., 2001;
Claudinot et al, 2005) and their multipotency have been

* Corresponding author. Fax: +81434325535.
E-mail address: kkoba@air.linkclub.or.jp (K. Kobayashi).
T Present address: Laboratory of Stem Cell Dynamics, Ecole Polytechnique
Fédérale de Lausanne, Lausanne, Switzerland.

demonstrated by studies that followed the fate of LRCs during
hair morphogenesis and through the hair growth cycle (Cotsarelis
et al., 1990), as well as during skin wound-healing processes
(Taylor et al., 2000).

Different tissue recombination and transplantation models
using adult bulge keratinocytes have also shown the hair follicle
stem cells’ multipotency, proving that they are involved in the
epidermis and sebaceous gland formation (Oshima et al., 2001;
Morris et al., 2004; Blanpain et al., 2004; Claudinot et al., 2005).
All these works, however, have utilized embryonic or neonatal
cells or tissues in their models, demonstrating only that hair
follicle stem cells can be recruited by an environment that is able
to develop skin appendages, but showing no direct proof of their
ability to reconstruct skin and form its appendages de novo.

One of the reasons for this lack of direct evidence is the
difficulty in preparing transplantable bulge keratinocyte sheets
harvested with conventional enzymatic digestion. In the present
study, this problem was addressed by culturing and detaching
bulge keratinocyte sheets using a technology that does not require
the use of proteolytic enzymes (Yamato et al., 2001). Keratinocytes
are plated in culture dishes coated with poly (N-isopropylacryla-
mide), a thermo-responsive polymer that becomes hydrophobic
above 32°C and can reversibly change to hydrophilic below this
temperature. Using this technology, multilayered keratinocyte

0301-4681/$ - see front matter © 2008 International Society of Differentiation. Published by Elsevier Ltd. All rights reserved.
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sheets can be detached intact, simply by reducing the dishes
temperature to 20 °C. Using this method, we succeeded in demon-
strating that cultured adult bulge keratinocytes can construct the
epidermis and interact with adult dermal papilla (DPs), forming
sebaceous glands and the hair follicle itself in vivo. These data
indicated that the use of cultured bulge keratinocyte sheets is
effective in hair follicle induction experiments and also strongly
support the concept that hair follicle stem cells are multipotent,
providing direct evidence of this feature,

2. Material and methods
2.1. Animals

Fisher F344/]cl rats were obtained from Nihon SLC Co. Ltd.
(Hamamatsu, Japan) and Japan Laboratory Animals Inc. (Tokyo).
SD-Tg (CAG-EGFP) rats and BALB/c Slc-nu/nu mice were from
Nihon SLC Co. Ltd. (Hamamatsu, Japan). The donor rats were
34-56 days old (for anagen follicles), and the host rats and mice
were 6-8 weeks of age. All animals were fed and watered ad
libitum.

2.2. Mass culture of bulge cells

Vibrissa follicles were isolated from rats euthanized with
chloroform and microdissected as described before (Kobayashi
et al., 1993). Fragments containing only the bulge region were
immersed in dispase solution (500 units/ml) and incubated for
30min at 37°C. The dermal sheath was teased away from the
follicles, and the fragments were further incubated in a solution
of 0.1% trypsin-0.02% ethylene diamine tetraacetic acid (EDTA)
in calcium- and magnesium-free Dulbecco’s PBS for 1h at 37°C
to completely dissociate the epithelial cells. These cells were
centrifuged and re-suspended in a standard keratinocyte medium,
a 3:1 mixture of Dulbecco modified Eagle’s medium (DMEM), and
Ham's F12 medium supplemented with 10% fetal bovine serum
(Rheinwald and Green, 1975). The cells were then plated on a
feeder layer consisted of 3T3 cells (Japanese Collection of Research
Bioresources, Osaka, Japan), which had been lethally irradiated or
treated with mitomycin C at 18 pg/ml for 4 h. The keratinocytes
were cultured until semi-confluency and were passaged every
week, being fed every 3 days. Human recombinant epidermal
growth factor (EGF) was added at 10ng/mi at the beginning of
the first feed. All culture reagents were purchased from Gibco
(Invitrogen Corp.; Carlsbad, CA), except for the mitomycin C
(Sigma Chemical Co., St. Louis, MO) and the EGF (Invitrogen).

2.3. Cloning of bulge cells

Bulge cells were completely dissociated from vibrissa follicles
as described, and transferred to a culture dish containing
keratinocyte standard medium. Single cells were isolated with a
Pasteur pipette by using an inverted microscope (Barrandon and
Green, 1985) and individually cultured on a feeder layer of 3T3
cells lethally irradiated or treated with mitomycin C at 18 pg/ml.

2.4. Preparation of cell sheets and construction of recombinants

Bulge keratinocyte sheets were obtained from thermo-responsive
dishes (CellSeed Inc., Tokyo, Japan). Mass cultured bulge cells
at P2 and cloned bulge cells at P2 and P14 were plated on 3T3
feeder layers previously seeded on thermo-responsive dishes.
After keratinocytes became confluent and formed a multilayered
epithelium, approximately 10-14 days after plating, the culture

medium was removed and the dishes were washed with DMEM.
After incubation at 20 °C for 30 min, the multilayered keratinocyte
sheets were peeled slowly from the edge of the dish with
tweezers. The construction of recombinants (Fig. 1) was carried
as described before (Xing and Kobayashi, 2001). Cell sheets were
cut into 6 small pieces and a plate of sterilized silicon of 1 cm? was
gently placed on the top of each epithelial fragment. The silicon
plate with the cultured epithelium was then turned upside down
so the basal layer side of the cell sheet faced up. Two to three DPs,
freshly isolated from anagen vibrissa follicles, and sole dermis
fragments were gently placed on the sheet and the peripheral
cultured epithelium was gently wrapped back (represented in
Fig. 1 by small arrows), so the DPs could be stably trapped
between the tissues. Remaining pieces of the detached sheets
were also fixed in neutral buffered formaidehyde for histological
observations.

2.5. Construction of DP-upper follicle and DP-sole skin recombinants

To demonstrate that mechanically isolated DPs were devoid of
matrix cells and consequently validate our tissue isolation
technique and the results of induction experiments, DP-sole skin
and DP-upper follicle recombinants containing DPs from EGFP-
transgenic rats were used as control experiments. DP-upper
follicle recombinants were prepared as described before (Oliver,
1966; Kobayashi and Nishimura, 1989). In brief, anagen vibrissa
follicles isolated from donor rats were divided in two fragments
by transection, and associated with a fresh DP at their amputated
base. To prepare DP-sole skin recombinants, the glabrous region of
sole skin fragments were treated with dispase (500 units/ml) for
30min at 37°C and rinsed with DMEM. The epidermis was
partially detached from the dermis, creating a pocket where DPs
were gently introduced.

2.6. Grafting

Rats were anesthetized by intramuscular injection of KETA-
LAR® 50 (ketamine hydrochloride, 0.2-0.25ml/6-8-week-old
rats), the dorsal area of each rat was shaved and the required
back skin was disinfected with 70% alcohol. A vertical incision was
made in the back skin, a pocket was opened beneath it, where the
recombinants were introduced onto the muscle fascia, with the
dermis being in direct contact with the host rat hypodermis.
The incision was closed with commercially available liquid
adhesive. Nude mice were used as hosts for control grafts.
DP-sole skin recombinants were transplanted as described above.
DP-upper follicle recombinants were transplanted under the
kidney capsule of nude mice as described before (Kobayashi and
Nishimura, 1989),

2.7. Histology

The recombinants were harvested 3 weeks after transplanta-
tion, fixed in Bouin's solution or neutral buffered formaldehyde
and embedded in paraffin. The sections (6 jum) were stained in a
combination of Weigert's iron-hematoxylin, 1% Alcian blue and
Curtis's Ponceau S solution.

2.8. Immunchistochemistry

Control grafts containing DPs isolated from EGFP-transgenic
rats were fixed in 4% paraformaldehyde-PBS and embedded in
paraffin. The sections (6 pm) were treated with rabbit anti-GFP
serum (Molecular Probes Inc., Eugene, OR, USA) for 2h at room
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Fig. 1. Cultured keratinocyte sheets preparation and transplantation design. Bulge cells isolated from adult rat vibrissa follicles were plated in thermo-responsive dishes.
After confluency, the dishes were incubated at 20 °C for 30 min, and the cells were harvested as a sheet and recombined with intact DPs and sole skin dermis, both also
isolated from adult rats. The recombinants were placed in silicon sheets with the epidermis facing down, and then transplanted subcutaneously in the rat back skin.

temperature and the primary antibody was detected using the
DAKO ENVISION kit and 3,3’-diaminobenzidine (DAB).

2.9. RT-PCR

To study the gene expression of specific markers in the cells
used in the recombinants construction, total mRNAs were
prepared from approximately 3 x 10° cells of mass cultured bulge
cells at P2, and cloned bulge cells at P2 and P14. Total mRNAs were
extracted with ISOGEN (Nippon Gene Co. Ltd.; Tokyo, Japan) and
first-strand cDNAs were synthesized by using the Reverse
Transcriptase XL (Takara Bio Inc.; Otsu, Japan). Reverse transcrip-
tion PCR (RT-PCR) amplifications were performed using the
following settings: 94°C for 30s, 55°C for 30s and 72°C for
1 min; for 30 cycles. The primers were specific to the sequences
for keratin 5 (krt5), 5'-GATCCATCTCTCCAGCGTGT-3’ and 5'-AACT-
CATTCTCTGCCGCTGT-3’; keratin 14 (krt14), 5-AATGACCGC-
TGGCCTCCTA-3' and 5-TGGGCAGCCTCAGTTCTTG-3’; (D34,
5'-CACCAGAGCTATTCCCGAAA-3' and 5-TTCTGTGTCAGCCACCA-
CAT-3'; S100A4, 5-GAGGAGGCCCTGGATGTAAT-3’ and 5'-CTCA-
CAGCCAACATGGAAGA-3’; S100A6, 5'-TCTAGCCCAGTGGTCAGTCA-3'
and 5'-CATCTCTGCCTTCCCATTTT-3’; Bmi-1, 5'-TGTGCGTTACTTGGA-
GACCA-3 and 5'-TCATTCACCTCCTCCTTTGG-3'; and Zfp 145,
5’- AAAGCAGAGGACCTGGATGA-3' and 5-TCATGGCTGAGAGACC-
AAAA-3.

3. Results
3.1. Bulge cell clones display stem cells characteristics in vitro

To prepare cultured epithelium sheets from a single bulge
keratinocyte, 130 bulge cells were selected with a Pasteur pipette
under an inverted microscope and individually cultured on 3T3
cell layers. After 1 week of culture, 27 clones were identified,
representing a cloning efficiency of 20%. Eight clones were
selected and grown to mass culture through 14 passages (P14),
showing high proliferative ability, one of the stem cells character-
istics. Prior to sheet preparation and construction of recombi-
nants, RT-PCR was performed with mass cultured bulge
keratinocytes at P2 and the eight selected cloned bulge keratino-
cytes at P2 and P14, in order to study the gene expression and

characterize these cells. All samples expressed krt5 and krt14,
epithelial basal layer cell markers also commonly found in the
bulge region. The expression of well-established stem cell markers
CD34 (Cotsarelis, 2006), S100A4 and S100A6 (Ito and Kizawa,
2001) were also confirmed. Bmi-1 and Zfp145, genes reported
to contribute to the renewal and maintenance of stem cells (Park
et al., 2003; Buaas et al., 2004), were also expressed in all types of
the cultured bulge keratinocytes (Fig. 2, representative samples).
Furthermore, krt14 expression was confirmed by immunohisto-
chemistry in all cultured bulge cells and transplanted sheets (data
not shown).

3.2. Transplantable bulge cell sheets can be harvested from thermo-
responsive dishes

Mass cultured (P2) and cloned (P2 and P14) keratinocytes
isolated from the bulge area of vibrissa hair follicles (Fig. 3A) were
cultured for 10-14 days until they became confluent and formed
a multilayered epithelium homogeneously over the surface of
thermo-responsive dishes (Figs. 3B-D, representative samples).
The dishes were then incubated at 20°C for 30 min in order to
detach the cells as a sheet. The sheets were intact, without holes
or dissociated Kkeratinocytes, being strong enough to be easily
manipulated and transplanted onto the back skin of rats, a result
that was never achieved by conventional enzymatic methods
(data not shown). Histological observations revealed that the
sheets were well organized, with a columnar layer of basophilic
basal cells strongly stained by hematoxylin. Above the basal layer,
stratified cells were observed and each sheet had at least a total of
3 cell layers (Figs. 3E-G, representative samples).

3.3. Cultured bulge cell sheets respond to DP signals in vivo

Cultured bulge sheets prepared with the use of thermo-
responsive dishes were recombined with freshly isolated DPs
and sole skin dermis for subcutaneous transplantation. A total of
16 grafts were prepared with bulge keratinocyte sheets and in all
these samples regeneration of epidermis was observed (Table 1).
The epidermal structure was similar to a normal one, with all its
inherent layers; a single columnar layer of basal cells with large
nuclei in a regular arrangement, a flattened spinous cell layer, a
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granular layer, and a fully keratinized cornified layer (Fig. 4A).
Sebaceous gland-like structures were also observed in all samples
and always in a great number (Fig. 4B). Structures with a single
layer of cuboidal cells deeply stained in the periphery of the acini,
and with large cells containing light-stained cytoplasm located
towards the center, resembled normal sebaceous glands (Fig. 4C).
Epithelial cells surrounded the DP and formed a hair bulb in
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Krt14

CD34
S100A4
S100A6

Bmi-1

Zip14s . BB BB

Fig. 2. Bulge cells express basal layer cells and stem cells markers in vitro. RT-PCR
was performed with total mRNA extracted from freshly isolated bulge keratino-
cytes and cloned keratinocytes at P2 and P14. The expression of basal layer cells
markers krt5 and krt14; stem cells markers CD34, S100A4 and S100A6; and genes
reported to contribute to the renewal and maintenance of stem cells Bmi-1 and
Zfp145 were confirmed in all types of bulge keratinocytes used in the preparation
of cell sheets.
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11 (68.8%) of the transplanted recombinants. In these samples,
the hair cuticle and the inner root sheath differentiation was
confirmed by weak and strong staining with Curtis’ Ponceau S
solution, respectively (Figs. 4D, E). Through the observation of
serial sections, further differentiation of the hair shaft was found
in 2 samples (Fig. 4F), demonstrating that mature induced follicles
were able to produce hair fibers in vivo.

Although cloned bulge cells showed high proliferative ability
in vitro, expressed stem cells markers regardless the number of
passages, and were successfully harvested as sheets from thermo-
responsive polymers, none of the 8 clones selected regenerated
the epidermis and sebaceous gland-like structures in the grafts.
They also did not respond to DP signals when transplanted in vivo.
Any remaining cells or keratinized structures were not observed
in the graft site (data not shown).

34. Control experiments

Control DP+keratinocyte epithelium recombinants containing
DPs isolated from EGFP-transgenic rats were harvested 3 weeks
after transplantation and analyzed using immunohistochemistry.

Table 1
Number of DP-cultured bulge keratinocytes recombinants containing the following
types of structure.

Observed structures Number of grafts (%)

Epidermis 16 (100)
Sebaceous gland 16 (100)
Hair matrix 11 (68.8)
Inner root sheath 11 (68.8)
Hair shaft 2 (12.5)
No follicular structures 2 (12.5)

Epidermis regeneration and sebaceous glands formation were observed in all
grafts prepared from mass cultured bulge keratinocytes containing DPs. In 11
samples, hair matrix and IRS differentiation were confirmed, and in 2 samples the
differentiation of hair shaft was also observed. In another 2 samples, follicular
structures were not found regardless the epidermis regeneration and the presence
of DP in the grafts.

Bulge clone (P2) Bulge clone (P14)

Fig. 3. Bulge keratinocytes culture and sheet preparation. (A) Keratinocytes were isolated from the bulge region of rat vibrissa follicles (asterisk), excluding the sebaceous
gland in the upper part of the swelling. (B-D) Mass and cloned cells culture of bulge keratinocytes at confluency, prior to sheet preparation. (E-F) Histology of bulge
keratinocytes sheets used in the transplantation experiments. The sheets were intact, without dissociated keratinocytes, and showed a well-organized basophilic layer of

basal cells. Bars: 100 um.
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" Hair Shaft
Bulb region

Fig. 4. Bulge keratinocytes respond to DP signals in vivo. (A) Epidermis regenerated from transplanted bulge keratinocytes sheets. (B) Epidermis (Ep) regeneration and
sebaceous gland (SG) and a hair bulb-like structure (dotted line) formation in a representative sample. The sebaceous glands appear surrounding the epidermis in great
number. (C) Magnification of sebaceous glands induced in bulge keratinocytes sheets, where a single layer of cuboidal cells enfolds larger cells with light-stained cytoplasm
in the center, resembling normal ones. (D) Magnification of the hair bulb-like structure shown within dotted lines in (B). The epidermis surrounding the DP formed the hair
matrix (HM) cells that further differentiated in the hair cuticle (HC) and the inner root sheath (IRS). (E) Another representative sample with an induced hair bulb-like
structure where the follicular layers can be observed. (F) Serial section of (E), where the hair shaft differentiation was found 3 weeks after transplantation. Bars: 100 pm.

Fig. 5. Control experiments. (A) EGFP-transgenic mouse anagen vibrissa follicle. (B) Anti-GFP immunohistochemistry of EGFP-transgenic rat back skin. (C) Anti-GFP
immunohistochemistry of hair follicle induced in DP-upper follicle recombinant containing DP isolated from EGFP-transgenic rat. (D) Anti-GFP immunohistochemistry of
hair follicle induced in DP-sole skin recombinant containing DP isolated from EGFP-transgenic rat. Bars: 100 pum.

Since GFP expression is very weak in matrix cells of transgenic
mice (Fig. 5A) and rats (Fig. 5B), their presence of small numbers
of contaminating matrix cells in isolated DPs could not be directly
detected by GFP expression. However, if small numbers of
contaminating matrix cells were retained in mechanically isolated
DPs and contributed to hair follicle formation, we hypothesized
that their progeny would be recognized by GFP expression. Four

hair bulbs regenerated from a total of 16 transplanted DP-upper
follicle recombinants (Fig. 5C) and GFP-positive cells were found
in 3 out of 4 of these regenerated hair bulbs, indicating the
presence of contaminating matrix cells in 3 DPs. Only one
successful hair follicle induction was obtained from a total of 15
DP-sole epidermis recombinants. GFP-positive cells were not
found in this recombinant (Fig. 5D), suggesting that DPs were
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devoid of matrix cells. The success rates of hair follicle induction
in DP-sole epidermis recombinants (1/15) and hair bulb regenera-
tion from DP upper follicle recombinants (3/16) were considerably
low, whereas the rate of epithelial contamination was rather high
(4/6 induced or regenerated follicles). However, observation of
serial sections of these recombinants revealed that contaminating
GFP-positive cells form only a small population of the induced or
regenerated follicles (data not shown), meaning that most of the
induced hair follicles were formed from the target keratinocyte
epithelium. Taken together, these findings suggest that adult
bulge epithelium is indeed capable of being induced by DP to form
the entire hair follicle complex.

4. Discussion

Hair follicle stem cells have been isolated, characterized and
applied for transplantation experiments in different studies. It has
been reported that follicular structures are induced when bulge
cells are mixed with non-adult mesenchymal components in vivo
(Morris et al., 2004; Blanpain et al., 2004; Claudinot et al., 2005),
but there is still no direct evidence for their multipotency and
their ability to completely regenerate tissues de novo when
recombined with adult tissues or cells. In this study, we addressed
these questions by transplanting recombinants of cultured bulge
keratinocytes sheets and adult rat vibrissa DPs.

Previous studies using adult rat sole keratinocytes have already
demonstrated that cultured epithelium sheets can be useful tools
in hair follicle induction experiments (Xing and Kobayashi, 2001;
Miyashita et al., 2004). Since bulge cells cannot be harvested as a
sheet by conventional enzymatic methods (data not shown),
probably due to the lack of desmosomal components observed in
vivo (Akiyama et al., 2004), thermo-responsive dishes were used
to harvest intact bulge keratinocytes sheets and try a similar
approach for hair follicle induction. Using thermo-responsive
dishes, cell sheets can be harvested simply by reducing the
temperature of the dishes. In contrast to those harvested by
dispase treatment, these sheets are known to retain molecules
like E-cadherin, laminin 5 and desmosomes intact (Yamato et al.,
2001), and the use of these sheets proved to be functionally
efficient in corneal reconstruction (Nishida et al., 2004a, b).

Bulge keratinocytes isolated from vibrissa follicles were
cultured for 10-14 days, harvested as sheets and combined with
adult rat vibrissa DPs. Recombinants were transplanted subcuta-
neously in the rat back skin and harvested 3 weeks after
transplantation for histological observations. All samples were
characterized by the presence of an organized epidermis and
numerous sebaceous gland-like structures. Although hair follicle
induction occurred with less efficiency, samples with differen-
tiated hair cuticle, inner root sheath, and hair shaft were observed.
These results show that cultured bulge keratinocytes can respond
to adult DP signals in vivo, and directly demonstrate that bulge
keratinocytes are multipotent. Studies which have used neonatal
skin tissues or cells favored the analysis of an environment that
was already organized and prepared to form skin appendages
(Claudinot et al., 2005), or that was already engaged in this
formation process (Blanpain et al., 2004; Morris et al., 2004). In
the present model, cultured bulge cells reconstructed the skin
structure and its appendages relying only on its multipotency and
morphogenetic signals of DPs. Therefore, this model favors the
analysis and comprehension of the true potential of adult hair
follicle stem cells in a more direct way.

The DP, a cluster of specialized fibroblasts found in the base of
the hair follicle, is known to play key roles in hair follicle
development (Millar, 2002) and postnatal cyclic growth (Paus
and Foitzik, 2004). The adult DP is also known to have hair

follicle-inducing ability, as demonstrated by studies that have
implanted DP cells into the upper half of vibrissa follicles (Oliver,
1966), or inserted them in the dermal-epidermal junction of
glabrous skin (Oliver, 1970; Jahoda and Oliver, 1981; Reynolds and
Jahoda, 1991, 1992; Jahoda, 1992; Osada et al., 2007). Whether the
DP was the direct source of stimuli to induce the sebaceous gland-
like structures is unknown in these reports. In the present
experiments, sebaceous gland-like structures were observed with
DP recombinants as shown in the results, but were not found
without DP (control recombinants, data not shown). Conse-
quently, the present finding suggests a new role for the DP as a
source for sebaceous gland induction signals and this is also
consistent with previous studies in which sebaceous gland
formation eventually occurred when DP was present (Ferraris
et al., 1997).

Although bulge stem cells are characterized by their slow cell
cycling in vivo, they show high clonogenecity and proliferative
capacity in culture (Cotsarelis et al., 1990; Kobayashi et al., 1993).
Cloned bulge keratinocytes used in the preparation of sheets
could be cultivated for over 14 passages, self-renewing for more
than 150 doublings. The expression of well-established stem cells
markers such as CD34 (Cotsarelis, 2006), S100A4 and S100A6 (Ito
and Kizawa, 2001), and basal layer cells markers krt5 and krt14
was constantly observed during this period. Bmi-1 and Zfp145,
genes reported to be important for the renewal of hematopoietic
stem cells and germ cells, respectively (Park et al., 2003; Buaas
et al., 2004), were also expressed in vitro. Taken together, these
results demonstrate that the keratinocytes isolated were clono-
genic stem cells of ORS origin with high proliferative ability and
self-renewal capacity.

Despite the signs of stem cell identity in vitro, cloned bulge
keratinocytes at P2 and P14 did not regenerate epidermis nor
formed hair follicles or sebaceous glands in vivo. According to
Claudinot et al. (2005) stem cells should be diploid to achieve
successful engraftments. An anomaly in the chromosomes due to
the long-term culture (P14) of cloned bulge keratinocytes could
explain why follicular structures were not found in the trans-
planted recombinants. However, that would not apply to clones at
P2 because such short-term culture would not be enough to give
rise to anomalies in the chromosomes of all cells. The possibility
that clones had transient amplifying (TA) cells can also be
discarded because all the 27 cloned cells could be cultivated until
P14, and it is plausible to think that TA cells should have their
growth potential exhausted by this time. Our present explanation
for the reason why cloned bulge keratinocytes failed to regenerate
any follicular structures in vivo is in the polyclonal nature of hair
follicles. Past studies that characterized induced hair follicles have
shown that these structures are reconstituted from a minimum of
two progenitor cells (Kamimura et al., 1997; Miyashita et al.,
2004). Furthermore, the tracing of genetically marked cells
revealed the presence of multiple classes of epidermal stem cells
with restricted lineages (Ghazizadeh and Taichman, 2001).
Assuming that hair follicles are polyclonal structures, a homo-
geneous population like the ones used in this study is not enough
to give rise to all follicular structures. Claudinot et al. (2005) have
demonstrated that progenitors of a single bulge keratinocyte can
contribute to epidermis organization and give rise to hair follicles.
This discrepancy in relation to our results might be due to the
differences between the transplantation protocols used to induce
hair follicles. It should be considered that in their transplantation
model, transplanted bulge keratinocytes intermix with the host
skin’s cells that are already engaged in the process of hair follicle
formation. In the present study, hair follicles were induced from a
single cell source, the cultured epithelium, which had to
reconstruct skin structures de novo. Transplantation experiments
to be performed with keratinocytes sheets containing progenitors
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of two or more clones could elucidate the differences between the
mixed- and single-cell progenitors population.

Two different types of recombinants containing DPs isolated
from EGFP-transgenic rats were used as control experiments to
demonstrate that mechanically isolated DPs are devoid of matrix
cells. The results from these experiments suggest that the purity
of DPs is questionable, as some of them might carry matrix cells
that eventually contribute to hair follicle formation. The presence
of matrix cells attached to the DP represents a limitation of the
isolation technique itself, which relies on mechanical microdis-
section. A pure population of DP cells could be obtained in vitro.
However, such cells could be considered an artifact of the culture
system, which basically relies on growth factors and would not be
representative of the actual features of the original tissue (Jahoda
and Oliver, 1981; Inamatsu et al., 1998; Osada et al,, 2007). By
contrast, mechanically dissected DPs allow the direct study of
induction capacity in intact adult tissues. Although contamination
of matrix cells may be inevitable during isolation of DPs, their
contribution to follicle formation would not be much. .

In conclusion, the present study demonstrates for the first
time that cultured bulge keratinocytes sheets can be obtained by
using thermo-responsive dishes. Using these sheets, we also
succeeded in giving direct evidences of bulge stem cells multi-
potency; bulge keratinocytes could regenerate epidermis and
form sebaceous glands and hair follicles when interacted with
adult DPs in vivo. This model not only facilitates basic studies on
adult tissue stem cells, but is also a promising tool for clinical
application, considering that adult human cells are of easier
accessibility than their embryonic counterparts. Furthermore, the
cultured bulge keratinocytes sheets could also be applied in the
establishment of an in vitro system that reproduces the hair
follicle development. Such a system would be useful to the
analysis and comprehension of this complex process. Due to the
bulge stem cells multipotency, the sheets would facilitate hair
follicle formation, and thanks to their arrangement, the multi-
layering of cells would also contribute to faster formation of skin
equivalents in vitro.
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BAsIC AND EXPERIMENTAL RESEARCH

Impaired Myocardium Regeneration With Skeletal
Cell Sheets—A Preclinical Trial for Tissue-Engineered
Regeneration Therapy
Shigeru Miyagawa," Atsuhiro Saito,” Taichi Sakaguchi," Yasushi Yoshikawa,' Takashi Yamauchi,’

Yukiko Imanishi," Naomasa Kawaguchi,” Noboru Teramoto,” Nariaki Matsuura,® Hidehiro Iida,
Tatsuya Shimizu,” Teruo Okano,” and Yoshiki Sawa"°

Background. We hypothesized that autologous skeletal cell (SC) sheets regenerate the infract myocardium in porcine
heart as a preclinical trial.

Methods and Results. The impaired heart was created by implantation of ameroid constrictor on left anterior descend-
ing for 4 weeks. SCs isolated from leg muscle were cultured and detached from the temperature-responsive domain-
coated dishes as single monolayer cell sheet at 20°C. The following therapies were conducted: SC sheets (SC group,
n=5); sham (C group n=5). Echocardiography demonstrated that cardiac performance was significantly improved in
the SC group 3 and 6 months after operation (fractional area shortening, 3 months; SC vs. C=49.5+2.8 vs. 24.6 =2.0%,
P<0.05) and left ventricle dilatation was well attenuated in the SC group. Color kinesis index showed that distressed
regional diastolic and systolic function in infarcted anterior wall was significantly recovered (SC vs. C=57.4+8.6 vs.
30.2£4.7%, P<0.05, diastolic: 58.5+4.5 vs. 35.4%6.6%, P<<0.05, systolic). Factor VIII immunostains demonstrated
that vascular density was significantly higher in the SC group than the C group. And % fibrosis and cell diameter were
significantly lower in the SC group. And hematoxylin-eosin staining depicted that skeletal origin cells and well-
developed-layered smooth muscle cells were detected in the implanted area. Positron emission tomography showed
better myocardial perfusion and more viable myocardial tissue in the distressed myocardium receiving SC sheets
compared with the myocardium receiving no sheets.

Conclusions. SC sheet implantation improved cardiac function by attenuating the cardiac remodeling in the porcine
ischemic myocardium, suggesting a promising strategy for myocardial regeneration therapy in the impaired myocardium.

Keywords: Cells, Heart failure, Myocardial infarction, Tissue, Transplantation.

(Transplantation 2010;90: 364-372)

Despite the recent remarkable progress in medical and
surgical treatments for heart failure, end-stage heart fail-
ure has been still a major cause of death worldwide. After
myocardial infarction, the myocardium is capable of a limited
regenerative capacity and no medication or procedure used
clinically has shown efficacy in regenerating myocardial scar
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tissue with functioning tissue. Thus, there is a need for new
therapeutics to regenerate damaged myocardium.

Recent developments in tissue engineering show prom-
ise for the creation of functional cardiac tissues without the
need for biodegradable alternatives for the extracellular ma-
trix (1). And we reported that cardiomyocyte sheets have
been developed by using temperature-responsive culture
dishes and these sheets survived in the back of nude rats and
showed a spontaneous contraction over a long period of time
(2). Recent reports suggested that cardiomyocyte sheets inte-
grated with the impaired myocardium and improved cardiac
performance in a rat model of ischemic myocardium (3).
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And more recently, in the aim of clinical application,
nonligature implantation of skeletal myoblast sheet regener-
ated the damaged myocardium and improved global cardiac
function by attenuating the cardiac remodeling in the rat li-
gation model (4) and dilated cardiomyopathy hamster model
(5). This cell delivery system by using cell sheets implantation
showed better restoration of damaged myocardium com-
pared with needle injection (4, 5). Moreover, grafting of
skeletal myoblast sheets attenuated cardiac remodeling and
improved cardiac performance in pacing-induced canine
heart failure model (6).

Given this body of evidence, we hypothesized that the
autologous skeletal cell (SC) sheet implantation might re-
model the chronic heart failure caused by ischemic injury.

Therefore, this preclinical study using Swine model was
designed to test therapeutic effectiveness.

MATERIALS AND METHODS
Myocardial Infarction Model

“Principles of Laboratory Animal Care” formulated by the National Soci-
ety for Medical Research and the “Guide for the Care and Use of Laboratory
Animals” prepared by the Institute of Laboratory Animal Resource and pub-
lished by the National Institutes of Health (NIH Publication No. 86-23, re-
vised 1985). This animal experiment was approved by the Animal Care
Committee of Osaka university graduate school of medicine. We induced
acute myocardial infarction of 10 swine (20 kg, KEARI, Japan) by the follow-
ing method. Swine were preanesthetized by intramuscular injection of ket-
amine hydrochloride 20 mg/kg (Ketalar, Sankyo, Japan) and xylazine 2
mg/kg (Seractar, Bayer). Animals were positioned spine and a 22-gauge in-
dwelling needle (Surflo F&F, Terumo, Tokyo, Japan) was inserted in the
central vein of the auricle. A three-way cock (Terufusion TS-TR2K, Terumo,
Tokyo, Japan) was attached to the external cylinder of the indwelling needle,
and an extension tube was connected for continuous anesthetic injection.
The animals were intubated with an endotracheal cannula (6 Fr, Sheridan)
using a pharyngoscope and then connected to an artificial respirator (Har-
vard, USA) by the cannula. Artificial respiration was implemented at a stroke
volume of 200 to 300 mL/stroke and a stroke frequency of 20/min. The
animals were continuously drip injected with propofol 6 mg/kg/hr
(Diprivan, AstraZeneca) and vecuronium bromide 0.05 mg/kg/hr (Muscu-
lux, Sankyo Yell Yakuhin Co., Ltd., Japan) using a syringe pump (Terufusion
TE-3310N, Terumo, Japan). The animal was then fixed in a recumbent po-
sition, so that the left thorax was exposed, and the outer layer of skin and
muscles between the third and fourth ribs were dissected. After confirming
the cutting into the thoracic cavity, the distance between the third and fourth
ribs was widened with a rib spreader to allow a direct view of the left auricle
and the LAD coronary artery. The pericardium was dissected along the LAD
from the upper part of the left auricle (~6 cm) to expose the myocardium
around the LAD. LAD on the proximal side below the left auricle from the
myocardium was exfoliated for approximately 1 ¢m, and then a small
amount of lidocaine hydrochloride jelly (Xylocaine jelly, AstraZeneca) was
applied to allow for anesthetizing the area. An ameroid constrictor (COR-
2.50-SS, Research Instruments) was then fit using No. 1 or 2 suture. The chest
cavity was closed to end the procedures. The animals were randomly divided
into two treatment groups: the first received autologous SC sheet implanta-
tion (SC group, n=5). For control, we have performed sham operation
(C group, n=5).

Preparation of Skeletal Cell Sheets for Grafting
One week after implantation of ameroid constrictor on LAD, skeletal
muscle weighing approximately 5 g was removed from the pretibial re-
gion with the porcine under general anesthesia. Following the addition of
trypsin-ethylenediaminetetraacetic acid (Gibco, Grand Island, NY), ex-
cessive connective tissue was carefully removed to minimize the content
of contaminating fibroblasts, and the muscle tissue was minced until the
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fine pieces formed a homogeneous mass. The specimens were then incubated
at 37°C in shaker bath with 0.5% type 1 collagenase (Gibco) in Dulbecco’s
modified Eagle’s medium (Gibco). After brief placement, the fluid was
collected, and the same volume of culture medium, SkBM (Cambrex, Walk-
ersville, MD) supplemented with fetal bovine serum (Thermo Trace, Mel-
bourne, Australia), was added to halt the enzymatic digestion process. The
cells were collected by centrifugation, and the putative SCs were seeded into
150 cm? polystyrene flasks after removal of fibroblasts by sedimentation for a
few hours and cultured in SkBM at 37°C. During the culture process, we
maintained cell densities at less than 70% confluence by carrying out passag-
ing of cells for one time to prevent SCs from premature differentiation and
fusion process resulting in myotubes formation. When the cells become ap-
proximately 70% confluent after 10 to 11 days cultivation, the cells were
dissociated from the flasks with trypsin-ethylenediaminetetraacetic acid and
reincubated on 100 mm temperature-responsive culture dishes (Cellseed,
Tokyo, Japan) at 37°C with the cell numbers adjusted to 1X 107 per dish. More
than 90% of these cells were desmin positive (Fig. 1). After 4days, the dishes were
removed to refrigerator set at 20°C, and left there for approximately 30 min.
During that time, the SC sheets detached spontaneously from the surfaces. Each
sheet had a diameter of 30 to 40 mm and consisted of layers of SCs; the sheets
were approximately 100-pm thick in cross-sectional views (Fig. 1). Approxi-
mately 10 sheets were obtained from the 5 g of skeletal muscle.

Implantation of Skeletal Cell Sheets

Autologous SC sheet implantation was performed in the swine 4 weeks
after LAD ligation. Swine were anesthetized as mentioned above. The swine
were exposed through the sternum. The infarct area was identified visually
on the basis of surface scarring and abnormal wall motion. In the SC group,
we implanted 10 SC sheets into the infarcted myocardium. The control
group was treated similarly but received no SC sheets. Because pilling up four
or more sheets caused the central necrosis of the myoblasts presumably be-
cause the lack of in oxygen supply, we decided to pile two or three layers of the
SC sheet over the broad surface of the impaired heart.

Measurement of Cardiac Function

Swine were anesthetized as mentioned above. Cardiac ultrasonography
was performed with a commercially available echocardiograph, SONOS
5500 (PHILIPS Electronics, Tokyo, Japan). A 3-MHz annular array trans-
ducer was placed on a layer of acoustic coupling gel that was applied to the left
hemithorax. Swine were examined in a shallow left lateral decubitus position.
The heart was first imaged in the two-dimensional mode in short-axis views
at the level of the largest left ventricle (LV) diameter. The calculation of the
LV volume was based on the LV short-axis area using AQ system (7). And
fractional area shortening (FAS) of the LV diastolic was calculated as follows:

FAS (%)=[(LVend-diastolic area—LV end-systolic area [ESA])/
LV end-diastolic area] X 100

These data are presented as the average of measurements of two or three
selected beats.

Quantification of Regional Diastolic and Systolic
Function by Color Kinesis

Diastolic CK images were obtained using a commercially available ultrasound
system (SONOS 5500, Philips Medical Systems) from the LV midpapillary short-
axis view for the determination of wall motion asynchrony as previously re-
ported (8). CK examined every image pixel within the region of interest, which
was drawn around the LV cavity, classifying it as blood or tissue based on inte-
grated backscatter data. During diastole, each pixel was tracked into the next
frame, and pixel transitions from endocardium to blood were detected and in-
terpreted as diastolic endocardial motions. These pixel transitions were encoded
using a color hue specific to each consecutive video frame, so that each color
represents the excursion of that segment during a 33-ms period of time. The sites
of regional LV diastolic wall motion or regions of interest were set on the basis of
standard segmentation models: anterior, lateral, posterior, inferior, anteroseptal
wall. The CK diastolic index was defined as the LV segmental filling fraction
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FIGURE 1. Histological character-
istics of skeletal cell (SC) sheet. (a)
SC sheet detached from the Poly
(N-isopropylacrylamide)-grafted
polystyrene by lowering the temper-
ature. Its size is approximately 3
cmX2 cm?. (b) Hematoxylin-eosin
(H&E) stain; cross-sectional views of
SC sheet in vitro. SC sheet demon-
strates homogeneous heart-like tis-
sue. (c) Not so many smooth muscle
cells were detected in the SC sheets.
The arrow indicates the smooth mus-
cle cellsin the SC sheet. (d) H&E stain
revealed that SC sheets attached on
the surface of epicardium. Left square
bracket indicates implanted SC sheets.
(e) Oval-shaped cells that showed posi-
tive for eosin in cytoplasm were de-
tected in the SC group microscopically
insome layers over epicardium. (f) Elas-
tica Masson Goldner showed that oval-
shaped cells that supposed to origin
from skeletal tissue exist in the transplan-
tation site. Arrows indicate oval-shaped
cells that suppose to be originated form
skeletal tissue.

during the first 30% of the diastolic filling time (LV segmental cavity area expan-
sion during the first 30% of diastole, divided by the segmental end-diastolic LV
cavity area expansion, expressed as a percentage). We introduced the use of color
kinesis method that displays endocardial motion in real time to evaluate the
regional systolic function (8).

Histopathology

LV myocardium specimens were obtained 6 months after the SC sheet
implantation. Each specimen was fixed with 10% buffered formalin and
embedded in paraffin. A few serial sections were prepared from each
specimen and stained with hematoxylin-eosin (H&E) stain and elastica
Masson-Goldner for histological examination or with Masson’s
trichrome stain to assess the collagen content.

To label vascular endothelial cells so that the blood vessels could be
counted, immunohistochemical staining of factor VIII-related antigen was
performed according to a modified protocol. Frozen sections were fixed with
a 2% paraformaldehyde solution in phosphate-buffered saline (PBS) for 5
min at room temperature, immersed in methanol with 3% hydrogen perox-
ide for 15 min, then washed with PBS. The samples were covered with bovine
serum albumin solution (DAKO LSAB Kit DAKO CORPORATION, Denmark)
for 10 min to block nonspecific reactions. The specimens were incubated over-
night with an Enhanced Polymer One-Step Staining (EPOS)-conjugated anti-
body against factor VIII-related antigen coupled with horseradish peroxidase
(DAKO EPOS Anti-Human Von Wille brand Factor/HRP, DAKO, Denmark).
After the samples were washed with PBS, they were immersed in diaminobenzi-
dine solution (0.3 mg/mL diaminobenzidine in PBS) to obtain positive stain-
ing. Ten different fields at 200X magnification were randomly selected, and
the number of the stained vascular endothelial cells in each field was counted
under a light microscope. The result was expressed as the number of blood
vessels per square millimeter.

The following antibodies against smooth muscle cells and skeletal myosin
(slow) were used to evaluate the existence of SCs: primary antibodies, anti-
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smooth muscle actin (clone 1A4, DAKO) antiskeletal myosin (slow) (clone
NOQ?7.5.4D, Sigma); secondary antibodies, anti-mouse Ig biotinylate (DAKO).

Picro-sirius red staining for the assessment of myocardial fibrosis or peri-
odic acid-Schiff staining for that of cardiomyocyte hypertrophy was per-
formed as described (9).

Positron Emission Tomography Procedure

We performed positron emission tomography (PET) studies on pigs which
were transplanted SC sheets and control by using '*0-water and '®F-FDG. The
pigs were anesthetized by the introduction of pentobarbital followed by contin-
uous inhalation of propofol (4 mg/kg/hr) and were placed supine on the bed of
the scanner. PET was performed using a HEADTOME-III tomograph (Shi-
madzu, Kyoto, Japan) and data were analyzed as described elsewhere (10).

Holter Electrocardiography

To evaluate arrhythmia we used Holter electrocardiography (ECG) for 24
hours. We checked arrhythmia by checking the number of ventricular prema-
ture beat after SC sheet implantation in myocardial infarction porcine (n=3).

Data Analysis

Data are expressed as means = SEM and subjected to multiple analysis of
variance (ANOVA) using the StatView 5.0 program (Abacus Concepts, Berkeley,
CA). Echocardiographic data were first analyzed by two-way repeated measure-
ment ANOVA for differences across the whole time course, and one-way
ANOVA with the Tukey-Kramer posthoc test was used to verify the significant
for the specific comparison at each time point. To assess the significance of the
differences between individual groups concerning other numeral data, statistical
evaluation was performed with an unpaired ¢ test. Statistical significance was
determined as having a P value less than 0.05.
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Masson trichrome

Smooth muscle actin

FIGURE 2. The detection of a large
quantity of skeletal cells (SCs) in the cen-
ter of the scar. (a and b) Masson
trichrome staining reveals that some lay-
ered muscles are detected in the center
ofthe scarin the SC sheet transplantation
group, whereas not in the control. (c—f)
Smooth muscle actin staining demon-
strated that well-developed smooth
muscle cells occupied in the center of
the scar in the SC sheet transplantation
group, whereas only smooth muscle
cells which are formed vasculature are
detected in the control. (g and h) Slow-
type myosin staining showed that no
positive cells exist in the center of the
scar. This means that SCs which are de-
tected in the center ofthe scar are not the
residual myocyte after infarction.

RESULTS

Characteristics of Myoblast Sheet

We obtained monolayered myoblast sheets by lowering
the temperature, which released them from the Poly(N-
isopropylacrylamide)-grafted polystyrene. Its size is approx-
imately 3 cmx2 cm? (Fig. 1a). H&E staining demonstrated
that SC sheet contained a lot of SCs and SC sheets had an
appearance of homogenous tissue, which thickness of one SC
sheet was approximately 100 um (Fig. 1b). Some smooth
muscle cells are detected in the SC sheets, but those cells are
not majority (Fig. 1c).

Histological Assessment

H&E staining demonstrated that transplanted SC
sheets were attached in the epicardium (Fig. 1d) and oval-
shaped cell that showed positive for eosin in cytoplasm were
detected in the SC group microscopically in some layers over
epicardium (Fig. 1e). Elastica Masson-Goldner showed that
oval-shaped cells that supposed to origin from skeletal tissue
exist in the transplantation site (Fig. 1f). These cells were not
seen in the control group. And the SC group demonstrated
decrease in the cross-sectional LV area compared with the C
groups (Fig. 2a). Masson’s trichrome staining showed that
clustered SCs were detected in the center of the scar, whereas
clustered SCs were not detected in the C group (Fig. 2a, b).
Many clusters of well-developed smooth muscle cells exist in
the center of the whole scar in the SC group, whereas in the C
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group, smooth muscle cells which formed vasculature exist in
the scar (Fig. 2c—f). Although slow-type myosin-positive cells
exist only on the endocardium and epicardium, those cells
were not detected in the center of scar (Fig. 2g,h). So these
figures depict that the skeletal muscle cells that exist in the
center of the scar is not residual myocyte after infarction.

Quantification of Histopathology

In the SC group, vascular density was found to be sig-
nificantly higher than in the C groups (SC vs. C=217.1+30.2
vs. 114.2+18.2 /field; P<<0.05) (Fig. 3b).

Picro-sirius red staining demonstrated that % fibrosis
was significantly reduced in the SC group compared with the
Cgroup (SCvs.C=1.6%+0.2 vs. 3.120.3%; P<<0.05) (Fig. 3b).
Periodic acid-Schiff staining showed that cell diameter was
significantly shorter in the SC group than the C group (SC vs.
C=10.7%0.3 vs. 18.3*1.4 pwm; P<0.05) (Fig. 3b).

These histological findings were universally identified
in the native myocardial tissue without distinction of distance
from the grafted region.

Functional Assessment of the Infarcted
Myocardium

The FAS and LV end-ESA scores at baseline were not
significantly different between the two groups.

Three months after the implantation, two-dimensional
echocardiography showed significant improvement of the
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FIGURE 3. Macroscopicimages ofimpaired myocardium receiving skeletal cell (SC) sheets and histological evaluation.
(a) In the SC group, the anterior wall has recovered compared with the C group. In the SC group, the short axis area of the
left ventricle (LV) is small compared with the C groups. In contrast, the C group shows a dilated LV and the anterior wall is
thinner than in the SC groups. (b) Histological evaluation. Vascular density: the SC group showed a significant improvement
in vascular density as assessed by immunostaining for the factor VIlI-related antigen. *P less than 0.05 vs. C. The ratio of
fibrosis-occupied area (% fibrosis) at a site remote from the infarcted heart region: picro-sirius red staining demonstrated
that % fibrosis at a site remote from the infarcted heart region was significantly reduced in the SC group compared with the
C group. *Pless than 0.05 vs. C. The diameter of cardiomyocyte: the diameter of cardiomyocyte is significantly shorter in the
SC group than the C group. *P less than 0.05 vs. C.

FIGURE 4. Global functional effects FAC ESA
of infarcted myocardium receiving the a
implant. Global systolic function as-
sessed by the fractional area shortening 20
(FAS) (a) was significantly improved in

the skeletal cell (SC) group 3 months af- 40+ ]
ter transplantation, and these functi-
onal improvements were preserved 6
months after SC sheet implantation. (b)
The end-systolic area (ESA) was signifi-
cantly smaller in the SC group than in the 10
C groups 3 and 6 months after implanta- 1

tion. *Pless than 0.05 vs. C, B: SC sheet, 0 r ; 0 T T |
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FIGURE 5. Systolic function: regional systolic function was significantly recovered in the skeletal cell (SC) group 3
months after implantation compared with the C group in the anterior, lateral, and anteroseptal wall. *P less than 0.05.
Diastolic function: regional dysfunction was significantly recovered in the SC group 3 months after implantation compared
with the C group in the anterior, lateral, and anteroseptal wall. Before treatment, diastolic dysfunction was observed in the
infarction area of myocardium and the regional delayed relaxation was detected in the remote site of infarction by color
kinesis. But this phenomenon was disappeared after SC sheet implantation. *P less than 0.05, l: SC sheet, @: control.

FAS (Fig. 4a) in the SC group compared with the C group (SC
vs. C=49.5+2.8 vs. 24.6+2.0%, P<<0.05). These functional
improvements were preserved 6 months after implantation
(SC vs. C=50.8+6.4 vs. 25.3%£2.8%, P<<0.05). The ESA was
significantly smaller in the SC group than in the C group 3
months after the implantation (SC vs. C=4.3%0.5vs. 9%1.3
cm?, P<0.05) (Fig. 4b). These attenuation of LV dilatation
were preserved 6 months after implantation (SC vs.
C=4.9+0.8vs. 7.5+ 1.4 cm? P<0.05). During thislong-term
observation, all SC sheet-treated animals were alive and ex-
hibited no malignant arrhythmia assessed by 24-hour Holter
ECG once a week (data not shown).

Before treatment, diastolic dysfunction was observed
in the infarction area of myocardium and the regional de-
layed relaxation was detected in the remote site of infarc-
tion by color kinesis. After 3 months after implantation,
CK-diastolic index in the lateral (SC vs. C=61.7%6.4
vs. 43.7+4.8%, P<0.05), anterior (SC vs. C=57.4+8.6 vs.
30.2%+4.7%, P<<0.05), and anteroseptal (SCvs. C=59*6.6 vs.
38.4%6.6%, P<0.05) segment were significantly ameliorated
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in the SC group compared with the C group, and regional
systolic function in transplanted site was significantly im-
proved in the SC group while not in the C groups (SC vs. C:
lateral, 59.8+3.3 vs. 43.6%5.4%, P<<0.05; anterior, 58.5%4.5
vs. 354%+6.6%, P<0.05; anteroseptal, 59.8%3.3 vs.
43.65.4%, P<0.05), respectively (Fig. 5).

We could detect no ventricular premature beat for 24
hr by the Holter ECG in three myocardial infarction porcine
received SC sheets.

Regional Myocardial Blood Flow and Residual
Myocardial Tissue

PET study by using '0-water showed that the myocar-
dial water-perfusable tissue fraction and myocardial blood
flow were higher in the anterior wall where SC sheets were
implanted compared with the myocardium receiving no
sheets. These data depict that myocardial blood flow was bet-
ter and microcirculation in the infarcted myocardium was
preserved in the SC sheets implanted myocardium. PET study
by using '®F-FDG revealed that more viable myocardial tis-
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FIGURE 6. Positron emission tomography (PET) study
revealed that perfusable tissue fraction (PTF) and myocar-
dial blood flow (MBF) were higher and more viable myo-
cardial tissues were preserved in the skeletal cell sheets
implanted site compared with the myocardium receiving
no sheets.

sues were preserved in the skeletal sheet implanted myocar-
dium compared with the myocardium receiving no sheets.
Coronary angiography revealed that LAD was occluded by
the ameroid constrictor in both cases (Fig. 6).

DISCUSSION

Over the past several years, increasing awareness of the
shortcomings of heart transplantation and left ventricular as-
sist system implantation has led cardiovascular surgeons to
consider alternative means of treating end-stage heart failure.
In clinical setting, cellular cardiomyoplasty has been reported
to have the potential of fundamental regenerative capability
and has already been introduced in clinical trials with skeletal
myoblast (11) or bone marrow mononuclear cells (12), and
results suggest that it is a relatively feasible and safety therapy
as a therapeutic angiogenesis. In this setting, cardiac tissue
implantation was proposed to the treatment of end-staged
heart failure as a new concept of regenerative therapy and
experimentally some groups depicted it’s effectiveness in the
damaged myocardium (13, 14). We also reported that cell
sheets have great impacts on restoration of damaged myocar-
dium in the rat infarction model (3, 4) and dilated cardiomy-
opathy hamster (5). To convince the effectiveness of cell
sheets in preclinical trial, we examined whether autologous
SC sheets implantation might become one of the armamen-
tarium of regenerative therapy for chronic heart failure
caused by myocardial infarction in the porcine model.

The potential added advantages of the cell sheet im-
plantation method include the implantation of a high num-
ber of cells with minimum cell loss. In contrast, the injection
method is associated with a high loss of cells or surface pro-
teins due to the trypsin treatment. Despite a high number of
cell loss in needle injection, the cell sheet implantation
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method might provide the advantages of a higher number of
cell implantation without cellular community destruction,
leading the more improvement of cardiac performance rather
than cell injection method (4). In case of needle injection,
inflammation accompanied with destruction of myocardium
induced by needle injection promotes graft death after cell
transplantation (15).

To examine the effects of the SC sheet implantation
therapy, we analyzed cardiac function and performed a his-
tological assessment of the infarcted heart after SC sheet
transplantation in a swine infarction model. SC sheet implan-
tation therapy significantly induced angiogenesis, reduction
of fibrosis histologically. And cell diameter of host myocyte
was significantly attenuated its hypertrophy compared with
the no treatment group. PET study revealed the better re-
gional blood perfusion and better regional myocardial viabil-
ity in the myocardium receiving cell sheets compared with the
myocardium receiving no sheets.

Moreover, SC sheet implantation induced functional
recovery of damaged myocardium. Especially, we demon-
strated that the regional diastolic and systolic dysfunction was
well recovered in the sheet implanted group. Before treat-
ment, diastolic dysfunction of infarcted area and regional de-
layed relaxation of noninfarcted site were detected by color
kinesis in the porcine infracted myocardium. After treatment,
diastolic dysfunction of infarcted site was significantly recov-
ered and the phenomenon of regional delayed relaxation in
noninfarcted site was not seen. Presumably, implanted elastic
myoblast sheets and a large quantity of well-developed
smooth muscle cells, which are detected in the center of the
scar, improved the regional diastolic dysfunction of im-
planted site. Although SC sheet can not contract in vivo after
implantation, this recovery of diastolic disassociation of LV
might result in the recovery of systolic dysfunction.

To the best of our knowledge, this is the first report in
which tissue-engineered SC sheets implantation was success-
fully used to improve cardiac performance in a large animal
model of ischemic myocardium according to the Laplace’s
theory.

The mechanisms of the restoration of damaged myo-
cardium by SC sheet implantation might be complicated and
many pathways might affect the recovery of ischemic myo-
cardium. Recent reports depict that cell sheets enhance the
recruitment of hematopoietic stem cells through the release
of stromal-derived factor 1 (4). The fact of thicker anterior
wall and the improvement of regional function might depend
on both the recruitment of cytokine releasing stem cells, sur-
vival of grafted cells, and well-developed smooth muscle cells.
And these cells might have good elasticity and these elastic
cells and tissues softened the stiffness of anterior wall in asso-
ciation with the attenuating fibrosis even in the infarct area.
This reduced stiffness of anterior wall might lead to the im-
provement of the diastolic dysfunction. Transplanted SCs
cannot differentiate into cardiomyocyte anymore, but re-
gional systolic function improved in the transplanted site.
Probably, the improvement of regional diastolic function due
to elastic cells might be responsible for the restoration of re-
gional systolic dysfunction. Recent reports demonstrated that
regional left ventricular myocardial relaxation was closely re-
lated to regional myocardial contraction (16) and the im-
provement of regional myocardial relaxation leads to the
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recovery of global diastolic function (17). Moreover, the
improvement of regional systolic function is closely related
to global systolic function (18). We assume that this theory
about the relationship between diastolic and systolic func-
tion is one of the mechanisms about the improvement of
diastolic and systolic function in the cell sheet transplanted
myocardium.

Question is why the well-developed smooth muscle
cells exist in the center of the scar in the SC sheet group after
transplantation despite a small quantity of smooth muscle
cells in the SC sheet? Does a small quantity of smooth muscle
cells in the SC sheet proliferate after transplantation? Do pro-
genitor cells in the SC sheet differentiate to smooth muscle
cells? Do progenitor cells or smooth muscle cells in the host
myocardium migrate to the implanted site and proliferate?
To the regret, there is no data to answer these questions ex-
actly in this article and more detailed studies are needed to
elucidate this important question.

Some reports depicted that the expression of hepato-
cyte growth factor (HGE) in the myoblast sheet transplanted
ischemic myocardium is higher compared with the nontrans-
planted ischemic myocardium (4). HGF has an antifibrotic
activity both through the activation of a matrix degradation
pathway (19), restoration of cytoskeletal proteins on cardio-
myocyte (20), and induce angiogenesis in the ischemic myo-
cardium (21). Our study demonstrated that % fibrosis was
significantly reduced in the SC sheet transplanted group. This
paracrine secretion of HGF from SC sheets might attribute
the reduction of % fibrosis. In our study, much more factor
VIII-positive cells are detected in the SC sheet transplanted
myocardium. This might be induced by paracrine secretion
of HGF and angiogenesis might rescue the ischemic host
cardiomyocyte and bring about the improvement of the dis-
tressed function of host cardiomyocyte. The distressed cy-
toskeletal proteins on the cardiomyocyte in the ischemic
myocardium might be reorganized by the HGF secreted from
skeletal sheet and the restoration of cytoskeletal proteins
might lead to the improvement of cardiac function. And
some reports demonstrated that myoblast sheets maintain
the distressed cytoskeletal proteins on the host cardiomyocyte
in the dilated cardiomyopathy hamster model (5). Conse-
quently, cell sheet treatment is appropriate for recovery of
ischemic cardiomyopathy. Recent research works demon-
strated that several regenerative factors such as insulin-like
growth factor-1 (22) and Thymosin b4 (23) were expressed in
the rat ischemic myocardium model after myoblast sheet im-
plantation by reverse-transcriptase polymerase chain reaction
analysis (data not shown). After myoblast sheet transplantation
to ischemic myocardium, several regenerative factors are ex-
pressed in the transplanted site, and these long-term and low-
dosed expressed regenerative factors might cooperatively restore
the damaged myocardium.

We could find no ventricular premature beat analyzed
by Holter ECG after SC sheet implantation. We have already
proved that in the rat infarction model, arrhythmia is less in
the SC sheet implantation group compared with the needle
injection group and this work represented that more mono-
cyte chemotactic protein-1-positive cellsand CD11b (macro-
phage marker)-positive cells were detected in the needle
injection group compared with SC sheet implantation (data

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Miyagawa et al. 371

not shown). We speculate that needles destroy the myocar-
dium and this destroyed myocardium may induce the inflam-
mation and this inflammation may induce the arrhythmia.
Conversely, SC sheet implantation technique normally doses
not destroy the myocardium when they are implanted to
recipient heart. Moreover, SC sheet will survive on the epi-
cardium and electrical wave originated from implanted myo-
blasts may not deliver to the recipient myocardium directly.
But when we implant myoblasts by needle injection, im-
planted myoblasts survive in the center of the myocardium
and electrical wave will deliver to the myocardium directly,
leading to the arrhythmia.

In conclusion, we have preclinically demonstrated SC
sheets produced histologically and functionally apparent pre-
vented the deterioration of the impaired myocardium in the
swine model. These data provide a basis for attempting clin-
ical cell sheet implantation in ischemic disease as the arma-
mentarium to promote the regeneration of chronic heart
failure caused by myocardial infarction.
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