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Phosphatidylinositol-3 Kinase-Dependent Pathway

in Canine Hearts

Akio Hirata®, Tetsuo Minamino', Hiroshi
Asanuma®, Shoji Sanada®, Masashi Fujita®,
‘Osamu Tsukamoto®, Masakatsu Wakeno?,
Masafumi Myoishi*, Ken-ichiro Okada®, Hidekazu
Koyama', Kazuo Komamura®, Seiji Takashima',
Yoshiro Shinozaki*, Hidezo Mori®, Hitonobu

 Tomoike®, Masatsugu Hori', and Masafumi

Kitakaze®

1 Department of Internal Medicine and Therapeutics, Osaka
University Graduate School of Medicine, Suita, Osaka, Japan;
2 Department of Bioregulatory Medicine, Osaka University
Graduate School of Medicine, Suita, Osaka, Japan;

3 Cardiovascular Division of Internal Medicine, National
Cardiovascular Center, Suita, Osaka, Japan; *Department of
Physiological Science, Tokai University School of Medicine,
Isehara, Kanagawa, Japan

Summary. Although recent studies suggest that erythropoi-
etin (EPO) may reduce multiple features of the myocardial
ischemia/reperfusion injury, the cellular mechanisms and
the clinical implications of EPO-induced cardioprotec-
tion are still unclear. Thus, in this study, we clarified
dose-dependent effects of EPO administered just before
reperfusion on infarct size and the incidence of ventric-
ular fibrillation and evaluated the involvement of the
phosphatidylinositol-3 (PI3) kinase in the in vivo canine
model. The canine left anterior descending coronary artery
was occluded for 90 min followed by 6 h of reperfusion.
A single intravenous administration of EPO just before
reperfusion significantly reduced infarct size (high dose
(1,000 IU/kg): 7.7 + 1.6%, low dose (100 IU/kg): 22.1 + 2.4%,
control: 40.0+3.6%) in a dose-dependent manner. Fur-
thermore, the high, but not low, dose of EPO adminis-
tered as a single injection significantly reduced the inci-
dence of ventricular fibrillation during reperfusion (high
dose: 0%, low dose: 40.0%, control: 50.0%). An intracoro-
nary administration of a PI3 kinase inhibitor, wortman-
nin, blunted the infarct size-limiting and anti-arrhythmic ef-
fects of EPO. Low and high doses of EPO equally induced
Akt phosphorylation and decreased the eguivalent num-
ber of TUNEL-positive cells in the ischemic myocardium of
dogs. These effects of EPO were abolished by the treatment
with wortmannin. In conclusion, EPO administered just be-
fore reperfusion reduced infarct size and the incidence
of ventricular fibrillation via the PI3 kinase-dependent
pathway in canine hearts. EPO administration can be a
realistic strategy for the treatment of acute myocardial
infarction.

Key Words. erythropoietin, myocardial infarction, ventric-
ular arrhythmia, phosphatidylinositol-3 kinase, ischemia-
reperfusion injury, apoptosis

Introduction

Recent studies have extended the traditional role of
erythropoietin (EPO) from a mediator of erythroid
maturation to one that provides protection against
apoptotic cell death [1,2]). Recombinant human EPO
(rhEPO) has been shown to exert marked protective
effects against ischemia/reperfusion injury in rats and
rabbits when rhEPOQ is administered at different time
points [3-8]. Indeed, rhEPQO reduced myocardial infarct
size, enhanced recovery of left. ventricular developed
pressure, reduced the number of apoptotic cells, and
induced the phosphorylation of Akt [3-8]. In these stud-
ies, high (1,000-5,000 IU/kg) doses of rhEPO, nearly 10
times higher than that used in anemic patients with
chronic renal failure [9], have been applied. Recently, it
was reported that phosphatidylinositol-3 (PI3) kinase
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activity is required for rhEPO to recover contractile
dysfunction and to block apoptosis induced by myocar-
dial ischemia-reperfusion in isolated hearts (ex vivo)
[10]. However, it is not determined whether rhEPOQ just
before reperfusion reduces infarct size via P13 kinase-
dependent pathway in the in vivo model.

In addition to myocardial cell death, myocardial
ischemia-reperfusion triggers lethal arrhythmias [11].
Itis believed that at least half of the deaths due to coro-
nary artery disease are caused by a lethal arrhythmia
[12]. Although high doses of rhEPO exert cardiopro-
tective effects against ischemia/reperfusion injury in
small animals [3-8], its effects on lethal arrhythmias
remain unknown. If rhEPO reduces the incidence of
ventricular fibrillation (VF) in the clinical setting, there
would be additional advantage to use this drug in the
realistic situation of acute myocardial infarction. Thus,
in the present study, we examined dose-dependent ef-
fects of rhEPO administered just before reperfusion on
myocardial infarct size and the incidence of VF in the
i vivo canine model. We also evaluated whether any
such effects were mediated via the PI3 kinase pathway.

Materials and Methods

Materials

Wortmannin was obtained from Sigma (St. Louis,
MO) and Phospho-Akt and Akt antibodies were ob-
tained from Cell Signaling Technologies (Beverly, MA).
RhEPO was provided by Chugai Pharmaceutical Co.,
Ltd (Tokyo, Japan).

Instrumentation
Forty-eight beagle dogs (Kitayama Labes, Yoshiki
Farm, Gifu, Japan) weighing 8 to 12 kg were anes-
thetized by an intravenous injection of sodium pen-
tobarbital (30 mg/kg), intubated, and ventilated with
room air mixed with oxygen (100% Oy at flow rate of
1.0 to 1.6 L/min). Thoracotomy was done at the left
fifth intercostal space, and the heart was suspended
by a pericardial cradle. After intravenous administra-
tion of heparin (500 U/kg), the left anterior descend-
ing coronary artery (LAD) was cannulated for perfu-
sion with blood from the left carotid artery through
an extracorporeal bypass tube. Coronary blood flow
was measured with an electromagnetic flow probe at-
tached to the bypass tube. We can selectively infuse
drugs into LAD-perfused areas through this bypass
tube. The left atrium was catheterized for microsphere
injection to measure myocardial collateral blood fiow
during ischemia. Hydration was maintained by a slow
normal saline infusion. The femoral artery was also
cannulated to measure the mean systemie blood pres-
sure (SBP). Both SBP and heart rate (HR) were mon-
itored continuously during the study. All procedures
were performed in conformity with the Guide for the
Careand Use of Laboratory Animals (NIH Publication
No. 85-23, 1996 revision), and were approved by the

Osaka University Committee for Laboratory Animal
Use.

Experimental protocols

Protocol 1. Long-term effects of thEPO on hematomet-
ric parametersindogs. Totestthelong-term effectsof
rhEPO on hematometric parameters, 100 IU/kg (n = 5)
or 1,000 IU/kg (n = 5) of rhEPO was intravenously ad-
ministered as a single injection. Blood was collected un-
der pentobarbital (15 mg/kg) anesthesia beforeand 7, 14
days after rhEPO treatment. Hematometric parame-
ters including hematocrit, white blood cell, and platelet
counts were measured.

Protocol 2; Measurement of infarct size, coronary
blood flow and myocardial collateral blood flow. Af-
ter hemodynamic stabilization, we administered a low
(100 IU/kg), or high (1,000 IU/kg) dose of rhEPO, or
saline 10 min prior to reperfusion (n = 8-12 each)
as a single intravenous injection (Fig. 1). To clar-
ify whether rhEPO reduces myocardial infarct size
through a PI3 kinase-dependent pathway, a PI3 ki-
nase inhibitor, wortmannin, was selectively adminis-
tered into the LAD (1.5 pug/kg/min) for 60 min after
the onset of reperfusion. We have previously confirmed
that the dose of wortmannin employed in this study
is appropriate for blocking the phosphorylation of Akt
in myocardium [13]. We measured infarct size and re-
gional myocardial collateral blood flow during 90 min of
ischemia as described previously [14]. In brief, infarct
size was evaluated at the end of the protocol by Evans
blue/TTC staining, while collateral blood flow was as-
sessed by the non-radioactive microsphere method [14].
Coronary blood flow was monitored continuously dur-
ing the study. To ensure that all of the animals included
in the data analysis were healthy and were exposed to
a similar extent of ischemia, the exclusion criteria re-
ported previously for excessive myocardial collateral
blood flow (>15 mL/100 g/min) and lethal arrhythmia
(more than two consecutive attempts required to con-
vert VF with low-energy DC pulses applied directly to
the heart) were adopted [14].

Effects of rhEPO on VF during

reperfusion period

In Protocol 2, we also evaluated the incidence of VF
during the 6 h reperfusion period (Fig. 1). Since my-
ocardial coliateral blood flow during ischemia exhib-
ited a negative correlation with the incidence of VF
[15,16], the dogs with excessive collateral blood flow
(>15 mL/100 g/min) were excluded from VF analysis.

Phosphorylation of Akt

We used 12 dogs for western blot in the control, low
EPO, high EPO, and high EPO + WTMN groups (n = 3
each) in Protocol 2 (Fig. 1). After 90 min of ischemia fol-
lowed by 6 h of reperfusion, hearts were excised and
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Fig. 1. Exzperimental protocol for infarct size and VF.

the myocardial tissue in the ischemic zone was quickly
placed into liquid nitrogen and stored at —80°C. Phos-
phorylation of Akt and total content of Akt were eval-
uated as reported previously [13]. The immunoreac-
tive bands were quantified by densitometry (Molecular
Dynamices).

Terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling
(TUNEL)

In Protocol 2, the myocardial tissue samples were taken
from the ischemic zone of dogs in the control, low EPO,
high EPO, and high EPO + WTMN groups(n = 3each).
_These were fixed in 10% buffered formalin, embedded
in paraffin, and serially sectioned in the frontal plane at
5-pm thickness. Analysis by TUNEL method was per-
formed according to the protocol supplied with the in
situ apoptosis detection kit, the Apop Tag Peroxidase
In Situ Apoptosis Detection Kit (CHEMICON Inter-
national, USA). TUNEL-positive cell nuclei and total
cell nuclei stained metylgreen were counted in 10-15
random high-power fields (x400), and the percentage

of TUNEL-positive cell nuclei to total cell nuclei (n =
1,000) were then calculated.

Statistical analysis

Statistical analysis was performed by one-way factional
analysis of variance (ANOVA) with modified Bonfer-
roni’s post hoc test when the data were compared
among groups. Time courses of the changes were com-
pared by repeated measures ANOVA. The incidence of
VF was compared using the x2-test and Fisher’s exact
probability test. Results were expressed as the mean
+ SEM, with p < 0.05 considered significant.

Results

The long-term effects of rhEPO on
hematometric parameters

The single administration of either 100 IU/kg or
1,000 IU/kg of rhEPO did not change any hematomet-
ric parameters including hematocrit, white blood celis,
and platelet counts 7 or 14 days after rhEPO treatment
(Table 1).

Table 1. Long-term effects of ThE PO on hematometric parameters in dogs

EPO 100 1U/kg EPO 1000 IU/kg
Parameters Day 0 Day 7 Day 14 Day 0 Day 7 Day 14
Ht (%) 50.1 £ 0.8 51.1+£0.9 513 +1.0 515+1.3 520+ 1.0 53.1+£0.7
WBC (10%/uL) 117+ 1.3 121 +£0.7 114 £ 0.6 115+1.3 117+ 0.7 120+ 1.0
- Platelet (104/mm?) 33.7+£2.0 337+18 333 +1.17 332+19 340+24 364 £34

Data are presented as Mean & SEM. n= 5.

Abbreviations: rhEPO = recombinant human erythropoietin, Ht = hematocrit, WBC = white blood cell.
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and coronary blood flow during the experiment in groups tested.

Effects of rhEPO on infarct size and VF
during the reperfusion period

Since 5 of 48 dogs were excluded from analysis because
of excessive collateral blood flow (>15 mL/100 g/min)
(control: 1, low EPQ: 2, high EPO: 1, high EPO +
WTMN: 0, WTMN: 1), 43 dogs were evaluated for VF
analysis. Among these 43 dogs, we excluded 5 dogs (con-
trol: 2, low EPO: 1, high EPO: 0, high EPO + WTMN: 1,
WTMN: 1) that matched the exclusion criteria of lethal
arrhythmia from infarct size analysis.

Throughout the study, neither SBP (Fig. 2A), nor
HR (Fig. 2B), nor coronary blood flow (Fig. 2C) differed
among the 5 groups. The area at risk (Fig. 3A) and my-
ocardial collateral blood flow in the LAD region during
myocardial ischemia (Fig. 3B) were also comparable in
the groups tested.

Table 2. Effects of rhEPO on the incidence of VF during
reperfusion periods

Group Incidence of VF

Control 50.0% (5/10)
Low EPO 40.0% (4/10)
High EPO 0%* (0/9)
High EPO + WTMN 429% (3/7)
WTMN 42.9% (3/7)

*p < 0.05 vs. control group.
Abbreviations: VF = ventricular fibrillation, rhEPO = recombinant human

erythropoietin, WTMN = wortmannin.

Figure 4 shows infarct size in the groups tested. A
low or high dose of rhEPO significantly (p < 0.05) re-
duced the infarct size compared with that in the control
group. Furthermore, a high dose of rhEPO reduced in-
farct size more than a low dose of rhEPO did. The intra-
coronary administration of wortmannin for 60 min after
the onset of reperfusion abrogated the infarct-limiting
effect of thEPO, although wortmannin alone did not
affect infarct size.

The high, but not low, dose of rhEPO significantly
(p < 0.05) reduced the incidence of VF' during the 6 h
reperfusion period compared with the control. The anti-
arrhythmic effects of thEPO were abolished by wort-
mannin (Table 2).

Effects of rhEPO on Akt phosphorylation

After 90 min of ischemia followed by 6 h of reperfusion,
the ratio of phosphorylated Akt to total Akt in the low
and high EPO groups significantly (p < 0.05) increased
compared with that in the control group. The increase
in this ratio was completely abolished by the treatment
with wortmannin (Fig. 5).

Effects of rhEPO on apoptosis

The ratio of TUNEL positive cells to total cells in the
low and high EPO groups decreased compared with
that in the control group. The reduction of TUNEL-
positive cells by rhEPO was completely abolished by
the treatment with wortmannin (Fig. 6).

Discussion

In this study, we demonstrated that a single intra-
venous administration of rhEPO just before reperfu-
sion limited not only infarct size but also the incidence
of VF. Moreover, our data suggest that the infarct size-
limiting and anti-arrhythmic effects of rhEPO were
through the PI3 kinase-dependent pathways in the
in vivo canine hearts. _
Important considerations towards clinical applica-
tion of rhEPO are the timing and dose of its admin-
istration. The previous studies reported that rhEPO
administered at the onset of reperfusion [7,8] as well

-125-



Erythropoietin Reduces Myocardial Ischemia/Reperfusion Injury

37

>
3

IS
=)

[
(=]

~ Risk Area (%)

Collateral Blood Flow (mL/100g/min ) W

Fig. 3. Area at risk and myocardial collateral blood flow during ischemia in groups tested.

80 1

w [3,) [=2] ~
=] © o o
O OO

Infarct Area / Risk Area (%)
N »
o [=}
0y @ @o
@

10 9
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as ischemia [7,8] reduces infarct size in rabbit and rat
hearts. Consistent with these reports, we confirmed
that rhEPO administered 10 min before reperfusion re-
duced myocardial infarct size in dogs. Our findings sup-
port the idea that in humans the adjunctive therapy
with rhEPO treatment during coronary intervention
would reduce myocardial infarct size.

The doses of rhEPO (1,000-5,000 1U/kg) admin-
istered in previous experimental studies [3-8] were
nearly 10 times higher than those clinically used in
anemic patients with chronic renal failure [9]. In the

A Control Low EPO High EPo High EPO
+WTMN

e

-

Fold increase

[~

Control

Low EPO High EPO High EPO
+WTMN

Fig. 5. Phosphorylation of Akt in canine hearts. (A)

Representative Western blot for phosphorylated and total Akt.
. (B) Densitometry graphs indicating fold expression over control

for Akt. m = 8 each. *p < 0.05 vs. control group.

present study, we demonstrated that both 100 IU/kg
and 1,000 IU/kg of rhEPO as a single administration
significantly reduced myocardial infarct size, although
a high dose of rhEPO significantly reduced infarct size
more than a low dose of rhEPO did. This finding sug-
gests that the clinically relevant dose of rhEPO used
in patients with chronic renal failure can reduce my-
ocardial infarct size. In the previous clinical studies, a
high dose (33,000 IU once daily for the first 3 days)
of intravenously administered rhEPO was well tol-
erated in patients with stroke and improved clinical
outcome at 1 month [17]. On the other hand, a high
dose (40,000-60,000 IU per week) of subcutaneously
administered rhEPO, while not as a single injection,
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Fig. 6. TUNEL staining in canine hearts after 90 min ischemia followed by 6 h of reperfusion. Represeniative examples of
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Quantitative data of the percentage of TUNE L-positive nuclei to total cell nuclei. *p < 0.05 vs. control group.

increased the incidence of thrombotic events such as
deep venous thrombosis or pulmonary embolisms in
patients with breast cancer [18]. Furthermore, there
are some reports that rhEPO increases the number of
platelets in normal rats [19] and chronically hemodia-
lyzed patients [20]. In the present study, we didn’t find
that either low or high dose of rhEPO, as a single in-
jection, changed hematometric parameters. Although
these findings suggest that a single administration of
1,000 1U/kg of rhEPO, that induced marked reduction
of myocardial infarct size, could be used safely, we must
be careful for the use of a high dose of rhEPO for the
treatment of myocardial infarction.
Previous reports have shown that both phosphory-
. lation of Akt and inhibition of apoptosis are associated

- with infarct size-limiting effects due to rhEPO {4,6-8]. -

Recently, it was reported that PI3 kinase activity is
required for rhEPO to recover contractile dysfunction
and to block apoptosis induced by myocardial ischemia-
reperfusion in isolated hearts (ex vivo) [10]. Although
the recovery of contractile function could be related
to the reduction of infarct size, no evidence was pre-
sented that rhEPO reduced infarct size via the PI3
kinase-dependent pathway. In the present study we
have demonstrated that the infarct size-limiting effect
of thEPO was blunted by the intracoronary adminis-
tration of wortmannin in dogs. This is the first evidence
showing that the infarct size-limiting effect of rhEPO is
dependent on the P13 kinase pathway in in vivo hearts.

In the present study, low and high doses of rhEPO
equally increased phosphorylation of Akt and de-
creased equivalent number of TUNEL-positive cells
in the ischemic myocardium of dogs. Either Akt phos-
~ phorylation or a decrease in the number of TUNEL-

positive cells was prevented by the PI3 kinase in-
hibitor, wortmannin. This finding suggests that rhEPO
prevents apoptotic cell death through PI3 kinase/Akt-
dependent pathway in canine hearts. However, since
the TUNEL method also detects single strand breaks
occurring in the course of necrotic cell death [21], it is
likely that rhEPO attenuatesapoptotic and necrotic cell
death. Indeed, if rhEPO only inhibits the apoptotic cell
death, it may be difficult to explain the marked reduc-
tion of infarct size by rhEPO. Interestingly, the previ-
ous studies reported that the PI3 kinase activates not
only Akt but also protein kinase C or mitogen-activated
protein kinase in ischemia/reperfusion models [22-24],
either of which mediates the cellular protection against
necrotic process [25,26]. Furthermore, recent reports
suggest that rhEPO can inhibit the release of free rad-
icals from neutrophils [27] and act as a radical scav-
enger [28], both of which may reduce cardiac cell death
after ischemia/reperfusion. Although furtherinvestiga-
tion will be needed, these characteristics of rhEPO may
contribute to the reduction of necrotic as well as apop-
totic cell death in ischemia/reperfused myocardium. In
addition, since wortmannin inhibits not only P13 kinase
but also P14 kinase and P kinase related protein kinase,
there is a limitation in using wortmannin as a specific
inhibitor of PI3 kinase [29].

In clinical settings, ventricular arrhythmias are of-
ten observed in patients following reperfusion ther-
apy and they can be life-threatening [30]. Importantly,
the present study demonstrated that a high, but not a
low dose of rhEPO prevented VF during reperfusion
via the PI3 kinase-dependent pathway. Since low and
high doses of rhEPO equally increased phosphoryla-
tion of Akt, it is unlikely that Akt is responsible for
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the rhEPO-induced anti-arrhythmic effect. There are
several possible mechanisms by which rhEPO exerts
anti-arrhythmic effects via the PI3 kinase-dependent,
but Akt-independent, pathway. First, under conditions
of reperfusion, production of inositol-1,4,5-trisphospate
(IP3) increases when phospholipase C (PLC) is acti-
vated through «-adrenoreceptors on the myocardial
cell membrane [11]. This increase in IP3 activates IP3
receptors on the sarcopla.srmc reticulum causing the re-
lease of Ca®*. The increases in the intracellular Ca?+
levels caused by IP3 have been reported toinitiate slow
Ca?* oscillations, which underlies the delayed afterde-
polarizations that trigger many arrhythmias including
VF [11,31]. PLC hydrolyzes phosphatidylinositol-4,5-
bisphospate (PIP2) to produce IP3. Since PI3 kinase
and PLC can act upon the common substrate, PIP2
[32], rhEPO may prevent lethal arrhythmia by activat-
ing the P13 kinase pathway that results in the decrease
in PIP2 levels, which will lead to prevent Ca%* over-
load by IP3. Second, since oxygen-derived free radi-
cals are involved in the generation of reperfusion ar-
rhythmia [30,33,34], rhEPO may decrease reperfusion
arrhythmia through the prevention of free radicals re-
lease from neutrophils or acting as a radical scavenger
[27,28]. Finally, we need to consider that rhEPO exerts
anti-arrhythmic effects by the reduction of myocardial
infarct size.

In conclusion, our findings, when translated into clin-
ical practice, may support the use of thEPO as a car-
dioprotective agent in the treatment of patients with
myocardial infarction.
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Abstract

Objective: We have previously isolated cardiomyogenic cells from murine bone marrow (CMG cells). Regenerated cardiomyocytes are
important candidates for cell transplantation, but as they are stem cell derived, they can be contaminated with various cell types, thereby
requiring characterization and purification. Our objectives were to increase the efficiency of cell transplantation and to protect the recipients
from possible adverse effects using an efficient and effective purification process as weli as to characterize regenerated cardiomyocytes.
Methods: Noncardiomyocytes were eliminated from a mixture of stem-cell-derived cells using a fluorescence-activated cell sorter to
specifically isolate CMG cells transfected with a recombinant plasmid containing enhanced green fluorescent protein (EGFP) cDNA under
the control of the myosin light chain-2v (MLC-2v) promoter. Gene expression and the action potential were investigated, and purified cells
were transplanted into the heart of adult mice.

Results: Six percent to 24% of transfected CMG cells expressed EGFP after differentiation was induced, and a strong EGFP-positive fraction
was selected. All the sorted cells began spontaneous beating after 3 weeks. These cells expressed cardiomyocyte-specific genes such as a-
skeletal actin, B-myosin heavy chain, MLC-2v, and CaV1}.2 and incorporated bromodeoxyuridine for 5 days. The isolated EGFP-positive
cells were expanded for 5 days and then transplanted into the left ventricle of adult mouse hearts. The transplanted cells survived for at least 3
months and were oriented in paralle]l to the cardiomyocytes of the recipient heart.

Conclusions: The purification and transplantation of differentiated cardiomyocytes from adult stem cells provides a viable model of tissue
engineering for the treatment of heart failure.

© 2004 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.

Kevwords: Cardiomyocytes; Heart failure; Transplantation; Stem cell; Bone marrow

This article is referred to in the Editorial by B. Dawn 1. Introduction
and R. Bolli (pages 293-295) in this issue.

Necrotic cardiomyocytes in infarcted ventricular tissue are
progressively replaced by fibroblasts leading to the formation
of scar tissue and this loss of cardiomyocytes leads to
regional contractile dysfunction. Transplanted fetal cardio-
myocytes can survive in heart scar tissue, thereby limiting
scar expansion and preventing post-infarction heart failure
[1-3]. The transplantation of cultured cardiomyocytes into
damaged myocardium has been proposed as a novel method
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for treating heart failure. While this is a revolutionary idea, it
remains clinically unfeasible due to the difficulty in obtaining
donor fetal hearts. For this reason, research has focused on
the development of a cardiomyogenic cell line to treat heart
failure by transplantation therapy.

Advances in regenerative medicine have enabled the
generation of various cell types from embryonic stem (ES)
cells or adult stem cells [4,5]. We recently reported the
generation of cardiomyocytes from marrow mesenchymal
stem cells in vitro (CMG cells) and demonstrated that these
cells spontaneously beat, express atrial natriuretic factors,
and possess a fetal ventricular cardiomyocyte-like phenotype
[6]. We also reported that cardiomyocytes regenerated from
marrow mesenchymal stem cells express a4, &1, @1p, B,
and P, adrenergic receptors and M; and M; muscarinic
receptors [7]. Stimulation of the o receptors with pheny!-
ephrine caused cardiomyocyte hypertrophy, and stimulation
of the P receptors with isoproterenol increased the beating
rate and contractility of the regenerated cardiomyocytes.
These findings demonstrate the suitability of bone-marrow-
derived regenerated cardiomyocytes as a candidate for use in
cell transplantation therapy.

Purification of regenerated cardiomyocytes is required
prior to use for cardiomyocyte transplantation. The popula-
tion of cardiomyocytes in ES-cell-derived embryoid bodies is
less than 10%, and the population of cardiomyocytes in 5-
azacytidine-exposed CMG cells is less than 10-30%. To
increase the efficiency of transplantation and protect recip-
ients from possible adverse effects, regenerated cardiomyo-
cytes need to be purified from the population of differentiated
cell types prior to cell transplantation. Klug [8] and Muller [9]
independently reported that embryonic stem-cell-derived
cardiomyocytes could be purified using a cardiomyocyte-
specific gene promoter—drug-resistant gene expression sys-
tem. In this study, we purified bone-marrow-derived cardi-
omyocytes using a recombinant plasmid containing enhanced
green fluorescent protein (EGFP) cDNA under the control of
the myosin light chain-2v (MLC-2v) promoter. Purified cells
were then transplanted into recipient mice hearts and the
success of transplantation was analyzed histologically.

2. Methods

All experimental procedures and protocols were
approved by the Animal Care and Use Committees of the
Keio University, Japan, and the investigation conforms to
the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH
Publication No. 85-23 revised 1996).

2.1. Preparation of bone marrow-derived regenerated
cardiomyocyltes

Murine bone-marrow-derived mesenchymal stem cells
(CMG cells) were cultured in Iscove’s modified

(o)
o
on

Dulbecco’s medium (IMDM) supplemented with 20%
FBS as previously described [6,7]. The cells were exposed
to 3 umol/l- of 5-azacytidine for 24 h to induce cell
differentiation [6].

2.2. Construction of myosin light chain 2v-promoted EGFP
plasmid

An expression vector, pMLC2v-EGFP, was constructed
by cloning a 2.7-kb HindIll-EcoRI fragment of the rat
MLC-2v promoter region [10,11] into the HindIlI-EcoR]
site of pEGFP-1 (Clontech, Palo Alto, CA), so that EGFP
would be expressed under the control of MLC-2v promoter
(Fig. la). This plasmid also contains the neomycin-
resistannce gene to enable selection of permanently trans-
fected clones. MLC-2v is specifically expressed in ven-
tricular cardiomyocytes.

2.3. Transfection of MLC2v-EGFP expression plasmid and
cell selection

The MLC2v-EGFP plasmid was transfected into CMG
cells by liposomal transfection. After 24 h when cells are
about 20% confluent, a mixture containing 2 ng of plasmid
DNA and 4 ul of LTl TransIT Polyamine Transfection
Reagent (Mirus Corporation) in OPTI-MEM (Life Tech-
nologies, Gaithersburg, MD) were added to each 35-mm
culture dish. After selection with 1000 ug/m! of G418 for 4
weeks, stably transfected colonies derived from single cells
were cloned and pooled. EGFP fluorescence was observed
under a fluorescence microscope (Olympus TMD300,
Tokyo, Japan). ‘

2.4. Flow cytometry and cell sorting

Fiow cytometry and sorting of EGFP(+) cells were
performed on a FACS Vantage (Becton Dickinson, Cockeys-
ville, MD). Cells were analyzed by light forward and side
scatter and for EGFP fluorescence through a 530 nm band
pass filter as they traversed the beam of an argon ion laser
(488 nm, 100 mW). Nontransfected control cells were used to
set the background fluorescence. Cell sorting was performed
3 days after 5-azacytidine exposure at 500 cells/s as EGFP(+)
cells displaying fluorescence higher than the background
level were observed at this time point.

2.5. Infection of recombinant adenovirus vectors

Replication-deficient recombinant adenovirus vector,
pAdex-LacZ, was constructed by cloning LacZ cDNA
into the Swal site of pAdex1CAwt as previously
described [12). In this vector, £. coli P-galactosidase is
expressed under the control of a strong, ubiquitously
expressed, promoter-derived from the cytomegalovirus
enhancer-chicken p-actin hybrid [13]. On day 3 after
seeding, EGFP(+) cells isolated by FACS were incubated
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a pMLC-2v-EGFP (6.9 kb)

Hindill EcoRl

Apall

l SV40 polyA P Sv40e

- pUC or
t1 °"PSV40 ori HSV TK polyA

eGFP Kanr/Neor

Fig. 1. Construction of pMLC-2v-EGFP and expression of EGFP in differentiated CMG cells. (a) Restriction map of pMLC-2v-EGFP. (b-g) Microscopy of the
pMLC-2v-EGFP stably transfected CMG cells. b, d, and f shows phase contrast microscopy of the CMG cells after differentiation, and c, e, and g represent
fluorescent microscopic views of the same field in b, d, and f. (b, c) 3 days, (d. e) 7 days, and (f, g) 4 weeks after the S-azacytidine exposure. Bars indicate 100 um.

with PBS containing Adex-LacZ virus at 10 MOI for
100 min. The cells were washed three times to remove
virus remaining on the cell surface. Prior to trans-
plantation, the cells were incubated in IMDM with
20% FBS for 2 days.

2.6. Transmission electron microscopy

Cells were washed three times with PBS (pH 7.4) prior to
transmission electron microscopy. Cells were initially fixed
with PBS containing 2.5% glutaraldehyde for 2 h. The cells
were then embedded in epoxy resin. Ultra-thin sections cut
horizontally to the growing surface were double stained in
uranyl acetate and lead citrate, and viewed under a JEM-
1200EX transmission electron microscope.

2.7. Bromodeoxvuridine (BrdU) incorporation

To detect nuclei undergoing DNA synthesis, cells were
incubated with BrdU (10 uM) for 5 h, rinsed with PBS, and
then fixed in methanol for 20 min at 4 °C. Immunofluor-
escence microscopy using a monoclonal antibody against
BrdU was performed as described previously [14]. The
percentage of BrdU-positive cells was estimated by- count-
ing cells on photographs of randomly chosen fields.

2.8. Gene expression analysis
Total RNA was extracted from EGFP(+) cells isolated

at 7 days following transfection. RT-PCR was performed
to detect a-myosin heavy chain (MHC), p-MHC, «o-
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skeletal actin, a«-cardiac actin, myosin light chain-2v
(MLC-2v), MLC-2a, Cavl.2, myoD, calponin, and «-
smooth muscle actin genes. The primers and PCR cycles
used were as described previously [6,15,16]. Primers for
Cavl.2 were CTGCAGGTGATGATGAGGTC for the
forward primer and GCGGTGTTGTTGGCGTTGTT for
the reverse primer.

2.9. Immurostaining

Cells were attached to gelatin-coated glass slides, fixed in
4% paraformaldehyde, and then stained with primary
antibodies against anti-GATA4, anti-troponin I, and anti-
MEF2C antibodies (all from Santa Cruz Biotechnology), or
anti-connexin43 antibody (Sigma). Anti-goat-IgG conju-
gated with Texas red or anti-rabbit IgG conjugated with
Rhodamine (1:500, Pharmingen) was use as a secondary
antibody.

2.10. Action potential recording

Electrophysiological studies were performed in IMDM
containing (mmol/L) CaCl, 1.49, KCIl 4.23, and HEPES 25
(pH 7.4). Cultured celis were placed on the stage of an
inverted phase contrast optic (Diaphoto-300, Nikon) at
23 °C. Action potentials were recorded using conventional
microelectrodes as described previously [8]. Intracellular

recordings were taken from MLC2v-EGFP-purified cells 3 -

weeks following transfection.
2.11. Cell transplantation

Animal Care and Use Committees of Keio University
approved all experimental procedures and protocols.
Female scid mice (12 weeks) were anesthetized initially
with ether and placed on a warm pad maintained at 37 °C.
The trachea was cannulated with a polyethylene tube
connected to a respirator (Shinano, Tokyo, Japan) with a
tidal volume set at 0.6 m! and a rate set at 110/min. Mice
were then anesthetized with 0.5-1.5% isoflurene under
controlled ventilation with a respirator for the remainder
of the surgical procedure. A left thoracotomy was
performed between ribs 4 and 5, and the pericardial sac
was removed. lIsolated EGFP(+) cells that had been
expanded for 5 days were resuspended in PBS at a
concentration of 5x107 cells/ml. A total cell suspension
volume of 50 pl was drawn into a 50 ul Hamilton syringe
with a 31-gauge needle, and 10 pl was injected into the
anterior wall of the left ventricle. Following the trans-
plantation, residual cells in the syringe were collected and
stained with trypan blue. The total and living cell numbers
were counted. The number of living cells to inject was
calcutated by the following formula. (The injected living
celis)=[(Total injected cells)—(Residual cells in the syri-
nge)](Percent of living cells). Injection of PBS was used

as a control.

2.12. Histological studies

The mice were sacrificed, and the hearts were
dissected and fixed m 2% formaldehyde and 0.2%
glutaraldehyde in PBS at room temperature for 5 min.
The hearts were then washed in PBS and then incubated
overnight in X-gai solution (I mg/mi X-gal, 15 mmol/L
potassium ferricyanide, 15 mmol/L potassium ferrocya-
nide, and 2 mmol/L MgCl, in PBS). The hearts were
refixed in the same fix solution, embedded in paraffin, and
sectioned into 6-pm-thick slices for hematoxylin—eosin
staining. The numbers of X-gal-stained CMG cells were
counted using serial sections of the transplanted heart
(more than 200 slices/mouse), and an estimate of total
transplanted cell survival was obtained using the follow-
ing formula. (Percent of cells surviving in the recipient
heart)=[(Total surviving cells in the recipient heart)/
(Injected living cells)]100.

To observe EGFP fluorescence, the hearts were embed-
ded in OCT compound and frozen with liquid nitrogen. A
cryostat was used to generate 6-pum-thick sections. The
samples were examined with a confocal LASER microscope
(LSM510; Carl Zeiss, Jena, Germany). The GFP signal was
confirmed by emission finger printing, using the LSM 510
Meta spectrometer (Carl Zeiss). :

2.13. Electrocardiography (ECG) recording

ECG recordings were performed 2 and 4 weeks after
transplantation. Mice were anesthetized with ether, needle
limb leads were fixed, and the ECG was recorded for | h.

2.14. Statistics

Values are presented as meanESD. The significance of
differences among mean values was determined by
ANOVA. Statistical comparison of the control and treated
groups was carried out using the nonparametric Fisher’s
multiple comparison tests. The level accepted for signifi-
cance was p<0.05.

3. Results

3.1. Regenerated cardiomyocytes, but not other cell types,
express EGFP

G418-resistant cells were exposed to 5-azacytidine and
after 3 days EGFP(+) cells exhibited a fibroblast-like
morphology (Fig. 1b,c), and were difficult to distinguish
from other cell types. After 7 days, the EGFP(+) cells
displayed a spindle-like morphology (Fig. 1d,e), but did not
spontaneously beat ‘at this stage. After 3 weeks, the
EGFP(+) cells began to appear more rod-like and form
inter-cell connections and after 4 weeks spontaneous beating

was observed (Fig. 1f,g). Some fractions of the EGFP(-)
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cells differentiated into adipocytes, but other EGFP(—) cells
did not display any specific morphotogy. These findings
indicate that the MLC2v-EGFP system may be a useful
method for distinguishing regenerated cardiomyocytes from
other cell types at an early stage.

3.2. Fluorescence-activated cell sorting (FACS) analysis

FACS analysis was performed 3 day after 5-azacytidine
exposure to isolate regenerated cardiomyocytes. Control
cells (before 5-azacytidine exposure) showed no detectable
fluorescence (Fig. 2a), whereas 3 days after 5-azacytidine
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exposure the cells stable transfected with the MLC2v-EGFP
expression plasmid generated sufficient EGFP signal for cell
sorting (Fig. 2b). The EGFP(+) fraction ranged from 6-
24%. Fig. 2c,d shows the cells 4 days after cell sorting
(7 days after 5-azacytidine exposure) displaying a fibro-
blast-like morphology. The percentage of EGFP-positive
cells was calculated by comparing cell counts from phase
contrast microscopy with EGFP(+) cell counts using
fluorescence microscopy, 3 days after cell sorting. More
than 99% of the sorted cells expressed EGFP fluorescence.
After 3 weeks, these cells had a spindle-like appearance and
began spontaneous beating (Fig. 2e.f).
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Fig. 2. FACS analysis of the pMLC-2v-EGFP-transfected cells and microscopy of the sorted cells. (a, b) FACS analysis of the pMLC-2v-EGFP-transfected
selis. The horizontal axis indicates the intensity of EGFP fluorescence. (a) Control celis, (b cells 3 days after exposure to 5-azacytidine exposure. d and f are
fluorescence microscopy images of the EGFP signal. ¢ and e are phase contrast microscopy views of the same field. (c, d) 4 days, and (e, f) 3 weeks after cell
sorting. Note that al} the cells display EGFP fluorescence, and that the EGFP(+) CMG cells exhibit a cardiomyocyte-like appearance and spontaneously beat

after 3 weeks. Bars in ¢,d and ¢,f indicate 100 and 500 pm, respectively.
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3.3. Character of the sorted EGFP(+) regenerated
cardionyocytes

A total of 768 single EGFP(+) cell clones were isolated
using FACS analysis. Although EGFP(+) cells undergo cell
division after 5-azacytidine exposure, a cardiomyocyte cell
line could not be generated as celis stop proliferating after
seveial cell divisions. The cells were exposed to BrdU to
confirm their mitogenicity, and double immunostaining was
performed with antisarcomeric myosin and anti-BrdU anti-
bodies. Myosin-positive cells incorporated BrdU until day
5, but stopped incorporating it after day 7 (Fig. 3a). This
finding shows that the mitogenicity of the isolated EGFP(+)
CMG cells is limited, so it can be assumed that the risk of
cardiomyosarcoma formation is negligible.

RT-PCR analysis of cardiac contractile proteins revealed
that the isolated EGFP(+) CMG predominantly express the
-myosin heavy chain, a-skeletal-actin, and MLC-2v,
indicating that the phenotype of these cells represents fetal
ventricular cardiomyocytes. These cells also express cardiac
L-type Ca®" channels but did not eXpress myogenic genes
such as myoD, or smooth-muscle-specific genes, such as
calponin or a-smooth muscle actin genes (Fig. 3b).

3.4. Action potential recording

MLC2v-EGFP-selected cells showed regular sponta-
neous beating 3 weeks following selection. The action
potentials of these cells had a relatively shallow resting
membrane potential with a late diastolic slow depolariza-
tion, like a pacemaker potential. They also displayed peak-
notch-plateau characteristics representative of ventricular
cardiomyocyte-like action potentials (Fig. 3c).

3.5. Immunostaining and transmission electron microscopy

Immunostaining revealed that EGFP(+) but not EGFP(—)
CMG cells express cardiac troponin [ (Fig. 4a—d). EGFP(+)
CMG cells express both GATA4 and MEF2C, respectively
(Fig. 4e,f). Interestingly, EGFP(—) CMG cells express
GATA4 and Nkx2.5. These findings are consistent with
the previous report that these cardiac transcription factors
are expressed before final S5-azacytidine exposure [6].
EGFP(+) CMG cells also express connexin43 (Fig. 4g).

The sorted GFP(+) cells were cultured for 2 weeks, fixed,
and processed for transmission electron microscopy. The
typical contractile apparatus of the sarcomeres, including
striation pattern, was observed (Fig. 4h).

3.6. Cell transplantation study

Animals with transplanted EGFP(+) cells were sacrificed
at 2, 4, 8, and 12 weeks. Confocal LASER microscopy
revealed that the EGFP(+) transplanted cardiomyocytes
survived in the recipient heart (Fig. 5a—c). The control
experiment revealed no EGFP(+) transplanted cardiomyo-

a (%)
20

BrdU (+)%

12 3 5 7 14 21 (days)

skeletal CMG
M -+ + g7

AP LR, £
smooth CMG
R

L-type Ca®* £
channel

c
(mV)
]

-10

500 msec

Fig. 3. Characteristics of the sorted CMG cardiomyocytes. (a) BrdU
incorporation of EGFP(+) CMG celis after cell sorting. BrdU was loaded
for 5 h, and its incorporation was detected. BrdU incorporation was
observed until 5 days after cell sorting (8 days after S-azacytidine
exposure). (b} Phenotype of the EGFP(+) CMG cells. RT-PCR was
performed for o-MHC, p-MHC, MLC-2v, MLC-2a, «-skeletal actin, a-
cardiac actin, and cardiac alc Ca* channel. The expression pattern of the
cardiac contractile protein indicated that these cells had the fetal ventricular
phenotype. MLC-2v-EGFP selected cells did not express myoD, calponin,
and a-smooth muscle actin genes. Femoral muscle, which includes vascular
smooth muscle cells, were used as a positive control. M: 1-kb DNA ladder.
RT: reverse transcription. (c) The representative tracing of the action
potentials at 3 weeks after cell sorting was shown. These action potentials
show ventricular cardiomyocyte-lilke action potentials.

cytes (data not shown) [17]. The orientation of the trans-
planted celis was consistent with the cardiomyocytes of the
recipient heart. The EGFP(+) cells were observed only at the
site of injection in the left ventricle and in no other parts of
the heart. We also confirmed that these green signals were
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Fig. 4. Photograph of immunofluorescence and transmission electron micrograph of CMG cells. (a-d) EGFP(+) and EGFP(—) CMG cells were stained with
anti-troponin 1 antibodies (a) and DAPI (c). EGFP(+) CMG cells expressed troponin {, but EGFP(—) CMG cell did not express troponin 1. (e)
Immunofluorescent staining with GATA4. Both EGFP(+) and EGFP(—) CMG cells expressed GATA4. (f) Immunofluorescent staining with MEF2C. Both
EGFP(+) and EGFP(~) CMG cells expressed MEF2C. (g) Immunofluorescent staining with connexind3. EGFP(+) CMG cells expressed connexind3. (h)
Transmission efectron microscopy of the CMG cells showed typical contractile apparatus.
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Fig. 5. Histological analysis of the transplanted CMG cells. (a—~c) Confocal microscopy of the recipient heart transplanted with the sorted cardiomyocytes at 4
weeks. The transplanted cells could be clearly identified by EGFP signals. a and b show the transverse section of the transplanted cardiomyocytes, and ¢ shows
the fongitudinal section. Bars indicate 50 pm. (d) The emission profile of the green signal in GFP* cells was investigated by CLSM. The emission peak existed at
510-530 nm, and the profile was ascertained to be that of GFP, and not arising from nonspecific background. The inset shows the GFP™ transplanted cells, and the
cross indicates the site of the emission profile. (e-m) The bone-marrow-derived cardiomyocytes were sorted and marked with adenovirus-mediated LacZ gene. e
is a photograph of the whole heart, and f shows an enlarged photograph of the injected site. The transplanted LacZ-positive cells were identified from the surface.
g and h show the microscopy of the injected site of the left ventricle. The samples were stained with LacZ and hematoxylin-eosin. i-k show higher magnification
of the same fields: i shows the transverse section, and jk show the longitudinal section. (1, m) Transplanted CMG cells were stained with anticonnexind3
antibody and DAPI. Connexin43 was expressed at the both ends of the transplanted EGFP(+) CMG celis. Green: EGFP, Blue: DAPI, Red: connexind3.

not due to nonspecific background fluorescence, but due to
the EGFP itself, using absorbance frequency analysis on a
LSMS510 Meta spectrometer (Fig. 5d).

Fig. Se shows the entire murine heart stained with LacZ
al 4 weeks after transplantation, and Fig. 5f showed an
enlarged photograph of the site of injection. Cells were
transplanted into the anterior free wall of the left ventricle
and were observed to be rectangular in shape and located at
the surface of the heart. Fig. 5g,h shows the site of injection

in a transverse section of the left ventricle stained with LacZ
and hematoxylin—eosin 4 weeks after transplantation. The
scar of the injection needle is shown in Fig. Sh. Granulom-
atous tissue was also observed around the site of injection.
The LacZ-stained transplanted cells were clearly visible, and
were located throughout the site of injection. Fig. Si-k
shows transverse and longitudinal sections of the trans-
planted cardiomyocytes at higher magnifications. This
figure clearly shows the arrangement of the transplanted

-137-



)
A
[1S]

cells parallel to the cardiomyocytes of the recipient heart.
Fig. 5Lm shows expression of connexin43 at the longitu-
dinal border between transplanted EGFP(+) CMG cells and
adjacent cardiomyocytes of the recipient heart.
Transplanted cardiomyocytes survived in the recipient
heart for more than 3 months and the estimated percentage
of cells surviving transplantation was 6.5%3.2%. Table 1
shows the diameter of transplanted cardiomyocytes in
transverse section. The diameter increased to almost the

same size as the cardiomyocytes in the recipient heart over 4 -

weeks after which time no further increase was observed.
3.7. ECG recording and survival curve

Of the 35 mice that had undergone cell transplantation, 5
died within 24 h. This is most likely a result of the surgical
procedure. The remaining 30 mice survived the duration of
the observation period. ECGs recordings in 5 mice at 2 and
4 weeks, respectively, showed no evidence of arrhythmia
(ventricular premature beats, ventricular tachycardia) during
the recording period (data not shown). This finding suggests
that survival of recipients in this model is not affected by
arrhythmia.

4, Discussion

Since our répon that cardiomyocytes can be regenerated
from bone marrow stem cells [6,7], several studies have
shown that transplantation of bone-marrow mononuclear
cells or bone marrow stem cell fractions into the heart can
improve cardiac function. Although the direct transplanta-
tion of these cells omits prior differentiation or purification,
and thereby shortens the therapeutic period, it remains
undetermined whether transplanted cells differentiate into
the desired cardiomyocytes or endothelial cells, and not into
other cell types including osteoblasts, chondroblasts, or
adipocytes. The establishment of a reliable method to repair
injured myocardium using cardiomyocyte transplantation
requires the preparation of a sufficient number of well-
characterized, purified regenerated cardiomyocytes, and an
estimation of the survival rate of the transplanted cells.

Tomita [18] reported that the transplantation of 5-
azacytidine-treated primary cultured marrow-stromal cells
improved the function of the infarcted myocardium. Since
the population of mesenchymal stem cells in primary
cultured mice marrow stromal cells is less than 0.01%, it

Table |
Diameter of the transplanted bone-manow-derived cardiomyocyte

N. Hattan et al. / Cardiovascular Rexearch 65 (2003) 334-344

is likely that most of the cells transplanted do not
differentiate into cardiomyocytes, and that the observed
improvement in cardiac function is caused by an
improvement in ventricular remodeling or stimulation of
angiogenesis.

Jackson transplanted adult stem cells [CD34(-)/low, c-
Kit(+), Sca-1(+)] into lethally irradiated mice subsequently
rendered ischemic by coronary artery occlusion followed by
reperfusion, and reported that the engrafted cells migrated
into ischemic cardiac muscle and blood vessels, differ-
entiated to cardiomyocytes and endothelial cells, and
contributed to the formation of functional tissue [19]. They
found that the donor-derived endothelial cells were present
at around 3.3%, primarily in small vessels adjacent to the
infarct, and that donor-derived cardiomyocytes were present
at around 0.02% and were found primarily in the peri-infarct
region. Taken together, these findings show that differ-
entiation from marrow stromal cells to cardiomyocytes in
vivo is possible, but that their prevalence is less than other
cell types. Condrelli {20] reported that neural stem cells
differentiated into heart muscle cells when mixed with heart
muscle cells from newborn rats in a process known as
transdifferentiation. The mechanism of in vitro transdiffer-
entiation is based on the idea that the developmental
limitations of tissue specific stem cells are dictated by the
environment, and that new signals that relax these limi-
tations may be provided by cells from a different tissue [20].

It is most likely that the direct transplantation of stem
cells into the heart does not facilitate their differentiation
into cardiomyocytes, but merely results in their fusion with
residual cardiomyocytes. We propose a more rigorous
method to achieve repair of damaged tissue by first
differentiation adult stem cells cardiomyocytes in vitro,
and then transplanting a sufficient number of differentiated
cardiomyocytes into the damaged heart tissue. To avoid
possible adverse effects, we emphasize the importance of
thoroughly investigating the molecular and electrophysio-
logical characteristics of the stem cell-derived regenerated
cardiomyocytes prior to transplantation.

In the present study, we used an EGFP reporter gene
under the control of the MLC-2v promoter to tag isolated
cardiomyocytes. Following FACS analysis, 99% of the
isolated cardiomyocytes expressed EGFP, and when trans-
planted into the recipient heart they survived for at least 4
weeks. We observed no other cell types in the transplanted
area, but this may have been because we only used a
strongly expressing EGFP(+) fraction.

Time after transplantation (weeks) 2 4

8 12 Recipient cardiomyocytes

Diameter (jm) 10.5£3.6*

19.0+4.8%

19.1£5.08 19.1£4.9% 19.525.1

The diameter of the transplanted cardiomyocytes was measured by the transverse section of the recipient hearts. Each data was obtained by measuring 200

cells. Mean+SD. $: not significant vs. recipient cardiomyocytes.
* p<0.01 vs. 4 weeks and recipient cardiomyocytes.
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A plasmid encoding reporter genes and cardiac specific
gene promoters was used in a previous study to isolate
cardiomyocytes from ES cells or embryonic carcinoma cells
(EC cell) [21]. Klug et al. [8] transfected a fusion gene
containing the a-myosin heavy chain (a«-MHC) promoter
and aminoglycoside phosphotransferase (NeoR) into pluri-
potent ES cells, then differentiated these cells in vitro prior
to G418 selection. They reported high purification (>99%)
and a survival period in the recipient heart of at least 7
weeks following transplantation. Zweigerdt et al. [22] and
Zandstra et al. [23] reported a lab-scale protocol to generate
cultures of highly enrich cardiomyocyte from ES celis
transfected with a a-MHC-NeoR containing plasmid, and
suggest its application to a larger-scale process for the
supply of stem cell based cardiomyocytes. Muller et al. [9]
isolated a subpopulation of ventricular-like cardiomyocytes
from ES cells by transfecting the EGFP gene under the
control of the MLC-2v promoter and cytomegalovirus
enhancer. Moore et al. [24] reported that EC cell
(P19Cl6)-derived cardiomyocytes could be isolated using
an EGFP reporter under the control of 250 bp of the MLC-
2v promoter. They enzymatically digested embryoid bodies,
then isolated a population of cardiomyocytes (97% pure)
using Percoll gradient centrifugation and FACS analysis.
Kolossov et al. [25] reported the use of EGFP under the
control of the cardiac a-actin promoter to isolate ES cell-
derived cardiomyocytes. The present study confirmed the
efficiency of this strategy for the isolation and purification
of cardiomyocytes from bone-marrow-derived stem cells.

Reinecke and Murry [26] and Zhang et al. {27] high-
lighted the importance of a quantitative analysis of grafted
cardiomyocytes, since a large number of fetal or neonatal
cardiomyocytes often display apoptosis within several days
of transplantation. They reported that only a small percent-
age of cardiomyocytes survive in the cryoinjured recipient
heart, and that heat shock or adenoviral transfer of
constitutive active Akt genes could increase their survival.
In comparison, the present study reports a slightly higher
survival rate for bone marrow-derived cardiomyocytes. One
possible reason is the difference in the experimental models
as the present study used a mouse uninjured model and not a
rat cryoinjured heart model. Another reason is the small size
of our not fully differentiated transplanted cells compared
with fetal or neonatal cardiomyocytes. A small size may
allow transplanted cells to go deep into the recipient heart
without mechanical injury.

Recently, Takeda et al. [28] reported that the life span of
human bone marow mesenchymal stem cells could be
prolonged by infecting the cells with the retrovirus encoding
oncogene bmi-1, human papilloma virus E6 and E7, and
human telomerase reverse transcriptase over 150 population
doublings, and that these cells could be induced to differ-
entiate into cardiomyocyte using 5-azacytidine and co-
culture with the rat cardiomyocytes. Although this proce-
dure is not suitable for clinical application at the present
stage, the findings provide valuable information on the use

of human bone marrow stem cells for the regeneration of
cardiomyocytes.

In summary, the present study provides a new model for
tissue engineering. Further studies are required to improve
cardiomyocyte differentiation and to increase the efficiency
of the transplantation procedure.
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