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1. Introduction 

Cell transplantation to the diseased heart has emerged as a 
promising strategy for refractory heart failure that cannot 
successfully be treated by conventional therapies. Among 
various donor cells available, skeletal muscle cells form 
one of the cell sources about which some consensus of 
efficacy has been achieved: skeletal myoblast transplantation 
significantly attenuates left ventricular remodeling when 
myoblasts are implanted into the infarct area. Although 
clinically performed, skeletal myoblast transplantation has 
a number of aspects to be clarified such as indication, 
cell delivery method (timing, route, or cell condition), and 
working mechanism. In this paper, we outline the factors that 
affect the efficacy of skeletal muscle cell transplantation, and 
introduce very recent results in our research laboratory using 
control-released cell growth factors and minimally invasive 
cell delivery, which we believe is likely to contribute to solve 
some issues. 

2. Factors related to the efficacy of 
skeletal muscle cell transplantation 

There are a number of factors that affects the outcome of 
skeletal muscle cell transplantation. The followings are major 
ones:  

1. donor cell number or graft volume [1,2] 
2. graft cell death [3] 
3. cell delivery method [4-5] 

First, it is widely accepted that there is a positive correla- 
tion between the extent of improvement in cardiac function 
and the donor cell number or donor-derived muscle volume 
in skeletal myoblast transplantation [1,2]. Although it seems 
likely that a sizable muscular graft can be obtained if a large 
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number of cells are transplanted at one time, the procedure 
may run a risk of tissue overgrowth or massive cell death. 
Secondly, graft cell death is a critical problem especially 
in cardiomyocyte transplantation, in which dose escalation 
does not work. In contrast, skeletal muscle cells are much 
more tolerant to poor graft environments. However, because 
there is a report that less than 1% of delivered cells survived 
in human cases [3], the low survival rate of transplanted 
myoblasts remains to be solved. Finally, how myoblasts are 
transplanted is also a very important issue. This includes 
cells vs. tissues [4] vs. cell sheets [5], or surgical vs. 
transcatheter [6] vs. endoscopic approach. 

These factors affect each other, and determine the efficacy 
of skeletal muscle cell transplantation. 

3. Simultaneous administration of control-released 
cell growth factors 

Cell growth factors are prerequisite peptides for cell matu- 
ration, proliferation, differentiation, ldnetics, etc. Therefore, 
administration of these factors appears to be a reasonable 
approach to increase cell survival after transplantation. 
However, single-dose or bolus administration does not 
provide sufficient effect due to rapid reduction of tissue 
concentrations. In this context, we developed a drug-delivery 
system using gelatin hydrogel microspheres or sheets to 
enable various cell growth factors to be gradually released 
over 2 to 4 weeks [7,8]. In this system, growth factors 
are linked with gelatin molecules by electrostatic force, and 
released with biodegradation of gelatin, 

We investigated in the following experiments of cell 
transplantation the efficacy of the control-release system 
using basic fibroblast growth factor (bFGF) and hepatocyte 
growth factor (HGF) in a rat myocardial infarction model. 
We used Lewis rats as both recipient and donor animals. 
All animals were treated 4 weeks after left coronary artery 
ligation. 
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3.1. Basic fibroblast growth factor for increase in graft 
volume and vascular density 

bFGF exerts functions to stimulate proliferation and repress 
differentiation in skeletal myoblasts. Therefore, in skeletal 
myoblast transplantation, its exogenous administration to 
the implantation site may facilitate the development of 
large muscular graft. In addition, bFGF may synergisti- 
cally enhance the benefits of myoblast transplantation by 
inducing angiogenesis and arteriogenesis in and around 
the donor-derived tissue. Then, we investigated whether 
the efficacy of skeletal myoblast transplantation is en- 
hanced by simultaneous administration of control-released 
bFGF [91. 

Forty-five rats were randomized into 3 groups. In the 
Tx-bFGF group (n = 15), neonatal skeletal myoblasts (5 × 106) 
were subepicardially transplanted into the infarct area, and a 
gelatin hydrogel sheet (20x20 ram) containing 100 ~xg bFGF, 
which enables controlled release of bFGF, was placed onto 
the left ventricular surface to cover the infarct and peri-infarct 
areas. In the Tx group (n = 15), skeletal myoblasts were 
transplanted followed by application of a sheet impregnated 
with saline in the same manner. The control group (n = 15) 
had culture medium injection with application of a sheet with 
saline. At 4 weeks, in the Tx-bFGF group left ventricular di- 
mension (Tx-FGF, Tx, Control; 0.93-t-0.01 vs. 0.964-0.01 vs. 
1.004-0.01 cm, P=0.01)  and infarct size were smallest 
(P = 0.05), and left ventricular systolic and diastolic functions 
were most improved (Tx-FGF, Tx, Control; end-systolic elas- 
tance: 0.76±0.04 vs. 0.514-0.04 vs. 0.30±0.03mmHg/BL; 
z: 15.8±0.7 vs. 19.5±0.8 vs. 20.5±0.6 ms, both P<0.01) .  
Vascular density inside and around the graft was highest in 
the Tx-bFGF group. Graft volume in the Tx-bFGF group 
was 3 times larger than that in the Tx group. There was 
no difference in fibrotic area inside the graft between the 
Tx-bFGF and Tx groups. Therefore, we concluded that 
simultaneous administration of control-released bFGF may 
enhance the efficacy of skeletal myoblasts transplantation by 
inducing angiogenesis inside and around the graft and greatly 
increasing graft volume. 

In advance of this experiment, we reported that prevascu- 
larization with control-released bFGF enhances the benefits 
of cardiomyocyte transplantation [8]. Although skeletal 
myoblasts are much more ischemia-resistant than cardiomyo- 
cytes, it is still likely that administration of bFGF before 
transplantation benefits skeletal myoblast transplantation. 

3.2. Hepatocyte growth factor for anti-apoptosis 

Although HGF is known to be a potent angiogenic factor, 
its anti-fibrotic and anti-apoptotic functions may also exert 
favorable effects for cell survival. Therefore, we investigated 
whether simultaneous administration of control-released 
HGF enhances the efficacy of cell transplantation using 
cardiomyocytes. 

Thirty-four rats were divided into 3 groups. In the 
Tx-HGF group (n=12), neonatal cardiomyocytes (5×10 6) 

were transplanted to the infarct area with simultaneous 
application of a gelatin hydrogel sheet (20x20mm) in- 
corporating 40 p~g HGF onto the left ventricular surface. 
In the Tx group (n = 12), cardiomyocyte transplantation 
was performed in the same manner with a gelatin sheet 
containing saline only. In the Control group (n = 10), culture 
medium was injected followed by application of a gelatin 
sheet with saline. Two rats each in the Tx-HGF and Tx 
groups were sacrificed 1 day after transplantation, and 
terminal deoxynucleotidyl transfer-mediated end labeling 
of fragmented nuclei (TUNEL assay) was performed on 
heart sections including donor cardiomyocytes. For the 
remaining 30 rats, hemodynamic and histological assessment 
was performed at 4 weeks. Although about one third of 
the donor cells were positive for TUNEL staining in the 
Tx group, only 10% were TUNEL-positive in the Tx-HGF 
group. Left ventricular end-diastolic dimension was smallest 
and fractional area change was largest in the Tx-HGF 
group (Tx-HGF, Tx, Control; 0.94±0.04 vs. 0.984-0.03 vs. 
1.02±0.03 cm, 40.9-4-2.0 vs. 36.0±1.8 vs. 30.5+1.5%, both 
P<0.05) .  In addition, end-systolic elastance was highest 
and tan was lowest in the Tx-HGF group (both P < 0.05). 
Transplanted cardiomyocytes were found over the whole 
infarct area in the Tx-HGF group, whereas few donor 
cardiomyocytes were detected in the center of the scar 
in the Tx group. In conclusion, simultaneous application 
of control-released HGF may enhance the efficacy of 
cardiomyocyte transplantation by improving the survival rate 
of donor cells. 

Again, although these findings are obtained in cardio- 
myocyte transplantation, we believe that similar effects can 
also be expected in skeletal myoblast transplantation. We are 
currently conducting an experiment. 

4. Repetitive implantation with minimally invasive 
cell delivery 

In the era of minimally-invasive robotic surgery, repetitive 
implantation of cells may be applicable. We assessed the 
hypothesis that repetitive implantation is an effective method 
for cell delivery in myoblast transplantation. 

Thirty rats were randomized into 3 groups. In Group I 
(n = 10), myoblasts (6x 106) were subepicardially implanted 
in the infarct area at 0, 2, and 4 weeks. In Group II (n = 10), 
myoblast transplantation was performed only at 0 weeks, 
and culture medium injection at 2 and 4 weeks. Group III 
(control, n = 10) had culture medium injection at 0, 2 and 
4 weeks. The transplanted cells at the second and third time 
were labeled with fluorescent dyes of PKH 26 (red) and 
PKH 2 (green), respectively. Four weeks after transplantation, 
only Group I showed reverse remodeling, in which left 
ventricular diastolic dimension decreased (0.96±0.02 to 
0.904-0.02cm, P < 0.05), fractional area change increased 
(35.0±1.6 to 41.3~=1.8%, P < 0.05), and the infarct size was 
decreased (29.34-1.5 to 22.34-1.8%, P <0.05). In Group II, 
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left ventricular remodeling was inhibited, but not reversed. 
Also, in Group I, end-systolic elastance was highest and 
tau was lowest of the 3 groups. Histological study showed 
that donor cells were extended over the whole infarct area 
in all the hearts from Group I, while not necessarily from 
Group II. Graft volume was 3 times larger in Group I than in 
Group II. The cells labeled with PKH 26 and PKH 2 showed a 
cluster formation. In conclusion, repetitive implantation may 
be a feasible and effective cell delivery method in skeletal 
myoblast transplantation. 

We are now at the stage to start a simulation of 
minimally invasive surgery in a pig myocardial infarction 
model using a thoracoscopic approach. We performed 
minimally invasive myoblast transplantation in 2 pigs, and the 
preliminary results have been encouraging. 

To note, it is another advantage in repetitive cell delivery 
that cells can be implanted in poorly engrafted parts, because 
there is a high variability in seeding efficiency in skeletal 
myoblast transplantation [10]. 

5. Future direction 

Although cell transplantation with skeletal muscle cells is 
now being established as a standard tool for the treatment 
of chronically ischemic hearts, the efficacy is still lim- 
ited and there is ample room for refinement. Multidisci- 
plinary approaches, such as simultaneous administration of 
cell growth factors or combination with surgical procedures, 
may be prerequisite to achieve satisfactory outcome with 
which myoblast transplantation could replace heart transplan- 
tation. 
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