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Figure 9. Cardiomyocytes fused with adult immature
somatic cells in vitro, |A) LacZexpressing cardiomyocytes
of neonatal rats were cacultured with GFP' bone marrow
mesenchymal cells. After 4 d of coculture, cells were
stained with mouse monoclonal anti-cTnT {red} and rab-
bit polyclonal anti-g-gal antibodies (blue). Merged im-
age was obtained from the same confocal plane. GFP’
mesenchymal cells {a, arrow) expressed cTnT (b, arrow)
and B-gal ¢, arrow} in the same cell {merged on d). Ar
rowheads indicate bone marrow cells fused with noncar-
diomyocyte. Bars, 50 pm. (B} Fluorescent microscopic
images of EPCs cultured 7 d after isolation from periph-
eral blood. EPCs were identified as double-positive cells
of DiHabeled AclDL uptake {a, red) and UEA-1 lectin re-
activity (b, yellow in merged images). Some adherent
cells expressed VWF (¢, green).  Nuclei were stained
with Hoechst 33258 {c, blue}. Bars, 50 pum. {C) Human-
derived EPCs were cocultured with neonatal mouse car-
diomyocytes infected with LacZ adenovirus. After 4 d of
coculivre, cells were stained with rabbit polyclonal anti-
vWF [green), goat polyclonal anticTnT {red), and mouse
monoclonal anti-B-gal antibodies (blue in top row} and
Hoechst 33258 (bottom row, blue). The fluorescent con-
focal microscopic images {a-d, top row) demonstrate that
vWhF-expressing cells {a) expressed cTnT (b) and g-gal (c)
in the same cell. Note that Cy5-conjugated secondary an-
tibodies were used to visualize p-gal. The images of the
same cell were taken by fluorescent microscope (e-h,
bottom row}. Hoechst staining of the nuclei revealed that
homogenously stained nuclei [arrow) were of human cell
origin and that mouse nuclei showed a punctate appear-
ance (arrowhead). d and h represent merged images.
Bars, 50 pm.

of the proliferative cells in the G2-M stage may overcome the
unknown endogenous cell cycle inhibitors in the heterokaryons.

We examined two kinds of cells for the in vivo transplan-
tation model. Endothelial cells are a component of the cardiac
interstitium, and it is possible that cardiomyocytes fuse with
surrounding endothelial cells. Skeletal muscle cells do not exist
in the myocardium, but myoblasts have the nature to fuse to
form myotubes (Tajbakhsh, 2003), and clinical trials of autol-
ogous skeletal myoblast transplantation into the failed heart
are currently underway (Menasche et al., 2003; Pagani et al.,
2003). Consistent with our in vitro results, cardiomyocytes
fused with transplanted HUVEC and skeletal muscle—derived
cells. Reinecke et al. (2002) have reported that skeletal myo-
blasts differentiate into mature skeletal muscle and do not ex-
press cardiac-specific genes after been grafted into the heart. In
their paper, rat satellite cells were tagged in vitro with BrdU,
and the grafied cells were examined by double staining with the
BrdU tag and cardiac-specific markers. However, this approach
would have disadvantage of potential signal dilution if there is
significant donor cell proliferation after transplantation (Dow-
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A LacZ' cardiomyocytes / GFP* mesenchymal cells
GFP

c¢InT Merged

b

C  LacZ' cardiomyocytes / human derived EPCs
vWF

c¢TnT Merged

ell et al, 2003). We used genetically modified animals and
cells that carry ubiquitously expressed fluorescent proteins or
that carry the Cre recombinase gene and the loxP-flanked CAT
gene located between CAG promoter and the LacZ gene for
monitoring donor cell fate after transplantation. These methods
possibly enabled us to find rare fused cells in the heart tissue.
In the cryoinjured heart model, some cells in the border
zone expressed both cardiomyocyte-specific and endothelial cell-
specific proteins. The images were taken with optical sections
through an appropriate confocal aperture, so that two different
lineage markers were exactly recognized in the same cells, When
we cocultured HUVEC with cardiomyocytes, some cells showed
transient coexpression of vWF with cardiac sarcomeric proteins
(unpublished data). Condorelli et al. (2001) have reported the
same findings as a phenomenon that demonstrates the transition
from one differentiated state (endothelium) to another (cardiac
muscle). Our findings that all cTnT-expressing HUVEC coex-
pressed cardiomyocyte-derived B-gal and that transplanted HU-
VEC and cardiomyocytes formed the hybrid cells in the myo-
cardium suggest that the cell fusion of cardiomyocytes with
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surrounding endothelial cells occurs in the damaged heart. How-
ever, we cannot exclude the possibility of the transdifferentiation
of endothelial cells into cardiomyocytes at present. Besides endo-
thelial cells, EPCs have been reported to transdifferentiate into
cardiomyocytes in an in vitro coculture model (Badorff et al.,
2003). Bone marrow cells have been reported to contain stem
cells, which transdifferentiate into various types of cells including
vascular cells and cardiomyocytes (Jackson et al., 2001; Orlic et
al., 2001a; Jiang et al., 2002). In our work, EPCs and bone mar-
row—derived mesenchymal cells expressed cardiac-specific pro-

teins through cell fusion with cocultured cardiomyocytes. There-

fore, it is possible that circulating EPCs or mesenchymal cells
may differentiate into endothelial cells and then fuse with car-
diomyocytes. Indeed, recent reports have suggested that trans-
planted bone marrow—derived cells fuse with preexisting he-
patocytes and cardiomyocytes (Alvarez-Dolado et al., 2003;
Vassilopoulos et al., 2003; Wang et al., 2003). Recently, cardiac
stem cells have been reported to exist in the adult heart (Beltrami
et al.,, 2003; Oh et al., 2003; Matsuura et al., 2004). Sca-1- or
c-kit-positive cells from the heart differentiate into cardiomyo-
cytes and other cells including endothelial cells in vitro. Oh et al.
(2003) have shown that intravenously infused Sca-1-positive car-
diac cells acquire the cardiac phenotypes by both transdifferentia-
tion and fusion, suggesting that cardiac stem cells may differenti-
ate into endothelial cells and then fuse with cardiomyocytes.

In the border zone of rat cryoinjured myocardium, some
cardiomyocytes that coexpressed both cTnT and VWF were
positively stained with anti-Ki67 antibodies. Ki67 is expressed
in all phases of the cell cycle except GO, becomes particularly
evident in the late S phase, and is increased further in the G2-M
phase. Although Ki67 is not a specific marker for the G2-M
stage, Belirami et al. (2001) have concluded that cardiac myo-
cytes divide in the pathological condition by the evidence of
the Ki67 labeling of myocyte nuclei with the mitotic index. We
could not detect mitotic figures in the cells that were positively
stained with ¢TnT and vWE, but the expression of Ki67 was
observed only in the heterotypic fused cells. Because there
were no Ki67-positive nonfused cardiomyocytes, these results
suggest that the fused cells enter the cell cycle in vivo as well
as in vitro. Wagers and Weissman (2004) have proposed that
cell fusion—mediated regeneration might be considered a physi-
ological mechanism of repair. Our results suggest that aug-
mented cell fusion in the diseased heart may contribute to the
maintenance and replenishment of cardiomyocytes.

In conclusion, the present work demonstrates that car-
diomyocytes have the fusiogenic activity with many different
types of cells and obtain proliferative ability after fusion with
somatic cells without losing their phenotypes in vitro and in
vivo. Our future effort should be toward the understanding of
the molecular mechanisms of phenotypic determination and
cell cycle activation after fusion. During preparation of this
manuscript, Reinecke et al. (2004) have reported that skeletal
muscle cell grafting gives rise to skeletal-cardiac hybrid cells
with unknown phenotypes. Our findings from the thorough ex-
amination of the fused cells are relevant to today’s controversy
concerning cell plasticity and provide further insights into the
understanding of the consequences of cell therapy.

CARDIOMYOCYTES FUSE WITH VARIOUS CELLS -

Materiale and methods

Animals and reagents

Neonatal {0-1 d old) and adult Wistar rats {8 wk old) were purchased
from Takasugi Experimental Animals Supply, Co., Ltd. Adult GFP trans-
genic mice {Okabe et al., 1997} were gilis from Dr. Okabe [Osaka Uni-
versity, Osaka, Japan). Neonatal and adult GFP fransgenic rats [ifo et al.,
2001} were purchased from Japan SLC. All protocols were approved by
the Institutional Animal Care and Use Committee of Chiba University. The
following antibodies were used for immunostaining: mouse monoclonal
anti-cTnT (RV-C2, DSMZ-Deutsche Sammlung von Mikroorganismen und
Zellkulluren GmbH), goat polyclonal anti<TnT, goat polyclonal anti-
GATA4 [Santa Cruz Biotechnology, Inc.), rabbit polyclonal anti-ANF {Pen-
insula Laboratories), rabbit polyclonal anti-connexind3 {Zymed Laborato-
ries), rabbit polyclonal anti-desmin, rabbit polyclonal antivWF, mouse
monoclonal anti-rat Ki67, mouse monoclonal anti-human Ki67 (Dako
Cytomation), mouse monaclonal anti3-gal, rabbit polyclonal anti-B-gal
[CHEMICON International, Inc.}, mouse monoclonal anti-vimentin, mouse
monoclonal anti-Cre {Sigma-Aldrich), rabbit polyclonal anti-PH3 {Upstate
Biotechnology), mouse monoclonal anticyclinB1 (Neomarkers), and rabbit
polyclonal anti-RFP {MBL International Corporation). Fluorescent secondary
antibodies were purchased from Jackson ImmunoResearch Laboratories.
pLEGFP-N1 and pDsRed2-N1 were purchased from CLONTECH Laborato-
ries. Other reagents not specified were obtained from Sigma-Aldrich.

Cell culture
Neonatal rat cardiomyocytes and neonatal mouse cardiomyocyles were
cultured as described previously {Komuro et al., 1990}, basically accord-
ing to the methods of Simpson and Savion {1982}. Cardiomyocytes were
plated at a field density of 10° cells/cm? on 35-mm culture dishes contain-
ing cover glasses coated by 1% gelatin, and cultured in DME with 10%
FBS. cFB were obtained from primary culture described above by preplat-
ing technique. Fibroblasts on culture dishes were diluted fourfold, and in-
fected with GFP- or RFP-expressing retroviral vector. Identification and
characterization of GFP* or RFP* ¢FB was accomplished by immunocy-
tochemistry and there were not vWF- and cTnT-expressing cells in GFP* or
RFP* cFB. cFB from passages 3~5 were used. HUVEC were cultured on
0.1% gelatin-coated 100-mm dishes with EGM-2 {Cambrex Bio Science).
Bone marrow mononuclear cells were isolated from 10-wk-old GFP
mouse by density gradient centrifugation with Histopaque-1083 as de-
scribed previously {Zou et al., 2003}. Primary culture of the bone marrow
cells was performed according to Dexter’s method with a few modifications
[Dexter et al., 1977). Cells were cultured in Iscove’s modified Dulbecco’s
medium supplemented with 10% FBS at 33°C in humid air with 5% CO,.
After 4 d in culture, nonadherent cells were collected as hematopoietic
cells and were used to coculture with cardiomyocytes. Adherent cells were
cultured though 14 d and were used to coculture with cardiomyocytes.
Human peripheral mononuclear cells were isclated from blood of hu-
man healthy volunteers by density gradient centrifugation with Histopaque-
1077. Cells were plated on culture dishes coated with fibronectin in 0.5%
gelatin solution and maintained in EGM-2. After 4 d in culture, nonadherent
cells were removed by washing with PBS, and the culture was maintained
though 7 d. After 7 d in culture, EPCs, recognized as attaching spindle-
shaped cells, were assayed by coslaining with DiHabeled AclDL (Biomedi-
cal Technologies) and FITC-labeled UEA-1 lectin. Cells were first incubated
with 10 mg/ml Ditlabeled AclDL ot 37°C for 1 h and later fixed with 2%
PFA for 10 min. After washes, the cells were reacted with 10 mg/ml FITC-
labeled UEA-1 for 1 h. At 7 d in culture, ~30% of cells expressed vWF. Ad-
herent cells at 7 d in culture were used to coculture with cardiomyocytes.
Skeletal muscle-derived cells were isolated from hind limbs of neo-
natal Sprague-Dawley rats or adult mice as described previously [fijima et
al., 2003). In brief, muscle tissues were minced smaller than 1 mm® and
digested for a fotal of 45-60 min of three successive treaiments with
0.05% trypsin-EDTA. The cells were collected in the supernatant after each
treatment and resuspended in Ham's F 10 medium in the presence of 20%
horse serum, 0.5% chicken embryo extract, and 2.5 ng/ml bFGF. The
cells were grown for 4 d in the same medium on the 2% gelafin-coated
dishes. Then the medium was replaced by fresh medium supplemented
with 20% FBS and cultured for 2 d.

Labeling of cells

DsRed?2 sites of pDsRed2-N1 were subcloned in frame into Xhol and
Not! sites of pLEGFP-N1 vector. Retroviral stocks were generoted as de-
scribed previously {Minamino et al., 2001}. HUVEC and cFB were in-
fected with the GFP- or RFP-expressing retroviral vector. Infected cells were
selected for growth in the presence of 500 g/ml neomyein for 2 wk. The
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efficiency of transfection of GFP and RFP was over 95%. Skeletal muscle~
derived cells at 4 d after isolation were infected with RFP-expressing refro-
viral vector. Infected cells were not selected and used for transplantation.
The efficiency of transfection of RFP was ~50%.

Neonatal rat cardiomyocytes and neonatal mouse cardiomyocytes
were lagged with recombinant adenovirus containing the Escherichia coli
lacZ gene at a multiplicity of infection of 20 units for 24 h before cocul-
ture. After X-gal staining {Minamino et al., 2002}, ~100% of cardiomyo-
cytes were recognized to express B-gal.

The adenovirus AxCANCre {RIKEN BRC DNA Bank no. 1748} con-
tains the Cre gene with a nuclear localized signal (NCre) (Kanegae et al.,
1995) driven by the CAG promoter [Niwa et al., 1991). HUVEC were in-
fected with AxCANCre at a multiplicity of infection of 50 units for 24 h be-
fore the transplantation. After immunostaining, ~100% of HUVEC were
recognized fo express Cre.

Coculture of neonatal cardiomyocytes with noncardiomyocytes

Neonatal cardiomyocytes were cultured through 4 d and then fluores-
cencelabeled HUVEC, cFB, bone marrow cells, and nonlabeled EPCs
were cultured with cardiomyocytes at a 1:4 ratio. Coculture was main-
tained in adequate medium for each noncardiomyocyte. Cells were fixed
with 4% PFA for 15 min at RT and were subjected to immunostaining at
various fime points after starfing coculture.

Cell transplantation

GFP transgenic adult male rats were anesthetized with ketamine {50 mg/
kg, i.p.} and xyladine (10 mg/kg, i.p.}. A normal heart was injected with
a standard dose of 10° RFP-expressing HUVEC or skeletal muscle-derived
cells [Reinecke and Murry, 2003). In the HUVEC transplantation model,
the immunosupressor FK506 (Fujisawa Pharmaceutical) was administered
i.p. at 2.0 mg/kg body weight on the day of injection and maintained un-
til the animals were killed. The hearts were fixed according to the perio-
date-lysine-PFA fixative methods and were snap-Hfrozen in nitrogen and
stored for subsequent immunohistochemical analysis.

MerCreMer mice express MerCreMer fusion protein driven by the
aMHC promoler [Sohal et al., 2001). CAG-CAT-lacZ transgenic mice di-
rect expression of the E. coli lacZ gene upon Cre-mediated excision of the
loxP-flanked CAT gene located between the CAG promoter and the LacZ
gene [Sakai and Miyazaki, 1997; Dr. Miyazaki, Osaka University, Osaka,
Japan). A dose of 10° Cre-expressing HUVEC were transplanted fo the
heart of CAG.CAT-lacZ transgenic mice with the i.p. administration of
FK506 at 2.0 mg/kg body weight on the day of injection and maintained
unfil the animals were killed. A dose of 10 skeletal muscle—derived cells
isolated from CAG-CAT-lacZ transgenic mice were transplanted to the
heart of MerCreMer mice. MerCreMer mice were freated with tamoxifen
{20 mg/kg/day, i.p.] 7 d before transplantation and the treatment was
mainfained uniil 2 d before the transplantation. At 4 d after transplanta-
tion, mice were killed and the hearts were perfused with 2% PFA and
were snap-frozen in nitrogen. A couple of adjacent sections as a mirror
image were prepared and fixed with 0.25% glutaraldehyde or 2% PFA
for 15 min and were analyzed by X-gal staining or immunochistochemistry.

Cryoinjury

Male Wistar rats were anesthefized with ketamine {50 mg/kg, i.p.) and
xyladine {10 mg/kg, i.p.) and a 6-mm aluminum rod, cooled to —190°C
by immersion in liquid nitrogen applied fo the left ventricular free wall to
produce cryoinjury. The rats were killed at 4 d after cryoinjury. The
hearts were snap-frozen in nitrogen. A couple of adjacent sections as a
mirror image were prepared and fixed with 4% PFA and were subjected
to immunostaining.

Immunohistochemistry

Fixed cells were preblocked with PBS containing 2% donkey serum, 2%
BSA, and 0.2% NP-40 for 30 min. Primary antibodies were diluted with
PBS containing 2% donkey serum, 2% BSA, and 0.1% NP-40 and applied
over night at 4°C. FITC., Cy3-, or Cy5-conjugated secondary anfibodies
were applied fo visualize expression of specific proteins. Before mounting,
nuclei were stained with Hoechst 33258 {1 pg/ml} or Topro3 {Molecular
Probes, Inc.}. Images of samples were taken by laser confocal microscopy
[Radiance 2000; Bio-Rad Laboratories) or with a fluorescent microscope
{Carl Zeiss Microlmaging, Inc.} equipped with o CCD camera [Axiocam;
Carl Zeiss Microlmaging, Inc.).

Nocodazole freatment and cell cycle analysis

Neonatal rat cardiomyocytes fused with GFP' HUVEC or GFP' cFB were
treated with 50 ng/ml nocodazole for 6-24 h and at each time cells were

PN 2

fixed and stained with anti-cTnT and anti-PH3 ontibodies. Some of the
cells treated with nocodazole for 6 h cocultured with HUVEC and for 24 h
cocultured with cFB were released from nocodazole and cultured further

for 3 h and fixed.

Statistical analysis

Values are presented as mean % SD. The significance of differences
among mean values was determined by one-factor ANOVA, chi-square in-
dependent fest, and Kruskal-Wallis test. Probability (P) values were cor-
rected for multiple comparisons by the Bonferroni correction. The accepted
level of significance was P < 0.05.

Online supplemental material

Live images of beating cells were obtained with an inverted microscope
[Carl Zeiss Microlmaging, Inc.} equipped with a chilled CCD camera
[Hamamatsu Corporation) using FO DATA Videorecorder software. On-
line supplemental material available at hitp://www.jcb.org/cgi/content/
full/jcb.200312111/DC1.
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A label (RFP* HUVEC) was left out of figure 2 B. The corrected figure appears below.
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It is still not clear whether loss of cardiomyocytes
through programmed cell death causes heart failure. To
clarify the role of cell death in heart failure, we gener-
ated transgenic mice (TG) that express human diphthe-
ria toxin receptor in the hearts. A mosaic expression
pattern of the transgene was observed, and the trans-
gene-expressing cardiomyocytes (17.3% of the total car-
diomyocytes) were diffusely scattered throughout the
ventricles. Intramuscular injection of diphtheria toxin
induced complete elimination of the transgene-express-
ing cardiomyocytes within 7 days, and ~80% of TG
showed pathophysiological features characteristic of
heart failure and were dead within 14 days. Degener-
ated cardiomyocytes of the TG heart showed character-
istic features indicative of autophagic cell death such as
up-regulated lysosomal markers and abundant autopha-
gosomes containing cytosolic organelles like cardiomyo-
cytes of human dilated cardiomyopathy. The heart fail-
ure-inducible TG are a useful model for dilated
cardiomyopathy, and provided evidence indicating that
myocardial cell loss through autophagic cell death plays
a causal role in the pathogenesis of heart failure.

Cardiomyocyte death is observed in a number of pathological
conditions such as ischemic or dilated cardiomyopathy, hyper-
tensive heart disease, and aging (1). Oncosis has been recog-
nized to be a principal mechanism of myocardial cell death, but
during the last decade, much emphasis has been put on the
importance of apoptosis on the basis of detectable apoptotic
cardiomyocytes in animal and human models of heart failure
(2). Recently, autophagic cell death (ACD)? has been demon-
strated as another type of myocardial cell death in human
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failing hearts (3-7). Although a decline in pumping capacity
initiated by cardiomyocyte loss is supposed to induce ventric-
ular remodeling and finally results in symptomatic heart fail-
ure (8), there still remains a controversy over the pathogenic
role of cell death in progression of heart failure (9, 10). An
intractable problem that hampers mechanistic insights is the
low occurrence of myocardial cell death in failing hearts, al-
though it differs strikingly according to the models examined
and technical specificity (2, 8). Furthermore, in human hearts,
most samples were obtained from patients with end-stage
heart failure who underwent heart transplantation and thus it
remains unknown whether myocardial cell death occurs per-
sistently from an early stage and is causative to progression of
heart failure (8). To circumvent these obstacles, we established
an inducible heart failure mouse model utilizing diphtheria
toxin (DT)-mediated cell ablation, in which a given number of
cardiomyocytes are arbitrarily and synchronously ablated, and
prospective and serial analysis is available.

DT is a two-peptide protein consisting of fragments A (DT-A)
and B (DT-B) produced by Corynebacterium diphtheriae (11).
DT binds to the DT receptor on the cell surface through DT-B
and is internalized into acidic endocytic vesicles, which allows
release of catalytic DT-A into the cytoplasm (12). DT-A exerts
its cytotoxicity by ADP-ribosylating elongation factor 2 and
thereby inhibiting protein synthesis in infected cells (13). DT
receptor has been identified as a precursor of heparin-binding
EGF-like growth factor (pro-HB-EGF) (14, 15). Intriguingly,
DT cannot bind to rodent pro-HB-EGF because of substitution
of amino acids required for DT binding, whereas primate pro-
HB-EGF acts as a functional DT receptor (16). Therefore, spe-
cific cells in mice are ideally sensitized to DT by forced expres-
sion of human pro-HB-EGF (17).

To enable cardiac-specific cell ablation, we generated trans-
genic mice (TG) expressing human pro-HB-EGF in the hearts
under the control of a-myosin heavy chain promoter. Adminis-
tration of DT induced ablation of transgene-expressing car-
diomyocytes, and subsequently symptomatic heart failure. In
this mouse model of heart failure, autophagy but not apoptosis
was the mechanism of cardiomyocyte death. Autophagy is a
dynamic process and intracellular constituents are sequestered
by membranes and subsequently degradated or recycled in
lysosome or vacuole (18—20). In this sense, autophagy is in-
volved in maintaining cellular homeostasis and turnover in
physiological conditions. However, a growing body of evidence
suggests that autophagy is implicated in execution of pro-

tor-like growth factor; SERCA2, sarcoplasmic reticulum calcium-
ATPase 2; TG, transgenic mice; WT, wild-type mice.
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grammed cell death and is closely linked to several pathological
conditions (21-23). Our model of experimentally induced heart
failure provided direct evidence that myocardial cell loss
through ACD causes heart failure, and will be useful to dissect
the molecular mechanisms underlying structural and funec-
tional changes in heart failure.

EXPERIMENTAL PROCEDURES

Generation of Transgenic Mice—Human pro-HB-EGF cDNA (gift
from A. Ullrich, Max-Planck-Institute of Biochemistry, Martinsried,
Germany) was subcloned into the a-myosin heavy chain promoter-
containing expression vector (gift from J. Robbins, Children’s Hospital,
Cincinnati, OH). The 6.9-kb DNA fragment was microinjected as a
transgene into pronuclei of eggs from BDF1 mice, and the eggs were
transferred into the oviducts of pseudopregnant ICR mice. The trans-
gene was identified by Southern blot and PCR analysis. All protocols
using mice were approved by the Institutional Animal Care and Use
Committee of Chiba University.

Administration of Diphtheria Toxin—Diphtheria toxin (Sigma) was
reconstituted in 10 mM sodium phosphate buffer (pH 7.4) containing 5%
lactose, and was administered by intramuscular injection,

Northern Blot and in Situ Hybridization Analysis—For Northern
blot analysis, total RNA (20 ug) prepared from tissues were hybridized
with ¢cDNA probes. Probes for brain natriuretic peptide (BNP), skeletal
a-actin, sarcoplasmic reticulum calcium-ATPase 2 (SERCA2), and
TNF-a were previously described (24 ~26). Probes for macrophage che-
moattractant protein-1 (MCP-1) and collagens (Colla2 and Col3al)
were gifts from K. Matsushima (Universitty of Tokyo, Tokyo, Japan)
and 8. Kim (Osaka City University, Osaka, Japan), respectively.
Digoxygenin-labeled riboprobes were synthesized by using the 0.7-kb
human pro-HB-EGF c¢DNA, and RNA in situ hybridization was per-
formed as described previously (27).

Western Blot Analysis—Protein samples were fractionated by SDS-
PAGE, and immunoblot analysis was performed as described previously
(26, 28).

Transthoracic Echocardiography—Mice were anesthetized by intra-
peritoneal injection of a mixture of ketamine (100 mg/kg) and xylazine
(5 mg/kg). Cardiac function was evaluated with echocardiography (SO-
NOS 4500, Philips, Eindhoven, the Netherlands) using a 12-MHz trans-
ducer as described previously (26).

Histological Analysis and Immunohistochemistry—Hearts were
fixed in 10% neutralized formalin and embedded in paraffin. Serial
sections at 5 pum were routinely stained with hematoxylin-eosin for
morphological analysis, and with Masson’s trichrome for detection of
fibrosis. For measurement of the myocyte cross-sectional area, semi-
thin sections with silver staining were analyzed. Suitable cross-sections
were defined as having round-to-oval cardiomyocyte sections and nearly
round-shaped capillaries that perfused in the region. For immunohis-
tochemistry, Vectastain ABC kit (Vector Laboratories, Burlingame, CA)
was used to detect the primary antibodies. The sections were counter-
stained with hematoxylin.

Antibodies—The following antibodies were used: goat polyclonal an-
ti-human HB-EGF (R&D Systems, Minneapolis, MN), anti-actin (20—
33) IgG fraction of antiserum developed in rabbit (Sigma), mouse mono-
clonal anti-Ly-6G, mouse monoclonal anti-Mac-3, mouse monoclonal
anti-CD3, mouse monoclonal anti-Bel-xL, mouse monoclonal anti-cyto-
chrome ¢ (BD Pharmingen, San Diego, CA), rabbit polyclonal anti-
caspase 3, mouse monoclonal anti-phospho-Bad, rabbit polyclonal anti-
Bad (Cell Signaling, Beverly, MA), rabbit polyclonal anti-Bcl2, rabbit
polyclonal anti-Bax, goat polyclonal anti-cathepsin D, rat monoclonal
anti-lysosome-associated membrane protein-1 (LAMP-1), goat poly-
clonal anti-UBC2, goat polyclonal anti-E6-AP, goat polyclonal anti-
UFD1 (Santa Cruz Biotechnology, Santa Cruz, CA), mouse monoclonal
anti-COX I (Molecular Probes, Eugene, OR), mouse monoclonal anti-
ubiquitin (Chemicon, Temecula, CA), and mouse monoclonal anti-E1
(Upstate, Charlottesville, VA),

Evaluation of DNA Fragmentation—TUNEL assay using paraffin
sections was performed with an in situ apoptosis detection kit (Takara
Biomedicals, Otsu, Japan). For agarose gel electrophoresis for DNA
fragmentation, genome DNA (10 ug) was electrophoretically fraction-
ated on a 1.5% agarose gel and stained with ethidium bromide as
described previously (29). To induce apoptosis in spleens as positive
controls, we injected lipopolysaccharide (40 mg/kg) (Sigma) in phos-
phate-buffered saline intraperitoneally into age-matched mice. Mice
were sacrificed 12 h after lipopolysaccharide injection and spleens were
excised (30).

Electronmicroscopy—Hearts were fixed in 3% paraformaldehyde,

Autophagic Cardiomyocyte Death in Heart Failure

2.6% glutaraldehyde, and 0.1 M cacodylate buffer (pH 7.4). After wash-
ing with the buffer solution and post-fixation in 1% 0sQ, and 0.1 M
cacodylate buffer (pH 7.4), they were washed with the buffer solution,
dehydrated using alcohel and acetone, and embedded in epoxy resin.
Ultrathin sections were examined under the electron microscope (31).

Statistical Analysis—All values are expressed as mean = S.E. Com-
parisons were made by Student’s ¢ test or one-way analysis of variance as
appropriate. Values of p < 0.05 were considered statistically significant.

RESULTS

Inducible Myocardial Cell Ablation in TG Expressing Hu-
man DT Receptor in the Hearts—To confer DT sensitivity to
cardiomyocytes in mice, we generated TG expressing human
DT receptor, pro-HB-EGF, under the control of the a-myosin
heavy chain promoter (Fig. 14). Of two independent founder
lines with successful germline transmission, one line was cho-
sen for further analysis on the basis of transgene expression
levels. By immunoblot analysis using an antibody specific for
human pro-HB-EGF, we confirmed cardiac-specific expression
of the transgene (Fig. 1B). In situ hybridization analysis using
a specific riboprobe for human pro-HB-EGF further revealed a
mosaic expression pattern of the transgene in the hearts (Fig.
1C). Expression of the transgene was scattered throughout the
TG hearts, and the number of transgene-expressing cardiom-
yocytes was 17.3 * 6.0% out of total cardiomyocytes.

To induce DT-mediated myocardial cell ablation, we admin-
istered DT by intramuscular injection to TG and wild-type mice
(WT) at 10 weeks of age. When 5 mg/kg DT was administered,
TG became lethargic and ~80% of TG died within 10 days after
injection of DT, although WT appeared normal (Fig. 1D). Im-
munoblot analysis in combination with in situ hybridization
analysis revealed that expression of human pro-HB-EGF in the
TG hearts was significantly decreased on the next day of DT
injection, and almost disappeared on the following day (Fig.
1E). After 7 days, transgene-expressing cardiomyocytes were
undetected in the TG hearts, suggesting that they were com-
pletely ablated through DT-mediated cytotoxicity.

DT-mediated Myocardial Cell Loss Caused Heart Failure in
Mice—We next examined the geometric, functional, and histo-
logical changes in the hearts caused by DT-mediated myocar-
dial cell damages. Gross inspections of the TG hearts 7 days
after DT injection showed global chamber dilatation with
marked wall thinning and atrial thrombus (Fig. 24), and the
heart to body weight ratios were ~1.3-fold increased (Fig. 2B),
whereas the mock-treated TG hearts and DT- or mock-treated
WT hearts showed no geometric change (Fig. 2).

To evaluate cardiac function, we performed transthoracic
echocardiographic examination. Seven days after injection, a
~1.3-fold increase in the left ventricular end-diastolic dimen-
sion and a 1.5-1.7-fold decrease in left ventricular wall thick-
ness were observed in DT-treated TG, whereas these parame-
ters were unchanged in mock-treated TG (Fig. 2, C and D) and
DT- or mock-treated WT. Echocardiographic examination also
demonstrated a 2.4-fold reduction in % FS in DT-treated TG.
These results suggest that injection of DT induced deteriora-
tion of LV systolic function with chamber dilatation and ven-
tricular wall thinning in TG. In contrast, no discernible pheno-
type was observed in TG in the absence of DT, and DT had no
harmful effect on WT.

Hematoxylin-eosin staining of the histological sections of TG
hearts 7 days after DT injection revealed degenerated cardiom-
yocytes surrounded by inflammatory cells (Fig. 34). These
pathological findings were not observed in WT with or without
DT injection (data not shown). The infiltrating inflammatory
cells were identified as macrophages by immunchistochemical
analysis using anti-Mac-3 antibody (Fig. 3B). Histological sec-
tions with Masson’s trichrome staining showed interstitial fi-
brosis in DT-treated TG hearts (Fig. 3A). Silver staining of the
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Fic. 1. DT-induced myocardial cell ablation in transgenic mice expressing human pro-HB-EGF. A, schematic representation of the
transgene containing a-myosin heavy chain (adHC) promoter, human pro-HB-EGF ¢DNA, and human growth hormone (GH) polyadenylation

signal (pA). B, Western blot analysis using an antibody specific for
Expression of human pro-HB-EGF in TG was observed specifically in
skeletal muscle; Te, testis. C, in situ hybridization analysis using a ribop:

human pro-HB-EGF revealed transgene expression in TG hearts (left).
the hearts (right). B, brain; H, heart; Li, liver; K, kidney; Sp, spleen; Sk,
robe specific for human pro-HB-EGF. Transgene was expressed in a mosaic

pattern, and cardiomyocytes expressing the transgene were 17.3 * 6.0% of the total cardiomyocytes within TG hearts. D, Kaplan-Meier survival
curves of control mice (WT treated with mock or DT and TG treated with mock, n = 21, respectively) and TG (n = 21) treated with intramuscular
injection of DT. E, complete ablation of transgene-expressing cardiomyocytes following DT injection revealed by immunoblot (left) and in situ
hybridization analysis. Expression of pro-HB-EGF was remarkably diminished on day 2 (D2) and was completely undetected on day 7 (D7).

sections of TG hearts on 14 days after DT injection revealed a
1.9-fold increase in cross-sectional areas of cardiomyocytes
(Fig. 3C), indicating that the cardiomyocytes, which did not
express the transgene and survived DT administration, under-
went hypertrophic cell growth.

Alterations of Gene Expression in TG Presenting DT-induced
Heart Failure—To characterize the molecular basis of heart
failure caused by DT-induced myocardial cell ablation, we ex-
amined expression levels of several molecular markers. Ex-
pression of BNP was up-regulated 1 day after DT injection, and
persistently elevated thereafter (Fig. 4). Increased expression
of skeletal a-actin and decreased expression of SERCAZ were
evident 4 days after DT injection (Fig. 4). Up-regulation of
natriuretic peptide genes and fetal cardiac genes including
skeletal a-actin is one of the characteristic cellular responses
observed during cardiac hypertrophy (32, 33). Especially, ven-
tricular expression of BNP is induced promptly in response to
volume expansion and pressure overload, and plasma BNP
concentrations have proven to be valuable for diagnostic and

prognostic assessment in patients with heart failure (34). In
addition, down-regulation of SERCAZ2 has been reported to be
a sensitive marker for heart failure (35). Therefore, these pat-
terns of cardiac gene expression indicated that DT-induced
myocardial cell ablation burdened hemodynamic overload and
progressed overt heart failure concomitantly with cardiac
hypertrophy.

Consistent with the histological finding of infiltration by
macrophages, an increase in expression of MCP-1 was observed
1 day after DT injection, and expression levels of MCP-1 were
further increased until 4 days and declined on 7 days (Fig. 4).
The expression levels of TNF-a, encoding an inflammatory
cytokine produced by macrophages, changed in parallel with
that of MCP-1 (Fig. 4). Insomuch as symptomatic heart failure
was evident 7 days after DT injection, stressed myocardium
could be another source of TNF-a production at this period.
Following up-regulation of inflammatory markers, expression
levels of the collagen genes (Colla2 and Col3a 1) were increased
at 4 days after DT injection (Fig. 4). These temporal profiles of
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Fig. 2. DT-induced cardiomyocyte loss caused heart failure in mice. A, gross morphology of whole hearts (upper rows) and longitudinal
sections (lower rows) of WT and TG 7 days after DT or mock injection. Ao, aorta; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right
ventricle. Bar, 2 mm. B, increase in heart to body weight ratios observed in TG 7 days after DT injection. C, representative M-mode echocardio-
grams. IVS, interventricular septum; LVPW, left ventricular posterior wall. D, echocardiographic measurements. BW, body weight; FS, fractional
shortening; HR, heart rate; IVSth, interventricular thickness in end-diastole; LVDd, left ventricular diameter in end-diastole; LVDs, left
ventricular diameter in end-systole; LVPWth, left ventricular posterior wall thickness in end-diastole.

gene expressions suggest that mobilization of macrophages are
induced by up-regulated MCP-1 after the myocardial cell abla-
tion, leading to cardiac fibrosis by enhanced production of in-
flammatory cytokines, and that inflammatory cytokines and
cardiac remodeling might promote left ventricular dysfunction
evoked by myocardial cell loss.

Myocardial Cell Death Induced by DT Is Not Primarily
because of Apoptosis—To investigate the mechanisms of myo-
cardial cell death in DT-treated TG hearts, we first per-
formed a TUNEL assay. In the hearts of DT-treated TG, we

could not detect any TUNEL-positive cardiomyocytes or in-
flammatory cells, whereas a marked increase in TUNEL-
positive cells was detected in the spleen of mice treated with
intraperitoneal administration of lipopolysaccharide as posi-
tive controls (Fig. bA). Likewise, analysis of genomic DNA by
agarose gel provided no evidence of DNA laddering in DT-
treated TG hearts (Fig. 5B). We further examined activation
of caspase 3 (Fig. 5C), changes in expression of proapoptotic
and antiapoptotic Bcl2 family proteins (Fig, 5D), and cyto-
chrome c release from mitochondria (Fig. 5E), but biochemi-
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Fic. 3. Histological analysis of the hearts after DT injection. A, serial sections with hematoxylin-eosin (HE) staining revealed cardiom-
yocyte degeneration and infiltration of inflammatory cells 7 days after DT injection. Masson's trichrome staining showed interstitial fibrosis. B,
infiltrating inflammatory cells were predominantly macrophages with positive staining for Mac-3 but not for Ly-6G nor CD3. C, silver staining of
TG hearts 14 days after DT injection revealed an increase in the cross-sectional area of cardiomyocytes, indicating hypertrophic compensation of

myocardial cells without transgene expression.

cal changes leading to typical apoptosis were not observed in
DT-treated TG hearts.

Autophagy Is the Mechanism of Myocardial Cell Death in
DT-induced Failing Hearts—ACD is a regulated process of
caspase-independent programmed cell death, in which intra-
cellular components are degradated by lysosomal or proteaso-
mal proteases (21-23). Immunochistochemical analysis re-
vealed positive staining for lysosomal protease cathepsin D,
LAMP-1, and ubiquitin in cardiomyocytes of DT-treated TG
hearts (Fig. 6A). It is notable that cathepsin D showed a diffuse
cytosolic distribution, whereas LAMP-1 showed a granular lo-
calization. These results suggest an increase in formation of

lysosomes and leakage of activated lysosomal enzymes into the
cytosol. Recently, it has been reported that, in human failing
hearts, ubiquitin accumulation in cardiomyocytes may be as-
sociated with up-regulation of ubiquitin-conjugating enzyme
E2 (UBC2) and down-regulation of deubiquitinating enzymes
such as UFD1 and isopeptidase T (6). However, Western blot
analysis revealed that the amounts of the ubiquitin-activating
enzyme E1, UBC2, ubiquitin-ligating enzyme E3 (E6-AP), and
UFD1 were not unchanged in DT-treated TG hearts when
compared with control hearts (Fig. 6B).

Electron microscopic analysis revealed abundant cytosolic
vacuoles and segmented configuration of nuclei with lumpy con-
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densation of chromatin in degenerated cardiomyocytes in TG
hearts 3 days after DT injection (Fig. 7, A and B). However,
nuclear fragmentation and crescent-shaped chromatin condensa-
tion at the nuclear periphery typical of apoptosis were not ob-
served. In higher magnifications, cytosolic vacuoles containing
lipid droplets with myelin figures and degenerated mitochondria
(Fig. 7, C and D), suggested that these vacuoles are typical
autophagosomes. In terminally degenerated cardiomyocytes, ly-
sis of myofibrills and other intracellular organelles were promi-
nent (Fig. TE). These findings suggest that myocardial cell loss in
DT-treated TG hearts is primarily because of ACD.

Autophagic degeneration has been implicated in human fail-
ing heart failure (3—7). We also found cardiomyocytes undergo-
ing autophagic cell death in a biopsied specimen from a 43-
year-old patient suffering from dilated cardiomyopathy.
Similar to the electron micrographic findings in degenerated
cardiomyocytes in our mouse model of heart failure, myofibril-
lar degeneration in association with cytosolic vacuoles and lipid
droplets were observed in this biopsied specimen (Fig. 7F). The
vacuoles were autophagosomes containing digested organelles.
These findings are illustrative of the previously reported fea-
tures characteristic of ACD in human heart failure. Therefore,
degenerated cardiomyocytes in human dilated cardiomyopathy
patients showed ultrastructural alterations similar to those in
our mouse model of heart failure.

DISCUSSION

In this study, we generated a novel mouse model of heart
failure, where cardiomyocyte loss through ACD is arbitrarily
and specifically induced by intramuscular injection of DT. Re-
cent technical progress in genetic manipulation and physiolog-
ical measurements enabled us to produce several mouse models
of heart failure (36). These models have improved our under-
standing of pathophysiology of heart failure and have been of
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great help for establishment and evaluation of new therapeutic
approaches. Genetically engineered mice, in particular, ex-
panded the list of gene products that are involved in generation
or progression of heart failure, but they have specific limita-
tions as animal models. For example, mice homozygous for
muscle LIM protein (MLP) develop cardiomyopathy and heart
failure, but the clinical courses of individual mice are divergent
because the penetrance of phenotype is influenced by genetic
backgrounds (37). About half of the MLP-deficient mice suffer
from severe congestive heart failure and die during the second
postnatal week, but the rest of the MLP-deficient mice survive
to adulthood and are viable. Development of cardiomyopathy is
also identified in tropomoedulin-overexpressing transgenic mice
(38). In this model, severe signs of heart failure are ohserved
between 2 and 4 weeks after birth and most symptomatic mice
die within a few days. The phenotypes of these model mice are
primarily genotype-dependent, but are susceptible to the ef-
fects of genetic backgrounds. In addition, a difficulty in mor-
phological and biochemical approach in studying a role of car-
diomyocyte death in heart failure arises from the low
occurrence of cell death in these models (2). In our mouse model
of heart failure, cardiomyocytes expressing the DT receptor are
selectively and simultaneously damaged by administration of
DT, and this advantageous feature not only makes it possible to
induce symptomatic heart failure arbitrarily but also provides
insights into the roles of cell death in heart failure.

Our model appears conceptually similar to the one reported
in the earlier work (39), in which DT-A expression is regulated
by a tetracycline-responsive promoter. In that model, induction
of DT-A in the hearts resulted in congestive heart failure as
well. However, a leaky induction is occasionally observed in
this tetracycline-inducible system, and subtle expression of
DT-A might have nonspecific and undesirable effects, inso-
much as the toxicity of DT-A is extremely high (17). In our
model, the DT receptor, not injurious in the absence of DT, was
expressed in the hearts, and myocardial cell ablation was spe-
cifically and ideally achieved.

Temporal histological analysis and profiling of gene expres-
sion revealed a series of cellular events that finally evoked
heart failure (Figs. 3 and 4). Transgene expression was dra-
matically reduced in a few days after DT injection (Fig. 1E),
suggesting that cardiomyocyte death occurs during that period.
Following cardiomyocyte death, inflammatory cells infiltrated
and produced inflammatory cytokines. Around 7 days, hemo-
dynamic deterioration with apparent cardiac remodeling in-
duced symptomatic heart failure. These findings strongly sug-
gest that myocardial cell death causes symptomatic heart
failure. In addition, our model allowed quantitative analysis of
cardiomyocyte death. In situ hybridization analysis revealed
that expression of the transgene was scattered diffusely and
observed in 17.3 *+ 6.0% of cardiomyocytes in TG hearts. Be-
cause there was no cardiomyocyte expressing the transgene on
day 7 after DT injection, all of the transgene-expressing cells
(~17% of cardiomyocytes) might be dead. These results suggest
that loss of this population is sufficient to produce symptomatic
heart failure, and this estimation is consistent with the notion
that a diffuse loss of 10-20% of cardiomyocytes accounts for
cardiac failure, whereas equivalent cardiac failure is produced
by a segmental loss of 40~50% of cardiomyocytes after coronary
artery occlusion (40).

Electron microscopic analysis revealed that, in our mouse
model, damaged cardiomyocytes showed abundant cytoplasmic
autophagosomes and chromatin condensation with more com-
plex and lumpier shapes than in apoptosis, both of which are
characteristic of ACD (Fig. 7). ACD is defined as a regulated
pathway of cytoplasmic degradation executed by lysosomal and
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Fig. 5. DT-induced myocardial cell
death is not mediated by apoptosis,
but by autophagy. A and B, TUNEL
method (A) and electrophoresis of
genomic DNA by agarose gel (B) showed
no evidence of DNA fragmentation in TG
hearts 3 days after DT injection. Spleens
from mice with lipopolysaccharide-in-
duced sepsis were used as a positive con-
trol. C-E, immunoblot analysis showing
no evidence of activation of caspase 3 (C),
changes in expressions of Bel2 family pro-
teins (D) and cytochrome ¢ release from
mitochondria (E) in DT-treated TG
hearts. COX, cytochrome c¢ oxidase sub-
unit IV, D, day. LPS, lipopolysaccharide.
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Fic. 6. DT-induced myocardial cell
death is mediated by autophagy. A,
immunohistochemistry showing cardiom-
yoeytes were positively stained for ca-
thepsin D, LAMP-1, and ubiquitin in TG
hearts 3 days after DT injection. B, im-
munoblot analysis showing unchanged
expression levels of the ubiquitin-activat-
ing enzyme E1, ubiquitin-conjugating en-
zyme E2 (UBC2), ubiquitin-ligating en-
zyme E3 (E6-AP), and deubiquitinating
enzyme UFDI1.
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Fic. 7. Electron microscopic analy-
sis of the hearts after DT injection.
Electron microscopic analysis before (A)
and after DT injection (B~E). In cardiom-
yocytes of DT-treated TG hearts, nuclear
morphological changes associated with
lumpy chromatin condensation were ob-
served (arrow in B). Abundant vacuoles of
various sizes in the cytoplasm (B) were
typical autophagosomes containing de-
generating lipid droplets and mitochon-
dria (C and D). Arrows (in C and D) indi-
cate myelin figures. Myofibrillar lysis
(arrows) was observed in cardiomyocytes
undergoing autophagic cell death (E).
Electron microscopic analysis of biopsied
myocardium from a patient with dilated
cardiomyopathy (F) revealed cardiomyo-
cytes containing many autophagosomes
with degenerating mitochondria (arrows).
Ld, lipid droplet; M¢, mitochondria. Bars,
2 ym (A and B), 1 pm (C and E), 0.5 um
(D), and 5 pm (F),

proteasomal proteases (21-23, 41). Consistently, elevated ex-
pressions of cathepsin D and ubiquitin were recognized in
DT-treated TG cardiomyocytes (Fig. 64). In contrast, biochem-
ical signals inducing apoptosis were not activated. ACD often
occurs in large, cytoplasmic-rich, and post-mitotic cells, and
has been implicated in several human diseases (19, 21-23, 41).
For example, ACD is associated with neurodegenerative dis-
eases such as Parkinson’s disease (42), Huntington’s disease
(43), and Alzheimer’s disease (44). Degenerated cardiomyo-
cytes displaying morphological features characteristic of ACD
have recently been reported to exist in the failing hearts of
patients with dilated cardiomyopathy, valvular heart diseases,
congenital heart diseases, and hypertensive heart diseases
(Fig. 7F) (3-7). A recent paper demonstrated that cardiomyo-
cyte apoptosis of rare occurrence comparable with that ob-
served in human failing hearts were sufficient to cause lethal
cardiomyopathy in transgenic mice with a ligand-induced
caspase-8 activation in the hearts (45). It is noteworthy that
autophagic cardiomyocyte death has been reported to be de-
tectable more frequently than apoptosis or oncosis in failing or
hemodynamically overloaded human hearts (3, 6, 7), although
the frequency of the each form of cell death may be influenced
by disease stages and backgrounds (e.g. age, etiology, clinical
feature, and treatment) of the examined samples (2).

Recent studies have indicated a significant role of lysosomal
cysteine and aspartic protease cathepsins in execution of ACD
(21, 46). PC12 cells cultured in a serum-deprived condition
showed morphological features characteristic of ACD with an
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increase in proteolytic activity of cathepsin D (46), and forced
expression of cathepsin D in PC12-induced rapid cell death,
indicating a regulatory role of cathepsin D in ACD. Expression
of cathepsin D was increased in DT-treated TG hearts (Fig. 64).
In damaged cardiomyocytes, translocation of cathepsin D from
Iysosomes to the cytosol was evident, which is indicative of
enhanced proteolytic activity (47). Cathepsin D has been re-
ported to be activated in human failing hearts (5) and also to be
a positive mediator of apoptotic cell death (22, 47). Further
experiments are required to clarify whether cathepsin D is
involved in execution of myocardial ACD in the pathogenesis of
heart failure and how cathepsin D regulates these modes of cell
death differentially.

According to the recent studies, ubiquitin-dependent protein
degradation is linked to autophagy (48). Accumulation of ubig-
uitin in cardiomyocytes was observed in DT-treated TG hearts
(Fig. 6A) as well as in human failing hearts (4, 6, 7). Kostin ef al.
(6) demonstrated a functional defect in the ubiquitin/proteasome
pathway together with ubiguitin accumulation in human failing
hearts, and speculated that an excess of ubiquitinated proteins
might activate autophagic protein degradation. The precise mo-
lecular mechanisms of how ubiquitin accumulation enhances
autophagy remain unknown, although ubiquitination is postu-
lated to be required for maturation of autophagosomes (48). Un-
like human failing hearts (6), the amounts of UBC2 and UFD1
were unchanged in the hearts of our model mice (Fig. 6B). Pro-
tein ubiquitination and deubiquitination are mediated by a large
number of enzymes (49), and it is an important issue to be

-371-



Autophagic Cardiomyocyte Death in Heart Failure

addressed in the future how ubiquitin is accumulated in cardiom-
yocytes undergoing autophagic cell death.

Diphtheria is a communicable disease affecting the upper
respiratory tract and occasionally the skin as primary infection
(50). However, remote organs such as heart or peripheral
nerves are often damaged when DT is absorbed into the sys-
temic circulation. Although diphtheria infection has been
rarely encountered in developed countries because of the high
rates of vaccination after the mid 1960s, several sporadic out-
breaks occurred, for example, in the former Union of Soviet
Socialist Republics in 1990s (50). Myocardial involvement is a
major complication that determines the prognosis, but the
pathophysiology associated with diphtheritic cardiomyopathy
remains largely unknown. Histological analysis of the post-
mortal heart of a diphtheria patient revealed hyaline degener-
ation of myocardium and infiltration of mononuclear cells, and
cytosolic lipid droplets and clumped chromatin granules were
observed by electron microscopic examination (51). Although
vacuoles of autophagosomes were not described in this paper,
these findings were similar to those observed in our mouse
model. Interestingly, cardiomyocyte loss through ACD associ-
ated with a decrease in protein synthesis was also observed in
anthracycline-induced cardiomyopathy (52). Therefore, auto-
phagic cardiomyocyte death evoked by a decrease in protein
synthesis might not be confined to diphtheritic cardiomyopa-
thy, but a more generalized phenomenon that occurs during
progression of heart failure arising from miscellaneous etiolo-
gies, In this regard, our model of experimentally induced heart
failure will be useful to elucidate molecular mechanisms un-
derlying structural and functional changes associated with
ACD in heart failure.
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Although somatic stem cells have been reported to
exist in various adult organs, there have been few re-
ports concerning stem cells in the heart. We here dem-
onstrate that Sca-1-positive (Sca-1+) cells in adult
hearts have some of the features of stem cells. Sca-1+
cells were isolated from adult murine hearts by a mag-
netic cell sorting system and cultured on gelatin-coated
dishes, A fraction of Sca-1+ cells stuck to the culture
dish and proliferated slowly. When treated with oxyto-
cin, Sca-1+ cells expressed genes of cardiac transerip-
tion factors and contractile proteins and showed sarco-
meric structure and spontaneous beating. Isoproterenol
treatment increased the beating rate, which was accom-
panied by the intracellular Ca%* transients. The cardiac
Sca-1+ cells expressed oxytocin receptor mRNA, and the
expression was up-regulated after oxytocin treatment.
Some of the Sca-1+ cells expressed alkaline phosphatase
after osteogenic induction and were stained with Oil-
Red O after adipogenic induction. These results suggest
that Sca-1+ cells in the adult murine heart have poten-
tial as stem cells and may contribute to the regeneration
of injured hearis.

The heart has long been thought to adapt to increased work
and loss of cardiomyocytes by the cellular hypertrophy of re-
sidual cardiomyocytes, but not by the proliferation of mature
cardiomyocytes or the differentiation of undifferentiated cells.
However, recent reports have suggested that adult cardiomyo-
cytes can proliferate under certain pathologic conditions and
that there ave cells expressing stem cell markers in the adult
heart (1-4). It has been reported that Sca-1- and c-kit-positive
(4) cells exist in the adult heart (5) and that adult murine
hearts contain potential stem cells; side population (SP)* cells
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(6, 7). However, it remains to be clarified whether these cells
have the characteristics of stem cells such as abilities of self-
renewal and differentiation into various types of cells including
mature cardiomyocytes,

Sca-1 is a member of the Ly-6 family and has first reported
as one of the cell surface markers of hematopoietic stem cells
(8). Recently many reports have demonstrated that multipo-
tential stem cells derived from bone marrow and skeletal mus-
cle express Sca-1. Okumoto ef al. (9) have reported that Sca-1+
cells from bone marrow differentiate into hepatocyte when
treated with hepatic growth factor. Gojo et al. (10) have re-
ported that adult mesenchymal stem cells from bone marrow
abundantly express Sca-1 and differentiate into cardiomyocyte
in vivo. Qu-Petersen et al. (11) have shown that skeletal mus-
cle-derived stem cells, which highly express Sca-1, contribute
to the regeneration of the skeletal muscle in a mouse model of
Duchenne muscle dystrophy. They also demonstrated that the
skeletal muscle-derived stem cells were able to differentiate
into neural cells and endothelial cells. Asakura et al. (12) have
reported that ~90% of SP cells in skeletal muscle express
Sca-1. It has been reported that skeletal muscle-derived
Sca-1+ and CD34+ cells restore dystrophin in mdx mice (13)
and that CD34+ and CD45~ cells in the interstitial spaces of
skeletal muscle, which highly express Sca-1, differentiate into
adipocytes, endothelial, and myogenic cells (14). These findings
suggest that Sca-1 might be important evidence for somatic
stem cells.

Currently little is known about the humoral or growth fac-
tors that induce cardiomyogenic differentiation. It has been
shown that ectopic application of bone morphological protein
(BMP) 2 and 4 elicits cardiogenic responses in the chick in vivo
system (15}, and fibroblast growth factor (FGF) 2 and 4, com-
bined with BMP-2 or BMP-4 can induce cardiogenesis in chick
non-precardiac mesoderm (16). The non-canonical Wnt/e-Jun-
N-terminal kinase pathways have been reported to be essential
for cardiac induction in frog and chick embryo systems (17, 18).
These factors are prerequisites for early cardiac differentiation
but are not sufficient for accomplishing differentiation into
mature beating cardiomyocytes. Recently Paquin et al. (19)
have reported that oxytocin induces differentiation of P19 em-
bryonic carcinoma cells to beating cardiomyocytes. In support
of the role of oxytocin in cardiac development, the oxytocin
receptor is increased at the protein level in the murine heart
from day 7 of gestation, when cardiac differentiation starts

PBS, phosphate-buffered saline; FBS, fetal bovine serum; MHC, myosin
heavy chain; MLC, myosin light chain; MACS, Magnetic Cell Sorting;
ALP, alkaline phosphatase; MEF, muscle enhancer factor.

This paper is available on line at http://www.jbc.org

-373-



Cardiac Stem Cells in the Adult Murine Heart

11385

TaBLE |
PCR primers and PCR conditions

Primer

Product size Annealing temperature

«-MHC
5-GGAAGAGTGAGCGGCCATCAAGG-3'
5-CTGCTGGAGAGGTTATTCCTCG-3'

B-MHC
5'-GCCAACACCAACCTGTCCAAGTTC-8'
5'-TGCAAAGGCTCCAGGTCTGAGGGC-3'

MLC-2a
5-CAGACCTGAAGGAGACCT-3'
5'-GTCAGCGTAAACAGTTGC-3'

MLC-2v
5'-GCCAAGAAGCGGATAGAAGG-3’
5'-CTGTGGTTCAGGGCTCAGTC-3"

Cardiac a-actin
5'-CTGAGATGTCTCTCTCTCTCTTAG-3'
5'-ACAATGACTGATGAGAGATG-3'

Csx/Nkx-2.5
5-CAGTGGAGCTGGACAAAGCC-3’
5'-TAGCGACGGTTCTGGAATTT-3’

GATA4
5'-CTGTCATCTCACTATGGGCA-3'
5'-CCAAGTCCGAGCAGGAATTT-3’

MEF-2C
5'-GGCCATGGTACACCGAGTACAACGAGC-3’
5 -GGGGATCCCTGTGTTACCTGCACTTGG-3'

Oxytocin receptor
5'-AAGATGACCTTCATCATTGTTC-3'
5'-CGACTCAGGACGAAGGTGGAGGA-3'

ALP
5"-TTGAAACTCCAAAAGCTCAACACCA-3’
5-TCTCGTTATCCGAGTACCAGTCCC-3’

Osteocalcin
5'-CCGGGAGCAGTGTGAGCTTA-3'
5"-TAGATGCGTTTGTAGGCGGTC-3’

B-Actin
5'-GGACCTGGCTGGCCGGGACC-3’
5-GCGGTGCACGATGGAGGGGC-3’

bp °C
302 65
205 66
286 54
499 55

99 60
216 55
275 60
401 62
303 61
450 62

92 62
583 60

(20). Although the precise mechanism of the effect of oxytocin is
not clear, oxytocin may play an important role in the differen-
tiation into cardiomyocytes from primitive cells including adult
somatic stem cells. Here, we first report that a novel population
from Sca-1+ cells derived from the adult murine heart prolif-
erates and differentiates into beating cardiomyocytes with ox-
ytocin treatment.

EXPERIMENTAL PROCEDURES

Animals and Reagents—Wild mice (C57BV/6) were purchased from
Takasugi Experimental Animals Supply, Co, LTD, Japan. All protocols
were approved by the Institutional Animal Care and Use Committee of
Chiba University. Phycoerythrin (PE) -conjugated anti-Sca-1 (anti-
LyGA/E), anti-c-kit (anti-CD117) antibodies were purchased from eBio-
science (San Diego, CA). PE-conjugated anti-CD34, anti-CD45, and
biotin-conjugated anti-Sca-1 antibodies were purchased from BD
Pharmingen (San Diego, CA). The following antibodies were used for
immunostaining: mouse monoclonal anti-cardiac troponin T (RV-C2,
DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH, Germany), rabbit polyclonal anti-atrial natriuretic factor-1
{ANF) (Peninsula Laboratories, San Carlos. CA), goat polyclonal anti-
GATA4 (Santa Cruz Biotechnology, Santa Cruz, CA), mouse mono-
clonal anti-myosin light chain-2v (MLC-2v) (BioCytex, France), mouse
monoclonal anti-tropomyosin (Sigma Aldrich), mouse monoclonal anti-
sarcomeric myosin heavy chain (MF-20) (American Type Culture Col-
lection), rabbit polyclonal anti-connexin 43 (Zymed Laboratories, South
San Francisco, CA). Fluorescent secondary antibodies were purchased
from Jackson ImmunoResearch Laboratory (Bar Harbor, ME). Other
reagents that are not specified were obtained from Sigma-Aldrich.

Isolation and Culture of Sca-1+ Cells from the Adult Murine
Heart—A heart of adult C57BI/6 mouse (10-12 weeks old) was enzy-
matically dissociated into a single cell suspension as described previ-
ously (21). Enrichment of Sca-1+ cells was achieved by sorting using
the Magnetic Cell Sorting (MACS) system (Miltenyl Biotec, Sunnyvale,
CA). Whole primary cell suspension was incubated with PE-conjugated
anti-Sca-1 antibody for 10 min on ice, washed in PBS supplemented

with 3% FBS, incubated with anti-PE micro beads for 15 min at 4 °C,
and washed with PBS supplemented with 3% FBS. The samples were
passed through a MACS column set up in a Miltenyl magnet and the
Sca-1+ cells were eluted from the column by washing with PBS sup-
plemented with 3% FFBS. To increase the purity of the Sca-1+ cells,
magnetic sorting was performed one more time. The Sca-1+ cells were
cultured on 1% gelatin-coated dishes with Iscove’s Modified Dulbecco’s
Medium (IMDM) supplemented with 10% FBS, 100 pg/ml of penicillin,
and 250 pg/ml of streptomycin at 37 °C in humid air with 5% CO,.
Twenty-four hours after seeding, the cells were treated with 10 um
5'-azacytizine for the initial 72 h or 100 nM oxytocin (WAKO, Japan).
After treatment, the medium was changed every 3 days.

Characterization of Cardiac Muscle-derived Stem Cells for Flow Cy-
tometric Analysis—Sca-1+ cells were isolated by the MACS system
with biotin-conjugated anti-Sca-1 antibody and anti-biotin micro beads.
Magnetic sorting was repeated twice, and the cells were incubated with
PE-conjugated anti-CD45 antibody, PE-conjugated anti-CD34 anti-
body, and PE-conjugated anti-c-kit antibody, respectively for 10 min on
ice and washed with PBS supplemented with 3% FBS. The percentages
of CD45+, CD34+, and c-kit+ cells were analyzed by the EPICS
ALTRA flow cytometer using EXPO32 software (Beckman Coulter,
Miami, FL).

RNA Extraction and Reverse Transcriptase-PCR—Total RNA was
extracted from the adult murine heart, liver, and Sca-1+ cells by
RNA-bee reagent (TEL-TEST, Friendswood, TX). Reverse transcriptase
(RT)-PCR of genes of cardiac transeription factors, including Csx/Nkx-
2.5 (22), GATA4 (23), muscle enhancer factor-2C (MEF-2C) (24), and
cardiac structural proteins, including - and B-myosin heavy chain
(MHC) (25), myosin light chain-2a (MLC-2a), MLC-2v (26), cardiac
a-actin (27), and oxytocin receptor (19), alkaline phosphatase (28),
osteocalcin (29) were performed using 0.1 pg of total RNA. B-actin (30)
was used as an internal control. The primers used in this study and
PCR conditions are described in Table I. The PCR products were size-
fractionated by 2% agarose gel electrophoresis.

Immunocytochemistry—Cells were fixed with 4% paraformaldehyde
for 15 min at room temperature. After preblocking with PBS containing
2% donkey serum, 2% bovine serum albumin and 0.2% Nonidet P-40 for
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Fic. 1. Flow cytometric analysis of Sca-1+ cells. Sca-1+ cells were enriched by the MACS system with PE-conjugated anti-Sca-1 antibody
and anti-PE micro beads, and after sorting twice, ~90% of the cells expressed Sca-1 (A). Sca-1+ cells were stained with PE-conjugated anti-CD45
antibody, anti-CD34 antibody, and anti-c-kit antibody. In enriched Sca-1+ cells, ~40% of the cells expressed CD45 (B), ~10% of the cells expressed

CD34 (C), and c-kit (D).

30 min, primary antibodies in PBS containing 2% donkey serum, 2%
bovine serum albumin and 0.1% Nonidet P-40 were applied overnight in
4 °C. Subsequently cells were washed three times in PBS, and then
fluorescein isothiocyanate- or Cy5-conjugated secondary antibodies
were applied to visualize expression of specific proteins. Nuclear stain-
ing was performed with TO-PRO-3 (Molecular Probes, Eugene, OR).
Images of cells were taken by laser confocal microscopy (Radiance2000,
Bio-Rad, Hercules, CA).

Phase Contrast Live Imaging—Live images were taken by a Zeiss
inverted microscope (Carl Zeiss, Jena, Germany) equipped with phase-
contrast objectives and an AxioCam camera. Live image of beating cells
were obtained by a chilled CCD camera (Hamamatsu) using I-O DATA
Videorecorder software.

Measurement of Intracellular Ca®* Concentration—Intracellular
Ca®* concentration ([Ca?*],) in beating cells derived from cardiac
Sca-1+ cells was measured as previously described (31). The beating
cells on gelatin-coated glass coverslips were incubated in HEPES (load-

ing) solution containing 1 uM fluo 3-acetoxymethyl ester (fluo 3-AM;
Molecular Probes) at 36 °C in the dark for 30 min. The loading solution
was prepared by diluting a 100 um fluo 3 stock solution, which con-
tained 0.45% Pluronic F127 (Molecular Probes), 10% dimethyl sulfox-
ide, and 90% FBS. HEPES solution consisted of (in mm) 126 NaCl, 4.4
KCl, 1.0 MgCl,, 1.08 CaCl,, 24 HEPES, 13 NaOH, 11 glucose, and 0.5
probenecid (pH 7.4). The coverslips were washed twice with dye-free
HEPES solution and placed in a flow-through chamber on the micro-
scope. Fluo 3-loaded beating cells were excited by 480-nm light and
emitted fluorescence was recorded at 530 nm by a photomultiplier tube
(AIM-10, InterMedical, Co, Japan) and digitized (PowerLab 2/20, AD-
instruments, Castle Hill, Australia). Curve fits were performed with
Origin 7J software (MicroCal Software, Northampton, MA). The inten-
sity of the fluorescence at 530 nm increased with an increase in [Ca®*],.

Estimation of Pluripotency—Osteogenic differentiation of Sca-1+ cells
from the adult murine heart was induced in IMDM supplemented with
10% FBS, 50 uM ascorbic acid 2-phosphate, 0.1 unM dexamethasone, and 10

-375-



Cardiac Stem Cells in the Adult Murine Heart

mM B-glycerophosphate as described previously (32). For detection of
osteocytes, alkaline phosphatase staining (leukocyte alkaline phospha-
tase assay kit, Sigma-Aldrich) was used. Adipogenic differentiation was
induced as described previously (28). Briefly the cells were cultured with
Dulbecco’'s Modified Eagle’s Medium (DMEM) supplemented with 5%
horse serum with MDI-I mixture; 0.5 mM methyl-iscbutylxanthine, 1 um
dexamethasone, 100 mM indomethacin, and 10 pg/ml insulin for 2 days
and then cultured with Dulbecco’s modified Eagle’s medium supple-
mented with 5% horse serum and 10 ug/ml of insulin for 1 day. Treatment
with MDI-I followed by insulin was repeated four times. For detection of
accumulated oil droplets, Oil-Red O staining was performed followed by
nuclear hematoxylin counterstaining.

Statistical Analysis—Values are presented as mean * S.E. The sig-
nificance of differences among mean values was determined by analysis
of variance. The accepted level of significance was p < 0.05.

RESULTS

Cell Surface Antigens of Sca-1+ Cells Derived from the Adult
Murine Heart—Flow cytometric analysis revealed that Sca-1+
cells were enriched to over 90% when adult murine cardiac
cells were sorted twice with the MACS system using PE-con-
jugated anti-Sca-1 antibody and anti-PE micro beads (Fig. 14).
The number of purified Sca-1+ cells was ~1 X 10* cells. Li-
mana et al. (33) have estimated the number of cardiomyocytes
in an adult murine heart as ~3 X 10°, Therefore the percentage
of cardiac Sca-1+ cells was ~0.3% of the total number of
cardiomyocytes. Next we examined other cell surface antigens
such as CD45, CD34, and e-kit in Sca-1+ cells. After repeated
magnetic sorting with biotin-conjugated anti-Sca-1 antibody
and anti-biotin micro beads, enriched Sca-1+ cells were incu-
bated with PE-conjugated anti-CD45, CD34 and c-kit antibod-
ies and analyzed by flow cytometry. In enriched Sca-1+ cells,
~40% of the cells expressed CD45 (Fig. 1B), and ~10% of the
cells expressed CD34 (Fig. 1C) and c-kit (Fig. 1D).

Sca-1+ Cells from the Adult Murine Heart Differentiate into
Beating Cardiomyocytes—In order to induce differentiation
into cardiomyocytes, Sca-1+ cells were treated with either
5'-azacytizine or oxytocin. When Sca-1+ cells were cultured
with medium containing FBS, they showed various cell shapes,
and spindle-like and elongated shapes were predominant (Fig.
2A). Two weeks after treatment with oxytocin, small round
cells with prominent nucleus and little cytoplasm appeared
(arrowheads in Fig. 2B). These round cells rapidly proliferated,
formed clusters, and detached from the culture dish so that
spindle-shaped cells were left. The cells were re-plated when
reached to confluence. Four weeks after starting treatment
with oxytocin, some spontanecusly beating cells were recog-
nized among spindle-shaped cells (arrow in Fig. 2, C and D and
Supplemental Data). Spontaneous beating was observed at
~1% cells. On the other hand, cells after treatment with 5'-
azacytizine or vehicles showed fibroblast-like morphology, and
never exhibited round or spindle-shaped morphology, or spon-
taneous beating.

Next we examined the gene expression of cardiac transerip-
tion factors and cardiac structural proteins in Sca-1+ cells by
RT-PCR. Before treatment with 5'-azacytizine or oxytocin, only
Csx/Nkx-2.5 and GATA4 were slightly expressed (Fig. 3, lane
P). Four weeks after treatment with 5'-azacytizine or oxytocin,
all genes of cardiac transcription factors including Csx/Nkx-
2.5, GATA4, and MEF-2C and structural proteins such as a-
and B-MHC, MLC-2a, MLC-2v, and cardiac a-actin were ex-
pressed (Fig. 3, lane A for 5'-azacytizine and lane OT for oxy-
tocin). Treatment with 100 nM oxytocin antagonist (OTA,
[d(CH,);-1,Tyr(Me)-2,Thr-4,0rn-8,Tyr-NH,-9] vasotocin, Wako,
Japan) completely inhibited oxytocin-induced expression of
cardiac genes (Fig. 3, lane OT+0OTA). Total RNA obtained from
the adult murine heart and liver were used as positive and
negative controls (Fig. 3, lane H for heart and lane L for liver).
Loading of equal amounts of RNA was confirmed by expression
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FiG. 2. Phase contrast images of Sca-1+ cells before and after
oxytocin treatment. A, Sca-1+ cells before oxytocin treatment show
small spindle-shaped morphology (0 weeks). B, two weeks after treat-
ment with oxytocin, small round cells (arrowheads) have appeared.
These round cells rapidly proliferated, formed clusters, and detached
from the culture dish so that spindle-shaped cells were left. The cells
were re-plated when reached to confluence. Four weeks after starting
treatment with oxytocin, some spontaneously beating cells (arrow in C
and D) were recognized among the spindle-shaped cells (C). D, magni-
fied scale of the figure in C. Bars, 100 puM.

of the B-actin gene. Cardiac gene expression was not observed
in cells cultured with vehicle (Fig. 3, lane V).

To examine the expression and localization of cardiac pro-
teins, the Sca-1+ cells treated with oxytocin and 5'-azacytizine
were stained with specific antibodies against cardiac proteins.
The cells treated with oxytocin expressed GATA4 (Fig. 44),
ANF (Fig. 4B), and cardiac troponin T (Fig. 4, A and B).
MLC-2v (Fig. 4C), sarcomeric myosin heavy chain (Fig. 4D),
and tropomyosin (data not shown) were also expressed. Nota-
bly, staining of each contractile protein showed a fine striated
pattern. Connexin 43 was expressed at the junction between
two cardiac troponin T-expressing cells (Fig. 4E). These find-
ings indicate that treatment with oxytocin induced differenti-
ation of Sca-1+ cells, derived from the adult murine heart, into
mature cardiomyocytes, which had well-organized structures
and electrical junctions. After treatment with 5'-azacytizine, a
fraction of cells expressed sarcomeric myosin heavy chain in
fibrillar pattern (Fig. 4F), but not cardiac troponin T (data not
shown). Next we sorted cardiac Sca-1+ cells on the basis of
CD45 expression and cultured with oxytocin. Some of the Sca-
1+/CD45— cells expressed sarcomeric myosin after oxytocin
treatment, but none of the Sca-1+/CD45+ cells expressed my-
osin (data not shown), suggesting that Sca-1+ cells that can
differentiate into cardiomyocytes are in CD45~ population.

Cardiac contraction is regulated by beat to beat change in
[Ca?*];. To ascertain that the spontaneous beating of differen-
tiated cardiac Sca-1+ cells depends on intracellular level of
Ca?", we analyzed [Ca®"]; transients of the beating cells. As
shown in the upper panel of Fig. 54, the spontaneous beating of
differentiated Sca-1+ cells was accompanied with [Ca®*]; tran-
sients. After treatment with 107 m isoproterenol for 5 min, the
frequency of [Ca®*]; transients was increased in comparison
with control (Fig. 5A, upper panel versus lower panel). Next we
examined the predominant subtype of B receptors, which me-
diates changes in beating rate. Differentiated cardiac Sca-1+
cells were treated with vehicle (PBS), propranolol, CGP20712A
(B,-selective blocker), or ICI118551 (B,-selective blocker) for 30
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Fic. 3. RT-PCR analysis of cardiac genes. Sca-1+ cells after treatment with oxytocin (lane OT) or 5'-azacytizine (lane A) expressed
Csx/Nkx-2.5, GATA4, MEF-2C, o-MHC, B-MHC, MLC-2a, MLC-2v, and cardiac a-actin. Although Sca-1+ cells before treatment (Jane P) expressed
Csx/Nkx-2.5 and GATA4 slightly, none of cells after treatment with vehicles ({ane V) or oxytocin antagonist combined with oxytocin (lane OT+0TA)
expressed any cardiac transcription factors. Heart (lane H) and liver (lune L) were used as positive and negative controls, respectively.

Fic. 4, Inmunocytochemical analysis of cardiac proteins. A-E,
cardiac differentiation of Sca-1+ cells after oxytocin treatment. Cells
were double-stained using anti-GATA4 antibody (A, green), anti-ANF
antibody (B, green), and anti-cardiac troponin T antibody (A and B,
blue). Cells were stained with anti-MLC-2v (C, green) and anti-sarco-
meric myosin heavy chain antibodies (D, green), and nuclei were
stained with TO-PRO-3 (C and D, blue). Cells were double-stained
using anti-cardiac troponin T antibody (E, green) and anti-connexin 43
antibody (E, blue). F, differentiation of Sca-1+ cells after 5'-azacytizine
treatment. Cells were stained with anti-sarcomeric myosin heavy chain
(F, green) and TO-PRO-3 (F, blue). Bars, 50 um.

min and then stimulated with isoproterenol alone for 5 min.
Isoproterenol significantly increased the beating rate of the
control cells (control: 131.9 + 5.6, n = 10 versus isoproterenol:
228.9 * 7.3, n = 10, p < 0.01, Fig. 56B). The pretreatment with
propranolol (average 196.4 = 5.6, n = 10, p < 0.05 versus
isoproterenol) and CGP20712A (average 188.9 + 7.5, n = 10,
p < 0.05 versus isoproterencl) reduced the inerease in beating
rate in response to isoproterenol significantly (PFig. 5B).
ICI118551 had no effect on the isoproterenol-induced increase
in beating rate.

Sca-1+ Cells from the Adult Murine Heart Express Oxytocin
Receptor mRNA—To elucidate the role of oxytocin receptor in
cardiomyogenesis of Sca-1+ cells, we examined the expression
of oxytocin receptor in Sca-1+ cells. Oxytocin receptor mRNA
was present at low levels in Sca-1+ cells before oxytocin treat-
ment (Fig. 6, lane P). Expression levels of oxytocin receptor
remained low in cells cultured with vehicle (Fig. 6, lane V).
After treatment with oxytocin, expression levels of oxytocin
receptor were up-regulated (Fig. 6, lane OT). In accordance
with the inhibitory effect of oxytocin antagonist on oxytocin-

induced cardiac differentiation, oxytocin antagonist inhibited
oxytocin-induced up-regulation of the oxytocin receptor (Fig. 6,
lane OT+OTA). These results suggest that the positive feed-
back mechanism, namely oxytocin-induced up-regulation of ox-
ytocin receptor, plays an important role in oxytocin-induced
cardiomyocyte differentiation of cardiac Sca-1+ cells.

Sca-1+ Cells Can Differentiate into Osteocytes and Adipo-
cytes—It has been reported that Sca-1+ cells from skeletal
muscle and bone marrow differentiate into various types of
cells such as adipocytes, endothelial cells, muscle, neural, and
hepatic cells (9, 11, 14). To determine whether the Sca-1+ cells
from the adult murine heart have pluripotency, we examined
whether these cells could differentiate into cells other than
cardiomyocytes. When treated with osteogenic inducers, some
of Sca-1+ cells were stained with alkaline phosphatase, one of
the early markers of osteogenesis (Fig. 74). RT-PCR clearly
revealed that osteogenic marker mRNAs such as alkaline phos-
phatase and osteocalcin were induced in Sca-1+ cells after
treatment with osteogenic inducers (Ifig. 7B). On the other
hand, Sca-1+ cells treated with oxytocin never expressed alka-
line phosphatase and osteocalcin. When Sea-1+ cells were cul-
tured with MDI-I mixture for twelve days, some of Sca-1+ cells
showed cytoplasmic accumulation of oil droplets stained with
Oil-Red O, indicating that Sca-1+ cells differentiated into adi-
pocytes (Fig. 70).

DISCUSSION

In this report, we have first demonstrated that adult cardiac
Sca-1+ cells can differentiate into beating cardiomyocytes in
vitro by treatment with oxytocin. When treated with oxytocin,
the Sca-1+ cells expressed cardiac genes including Csx/Nkx-
2.5, GATA4, MEF-2C, «-MHC, g-MHC, MLC-2a, ML.C-2v, and
cardiac a-actin, and cardiac proteins including GATA4, cardiac
troponin T, tropomyosin, MLC-2v, sarcomeric myosin heavy
chain, ANF, and connexin 43. Furthermore, some of Sca-1+
cells showed well organized sarcomere and spontaneous beat-
ing. Although transient treatment with 5'-azacytizine also in-
duced expression of cardiac genes in Sca-1+ cells, it did not
induce expression of cardiac troponin T, assembly of sarcomere
or spontaneous beating. These results suggest that treatment
with 5'-azacytizine induces differentiation of Sca-1+ cells into
cardiomyocytes incompletely and that oxytocin is a more potent
inducer of cardiac differentiation than 5'-azacytizine.

P19 teratocarcinoma cells differentiate into beating cardiom-
yocytes after treatment with Me,SO and have been considered
as a good model of in vitro cardiogenesis (34, 35). Several
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F1G. 5. Physiological analysis of differentiated cardiac Sca-1+ cells. A, [Ca®*], transients of beating cells derived from cardiac Sca-1+
cells before (upper panel) and after (lower panel) treatment with isoproterenol. B, the effects of subtype-specific 8 receptor blockers on isoproter-

enol-induced increase in beating rate of differentiated cardiac Sca-1+ cells. Preincubation with 107 M propranolol (nonselective B blocker) and
1077 M CGP20712A (B,-selective blocker) reduced isoproterenol-induced increase in beating rate significantly but 10~7 M ICI118551 (B,-selective

blocker) did not. *, p < 0.01 versus control; **, p < 0.05 versus isoproterenol only; n.s., not significant.
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Fic. 6. RT-PCR analysis of oxytocin receptor expression in
Seca-1+ cells. Oxytocin receptor mRNA was present at low levels in
Sca-1+ cells before treatment (lane P). After oxytocin treatment, the
oxytocin receptor mRNA expression was up-regulated (lane OT), but
oxytocin antagonist inhibited oxytocin-induced oxytocin receptor up-
regulation (lane OT+0TA).

essential transcription factors in cardiomyogenesis such as
GATAA4 (34), Csx/Nkx-2.5 (34), and MEF-2C (36) are up-regu-
lated in P19 cells treated with Me,SO. Recently Paguin et al.
(19) have reported that oxytocin induces P19 embryonic carci-
noma cells to differentiate into cardiomyocytes. Treatment
with oxytocin as well as with Me,SO induced colony formation
of beating cardiomyocytes, expression of cardiac proteins, and
oxytocin receptor proteins. In this study, cardiac Sca-1+ cells
expressed low levels of oxytocin receptor mRNA that were
positively regulated by oxytocin itself, and pretreatment with
oxytocin antagonist completely inhibited oxytocin-induced ex-
pression of cardiac genes. These results suggest that oxytocin
induces cardiomyocyte differentiation of cardiac Sca-1+ cells
through oxytocin receptors. Furthermore Sca-1+ cells treated
with oxytocin did not express osteogenic marker mRNAs, sug-
gesting that oxytocin is not a nonspecific inducer like 5'-aza-
cytizine but has some specificity for cardiac lineage.

Oxytocin receptors are coupled to Gyq; class GTP-binding
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FiG. 7. Osteogenic and adipogenic differentiation potential of
Sca-1+ cells derived from the adult murine heart. A, osteogenic
differentiation of Sca-1+ cells was induced by treatment with ascorbic
acid 2-phosphate, dexamethasone, and S-glycerophosphate for 3 weeks.
Alkaline phosphatase staining (blue) was used for detection of osteo-
cytes. B, RT-PCR experiment clearly revealed that osteogenic marker
mRNAs such as alkaline phosphatase (ALP) and osteocalcin were in-
duced in Sca-1+ cells by treatment with osteogenic inducers (lane P for
pretreatment, lane V for vehicle treatment, lane O for osteogenic induc-
tion). Sca-1+ cells treated with oxytocin never expressed osteogenic
marker mRNAs (lane OT for oxytocin treatment). B-actin was used as
an internal control. C, adipogenic differentiation of Sca-1+ cells was
induced by treatment with adipogenic mixture (MDI-I) for twelve days.
Qil-Red O staining showed adipogenic differentiation of Sca-1+ cells.
Hematoxylin was used for counterstaining of nuclei. Bars, 50 pm.

proteins and stimulate the generation of inositol trisphosphate
and diacylglycerol, leading to Ca%* release and activation of
protein kinase C (37). Oxytocin stimulates cell proliferation
through calcium (38, 39) and protein kinase C pathways (38).
Cassoni et al. (40) have reported that oxytocin stimulates cell
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