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Abstract: Myogenic stem cells and transmyocardial laser revascularization (TMR) have been used independently to treat
patients with coronary heart disease. We assessed the hypothesis that implantation of autologous myogenic stem cells dur-
ing TMR will augment ventricular function by new muscle formation and will improve perfusion by neovascularization.
Thirty two mini-swine were subjected to myocardial ischemia by applying an ameroid constrictor on the left anterior de-
scending coronary artery. Pigs were randomly assigned into four equal size groups of Ischemia, Ischemia+TMR, Ische-
mia+Cell and IschemiatTMR+Cell. Myocardial blood flow was estimated using colored microspheres, 12 lead ECG was
recorded, and ventricular function was determined by the hemodynamic system coupled with sonomicrometry. Three
weeks after ameroid constrictor application, ECG changes indicated myocardial infarction of left anterior and apical areas
in all pigs. Significant decreases (P<.01) in systolic % wall thickening fraction and % segmental shortening fraction were
also observed. At 9 weeks after initial surgery a dramatic decrease (P<.01) in scar areas, a marked improvement (P<.05) in
myocardial perfusion and significant better hemodynamic functions were observed for cell implantation groups. Labeled
muscle tissue was observed at the implantation sites. Systolic % wall thickening fraction and % segmental shortening
fraction were also clearly improved in the cell implanted groups. Stem cells alone or TMR+Cell significantly reduced scar
areas, developed new muscle tissue, improved myocardial perfusion, and enhanced contractile function after myocardial

infarction.

1. INTRODUCTION

The possibility of direct revascularization of the ischemic
myocardium with laser was initially suggested in 1981 [1].
Early clinical results suggested improved myocardial perfu-
sion without significant changes in global and regional con-
tractile functions [2,3]. The original hypothesis of myocar-
dial perfusion from the laser channels was not supported by
recent experimental and clinical studies which indicated the
lack of myocardial sinusoids in humans, the higher myocar-
dial than ventricular pressure, and the rapid occlusion of la-
ser channels [4 -7].

Transmyocardial laser revascularization (TMR) is an
emerging treatment for patients with medically refractory
angina who are not amenable to coronary artery bypass graft-
ing or angioplasty [6-9]. The clinical and experimental data
suggest that the likely mechanisms for improvement are
modification of cardiac nervous system [10-12] and angio-
genesis induced by growth factors production after myocar-
dial injury and inflammation [7,13,14]. From the prospective
randomized multi-center trials, TMR significantly reduced
severity of angina, improved quality of life, increased exer-
cise tolerance, decreased hospitalization, and improved clini-
cal status [7,8,15,16]. Even though the exact beneficial
mechanisms of TMR are not clear at this moment [15,16],
TMR has been approved by Food and Drug Administration
(FDA) for clinical usage and is a reimbursable procedure by
insurance companies because of its obvious clinical advan-
tages. A recent clinical trial using Ho:YAG laser has
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indicated that the placebo group had the same results as the
laser treated group after two years [17]. However, multi-
center prospective randomized trials of no-option class 1V
patients at 5-year follow-up have demonstrated a benefit of
survival and angina relief by Ho:YAG laser TMR [18]. In
addition when Ho:YAG laser TMR was used as an adjunc-
tive procedure with coronary artery bypass grafting for in-
complete revascularization due to diffused coronary disease,
the 5-year follow-up results indicated superior angina relief
[19].

Both the CO, laser and the Ho:YAG laser are FDA ap-
proved for clinical usage. However CO, laser with the wave-
length of 10.6 pm is more efficiently absorbed by water
molecules than the Ho:YAG laser (wavelength 2.1 pm). Fur-
thermore, the PLC Medical Systems CO, laser (Franklin,
MA) can make a transmyocardial channel with one pulse
while the Ho:YAG laser (Cardiogenesis, Foothill Ranch,
CA) will require multiple pulses and some mechanical en-
ergy. The clear advantages of TMR using the CO, laser are
also supported by the objective data and 5 years of sympto-
matic improvement [15,16,20]. TMR using a CO, laser (PLC
Systems) applied at the effective channel density [21,22] was
used for this study.

We have been using autologous satellite cells from skele-
tal muscle for myocardial regeneration studies in dogs since
1989. Satellite cells have been successfully isolated, labeled,
and implanted into injured hearts with significant improve-
ment in contractile function, formation of muscle tissue and
reduction of scar in the animals having successful cell trans-
plantation [23-26]. Similar results following implantation of
autologous skeletal myoblasts (satellite cells) into experi-
mental animals for myocardial repair and functional im-
provement has been confirmed by other investigators [27].
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The advantages of using autologous satellite cells as com-
pared to other stem cells are further supported by recent pub-
lications [28,29]. Highly encouraging clinical results have
been published by others [30-35] and from our observations
[36,37]. Although the survival of transplanted satellite cells
as well as the feasibility and safety of clinical application
have been observed in long-term follow-up studies [38,39];
the definitive long-term efficacy requires large scale, pla-
cebo-controlled, double-blind randomized trials [40].

By replacing, repairing, or enhancing the biological func-
tion of damaged tissue or organs, cell therapy has emerged
as a strategy for the treatment of human cardiac diseases
[41]. Satellite cells have been shown to regenerate skeletal
muscle in all ages and species of mammals that have been
investigated [42]. Using autologous satellite cells to replace
the lost heart muscle cells and local expression of angiogenic
factors to improve perfusion of the ischemic myocardium
after TMR may provide an additive benefit and enhance
clinical outcomes over either procedure alone.

2. MATERIAL AND METHODS
2.1. Experimental Animals and Surgical Preparation

Thirty two male mini-swine weighing 25 to 30 kg were
purchased (Harlan-Sinclair, Indianapolis, IN) for the pro-
posed study. Swine were selected based on their similarity in
cardiovascular system to humans and the success of our pre-
liminary studies. Pigs were randomly assigned into four
groups of Ischemia, Ischemia + TMR, Ischemia + Cell and
Ischemia + TMR + Cell with eight pigs per group. After fast-
ing and preoperative antibiotic treatment, atropine (0.05
mg/kg) was given before anesthesia was induced with telazol
(4.4 mg/kg) and xylazine (2.2 mg/kg) by intramuscular injec-
tion. Lactated Ringer’s solution was given through a catheter
inserted into the ear vein. Following intubation with a cuffed
endotracheal tube, anesthesia was maintained with isoflurane
(2% to 4%) using a mechanical ventilator. After shaving the
surgical sites and cleaning them with alcohol, the electrocar-
diogram (ECG) was monitored by the PageWriter Cardio-
graph (Hewlett-Packard Co., Andover, MA) while the body
temperature was recorded by a rectal probe (Yellow Springs
Co., Yellow Springs, OH). Following preparation of the sur-
gical area with Betadine, arterial and central venous pres-
sures were recorded using Millar pressure transducers (Mil-
lar Instruments, Inc., Houston, TX). This study conforms to
the “Guide for the Care and Use of Laboratory Animals”
published by National Institutes of Health (No. 85-23, re-
vised 1996) and approved by the University Committee on
Animal Care of East Tennessee State University.

2.2. Isoaltion and Culture of Sattellite Cells

Swine were anesthetized and prepared for a sterile surgi-
cal procedure to obtain samples (~10 gm) from the longis-
simus dorsi muscle. The muscle sample was rinsed in 70%
ethanol followed by three rinses in Hank's balanced salt solu-
tion without Ca"" and Mg'" but containing 1% of penicillin-
streptomycin. The tissue was minced (~1 mm®) before being
incubated with 50 ml of enzyme solution (1% collagenase
and 0.2% hyaluronidase). After 15 minutes of incubation at
37° C, the satellite cells were harvested by pouring the solu-
tion through layers of sterile gauze into a sterile container
and pelleted by centrifugation. The remaining tissue was
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incubated for another 15 minutes in enzyme solution to
complete the release of satellite cells from muscle as our
previous publications [23-26].

The isolated satellite cells were washed with medium 199
containing serum (10% fetal bovine serum) and 1% antibi-
otic antimycotic solution (Sigma Chemical Co., St. Louis,
MO) for 3 times by centrifugation (650 x G for 10 minutes)
and resuspension. The viability of isolated cells was checked
by trypan blue exclusion and the cell number was counted
using a hema-cytometer. After proper dilution, 1 x 10° cells
were cultured with 8 ml of proliferation medium in a 25 cm’
culture flask. The culture medium was changed twice every
week and the satellite cells were maintained at low density
(by sub-culture) for continued proliferation without differen-
tiation. A typical picture of the cultured satellite cells is
shown by Fig. (1A). To verify the myogenic capability of the
cultured satellite cells, a portion of the cells were cultured in
differentiation medium and the formation of myotubes were
observe for all samples as reported before [25,26].

2.3. Labeling of Cultured Cells with Humanized Green
Fluorescence Protein (hrGFP)

Three days before the satellite cells were harvested for
transplantation, regular medium was replaced by culture me-
dium containing pFB-hrGFP  retroviral supernatant
(Stratagene, La Jolla, CA, USA). The concentration of pFB-
hrGFP retroviral supernatant stock solution was about 2.7 x
10 transducing virions/ml. After proper dilution (100:1 mul-
tiplicity of infection) with the medium, it was used following
routine procedures. At 8 hours later regular medium was
used to wash the cells and replace the labeling medium. Af-
ter 24 to 48 hours following exposed to labeling medium, the
GFP could be easily observed in more than 80% of cells un-
der a fluorescent microscope with the fluorescein isothiocy-
anate (FITC) filter. A fluorescent micrograph showing the
labeled satellite cells is presented by Fig. (1B).

2.4. Ischemic Injury, TMR and Implantation of Autolo-
gous Satellite Cells

Under full anesthesia and sterile surgical conditions, the
heart was exposed through a partial sternotomy. After intra-
venous administration of lidocaine (2 mg/kg), a segment of
the left anterior descending coronary artery (LAD) just be-
low the first diagonal branch was dissected free for place-
ment of an ameroid constrictor (2.5 mm internal diameter;
Research Instruments SW, Escondido, CA) and ultrasonic
flow probe around the vessel. The flow probe was placed
down-stream from the ameroid constrictor. The freed LAD
was occluded for 5 minutes to ensure comparable ischemic
area (~30% of left ventricle) produced in each animal. The
borders at the middle of ischemic area were marked with 6-0
Prolene sutures to guide myocardial sampling after termina-
tion. At the end of the study (nine weeks later), all ameroid
constrictors were retrieved from the heart and inspected to
confirm vessel occlusion.

Three weeks after ameroid constrictor placement, while
under sterile surgical preparation and following hemody-
namic evaluation, the heart was exposed through a partial
sternotomy. TMR was performed with an 800-W CO, laser
(The Heart Laser, PLC Medical Systems, Franklin, MA)
using a single 20-J pulse timed to the R wave of the ECG.
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Twenty channels were created at l/cm” covering the
ischemic myocardium (LAD perfusion area). After TMR and
establishment of hemostasis, 0.1 ml (containing ~2 X 10°
cells) of GFP labeled autologous satellite cells were injected
at the center of each channel through a 25-gauge hypodermic
needle. The depth was controlled by a plastic disc fixed on
the needle and a short piece of PE 10 tubing covering the end
of needle to ensure injection into the channels. The TMR
animals were subjected to the same treatment but serum free
culture medium was used. The Cell group was injected with
the same volume and number of cells at identical density
(linjection/cm?). The Ischemia group only had a partial ster-
notomy.

Fig. (1). Cultured and GFP labeled satellite cells. Satellite cells
in culture (A) and cultured satellite cells after labeled with pFB-
hrGFP (B). More than 80% of cells are expressing GFP at 24 hours
after labeling.

2.5. Hemodynamic Evaluations

The left ventricular, aortic and venous pressures were
determined using Millar pressure transducers. The electro-
cardiograms were recorded using the PageWriter Cardio-
graph. The pressures, ECG, pressure length loops, and pres-
sure volume loops were integrated using the computerized
VF-1 hemodynamic system (Data Science Inc., St. Paul,
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MN) and the Digital Sonomicrometer (Sonometrics Co.,
London, Ontario, Canada). Implantable ultrasonic crystals
were secured to the heart (Fig. 2) at the long axis of the heart
(1~2), short axis of the heart (3~4), across the depth of the
left ventricular free wall (3~5), and at the border of the
ischemic area (6~7). Their ends were exteriorized through
separate stab wounds in the intra scapular region. A skin
button which allowed the healing and impermeable sealing
of the skin wound was used as the connection for the instru-
mentation during the entire study.

The pressures, dP/dt, heart rate, cardiac output, pressure
length loops, pressure volume loops, left ventricular volume,
ejection fraction, systolic percent thickening fraction and
percent segmental shortening fraction were used to deter-
mine the global and local contractile functions. The load
independent indices (Emax and Tau) were obtained by tem-
porarily occluding the vena cava and recording the pressure
volume loops after releasing the occlusion (Fig. 3). The sys-
tolic percent wall thickening fraction (%TF) and percent
segmental shortening fraction (%SF) were calculated by the
following formulae.

For %TF:
Distance between crystals 3 to 5 at

end systole - distance at end diastole

X 100%
Distance between crystals 3 to 5 at end systole
For %SF:
Distance between crystals 6 and 7 at
end diastole - distance at end systole
X 100%

Distance between crystals 6 and 7 at end diastole

Fig. (2). Instrumentation of the pig heart. Number 1 to 7 indi-
cates the location of the ultrasound crystals. Number 4 is below the
heart directly against 3. The distance between 1 and 2 is the long
axis of the heart. The distance between 3 and 4 is the short axis of
the heart. The changes in distance between 3 and 5 during cardiac
cycle are used to calculate the % wall thickening fraction. Crystals
6 and 7 are located at the border of the ischemic area and the
changes in their distance are used for % segmental shortening cal-
culation. A = ameroid constrictor, F = flow probe, P = pressure
transducer. Adequate clearance is made below the ameroid constric-
tor to ensure its installation will not interfere with normal coronary
flow as determined by the flow probe.



10 The Open Surgery Journal, 2007, Volume 1

mmH

100

[+1] @
(=] (=]
T Ll

P
o
T

Left Ventricular Pressure (

) P
Nawh

0 30 60 90
Left Ventricular Volume {mL}
Fig. (3). Pressure volume loops. The left ventricular pressure vol-
ume loops during normal condition (blue) and after release the tem-
porary occlusion of vena cava (red) to calculate Emax (black) and
Tau (green). The load independent indices (Emax and Tau) are
better indicators of ventricular contractility. The pressure volume

loops were obtained from a pig of the Ischemia+TMR+Cell group
during the final hemodynamic evaluation.

2.6. Pathologic and Histologic Evaluations

Every heart was sectioned from apex to base at 2.5mm
thickness. Each section was used to obtain color digital im-
age for the determination of total left ventricular and scar
volumes. Relative infarct volumes were quantified on the
original photographs using threshold and measuring features
of ImageJ.

The images were aligned and ordered to form an image
stack. The image stacks were converted to DICOM format
using ImageJ NIH public domain software and imported into
open source OsiriX Medical Imaging Software loaded on an
Apple G5 computer. Images were reconstructed using the 3D
surface rendering (Fig. 4) or the 3D multiplanar projection
MPR modes (Fig. 5). Tissue sections were observed under a
confocal microscope for GFP labeled tissue.

2.7. Regional Myocardial Blood Flow

Colored microspheres (15 um diameter, ~3 x 10°
spheres/ml; Interactive Medical Technologies Ltd., Irvine,
CA) in 2 ml of saline containing 14 % sucrose and 0.01%
Tween 80 were injected into the left atrium. Arterial blood
samples were drawn at 15 ml/min using a syringe pump
started at 5 sec before microsphere injection for a total dura-
tion of 65 sec. The regional myocardial blood flow
(ml/min/g) was calculated as the published method [43]. The
middle sections (three) from LAD perfusion area between
the Prolene sutures (ischemic myocardium) and posterior
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Ischemia + TMR Ischemia + TMR + Cell

Fig. (4). 3-D reconstruction of the hearts. The Ischemia+tTMR
group has confluent scar (18.3+2.5% of LV) while the Ische-
mia+TMR+Cell group has patchy scars (5.1+0.8% of LV).

Ish+TMR wnh denfe scar [13 3% of
LV} and wall thinning

Ish+TMR+Cell with patchy scaring (5.1% of LV)

Fig. (5). 3-D multiplanar projection of the hearts. The Ish
(Ischemia)+TMR heart showing wall thinning with confluent scar
(green arrows) while Ish +TMR+Cell heart maintained normal LV
geometry with patchy scaring (green arrows). M = Medial; L =
Lateral; LV= Left Ventricle; LA = Left Atrium.

ventricular wall (normal myocardium) directly against the
ischemia area were used. The ratio of regional myocardial
blood flow was calculated by the following formula to obtain
the normalized percent flow rate.

Percent Flow Rate:
Regional myocardial blood flow

of ischemic myocardium
X 100%

Regional myocardial blood flow

of normal myocardium
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2.8. Statistics

All data were summarized for each group by the mean +
SEM. Differences between study group means were assessed
by analysis of variance and multiple comparison testing
(least significant differences). At P<0.05 was considered
significant difference between groups. The SAS-PC software
package was used for the analysis procedures.

3. RESULTS
3.1. Surgical Outcomes

Thirty two male mini-swine underwent muscle biopsy,
instrumentation and placement of ameroid constrictor at the
selected segment of left anterior descending coronary artery
(first operation) to produce comparable ischemic areas.
Three weeks later the pigs were randomly assigned to
Ischemia (partial sternotomy), Ischemia + TMR (TMR plus
serum free culture medium), Ischemia + Cell (intra myocar-
dial injection of autologous satellite cells) and Ischemia +
TMR + Cell (TMR plus autologous satellite cells) groups at
eight pigs per group. There were no major perioperative
complications related to all surgical procedures.

Although TMR and cell injection caused ectopic beats,
the arrhythmias were resolved without intervention. Bleed-
ing from laser channels was easily controlled by manual
compression. One pig from the Ischemia group, two pigs
from the Ischemia + TMR group, one pig from the Ischemia
+ Cell group and one pig from the Ischemia + TMR + Cell
group died of sudden cardiac death at different times after
the second operation. The data represent 27 pigs that sur-
vived the procedures.

3.2. Histological Observations

The ameroid constrictor gradually reduced the LAD
blood flow and resulted in damaged myocardium which rep-
resented about 20% of the left ventricle. As shown by Figs.
(6,7), the scar area was dramatically reduced for the cell im-
plantation groups as compared to the other groups. His-
tological sections of Cell groups revealed multiple viable
islands of muscle tissue expressing GFP under confocal mi-
croscope (Fig. 8), suggesting the muscle tissue was devel-
oped from the implanted satellite cells.

3.3. Regional Myocardial Blood Flow

Myocardial blood flow at the end of our study was sum-
marized by Fig. (9). The values were normalized to blood
flow measured in the non-ischemic area to derive percent
flow rate. The sections for ischemic area (anterior wall) and
the non-ischemic area (posterior wall) were illustrated by
Fig. (7). TMR did not significantly improve the myocardial
blood flow while Cell and TMR+Cell almost restored myo-
cardial blood flow to normal value. Reduced scar formation
and improved blood perfusion are commonly observed in
clinical and experimental studies after cellular cardiomyo-
plasty following myocardial infarction.

3.4. Hemodynamic Functions

Other than left ventricular end diastolic pressures (Fig.
10), the end systolic pressures and developed pressures were
not significantly different between groups. The ejection frac-
tions were significantly higher while left ventricular end
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Fig. (6). Scar area as percent of left ventricle. Highly significant
reduction of scar tissue (p<.01) after ischemic heart treated by Cell
or TMR + Cell was observed. TMR alone did not reduce the scar
area as compared to the Ischemia group. * = P<.01 vs the Ish and
Ish + TMR groups. Ish = Ischemia; TMR = Transmyocardial Laser
Revascularization; Cell = Cell Therapy.

Ischemia + TMR

Ish + Cell

Ish +TMR + Cell

Fig. (7). Pathology of the hearts. Representative sections from a
heart of each group showing the scar tissue. Dramatic reduction in
scar areas were observed for the groups treated with autologous
satellite cells. The two green lines divided the ischemic myocar-
dium on anterior wall (marked between Polene sutures) and the
normal myocardium from posterior wall that were used to deter-
mine regional blood flow. Ish = Ischemia; TMR = Transmyocar-
dial Laser Revascularization; Cell = Cell Therapy.
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Fig. (8). Histology of myocardial sample form Ische-
mia+TMR+Cell group. Tissue sample from the ischemic area
observed under a cofocal microscope revealed muscle tissue ex-
pressing green fluorescence protein that suggested the origin of
muscle tissue was from the implanted cells (labeled with GFP).
Original magnification = 600X.

systolic and diastolic volumes were significantly lower in the
cell treated groups; all of the other global hemodynamic
functions were not different between treatment groups (Fig.
10). The % wall thickening fraction changed from 7.8+0.4%
to 3.8+0.4% at three weeks after ameroid constrictor applica-
tion (P<0.01). At six weeks later only the cell treatment
groups (7.1+#1.1 and 6.8+1.0 %) significantly improved
(P<0.01) while the Ischemia (5.2+0.7%) and Ischemia+TMR
(4.6%0.7%) groups were not significantly improved.

The average baseline % segmental shortening fraction
was 8.1+0.5% and significantly decreased to 3.9+0.6% at
three weeks after ameroid constrictor installation. The %
segmental shortening fraction recovered to 4.7+1.8, 3.9+1.2,
6.7£1.7 and 6.0£1.9% for the Ischemia, Ischemia+TMR,
Ischemia+Cell, and IschemiatTMR+Cell groups respec-
tively. Although a clear recovery was observed for the cell
implantation groups, the differences were not statistically
significant.

4. DISCUSSION

Although both TMR and cellular cardiomyoplasty have
demonstrated significant clinical benefit to the patients after
treatment, the mechanisms remained to be elucidated. TMR
is hypothesized to induce angiogenesis to improve perfusion
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of ischemic myocardium while cellular cardiomyoplasty will
regenerate new muscle tissue to replace the damaged heart
muscle. The hypothesis tested by this study is the combina-
tion of TMR and cellular cardiomyoplasty may induce both
angiogenesis and myogenesis that will restore the chronic
ischemic heart.

Regional Myocardial Blood Flow

100

t %

60 -

40 -

20 1

Percent Flow Rate

o T T T
Ish Ish + TMR Ish+ Cell Ish+TMR+Cell

Treatment Groups

Fig. (9). Regional myocardial blood flow. Normalized regional
myocardial blood flow showing significant better recovery of cell
treated groups than TMR and Ischemia groups. A remote area
[shown by Fig. (7)] not affected by any treatment form each heart
was selected as a reference to derive the normalized regional myo-
cardial percent flow rate. The normal myocardial blood flow is 1.1
+ 0.2 mL/g/min. * = P<.05 vs the Ish and Ish + TMR groups. Ish =
Ischemia; TMR = Transmyocardial Laser Revascularization; Cell =
Cell Therapy.

Following TMR the laser channels were rapidly filled
with fibrin thrombi before being invaded by granulation tis-
sue which included a large amount of small vessels of vari-
ous sizes. With the maturation of scar and contraction of
fibrous tissue, most of the vessels regressed and lost their
patency at six weeks after the procedure [44,45]. Fibrin
thrombus is a potent stimulator of angiogenesis and laser
induced injury to myocardium resulted in inflammatory re-
sponses that liberate numerous cytokines and growth factors.
The TMR induced angiogenesis is most likely to be a non-
specific response of the myocardium to injury and has been
well illustrated by pure mechanical injury studies [46-48].

The ischemic area marked with 6-0 Prolene sutures was
obtained from each heart as shown by Fig. (7) by cutting a
straight line from the epicardial Prolene sutures through the
center of the heart and extended to the other end. The ante-
rior samples and the posterior samples that divided by the
green lines were used to determine the regional myocardial
blood flow of the ischemic and normal myocardium respect-
fully. Using myocardium samples from the same heart to
derive the normalized regional myocardial percent flow rate
significantly reduced the variations between hearts. From our
results TMR did not significantly improve the blood perfu-
sion at the treated ischemic area using the chronic ischemic
animal model. Our results agreed with most of the experi-
mental studies when followed longer than 4 weeks after
TMR using microspheres [7]. However, the current study
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Fig. (10). Global hemodynamic functions. The left ventricular end diastolic pressure, ejection traction, left ventricular end diastolic volume
and end systolic volume, were all significantly improved by cell therapy. * = P<.05 vs the Ish and Ish + TMR groups. LV = Left Ventricular;
Ish = Ischemia; TMR = Transmyocardial Laser Revascularization; Cell = Cell Therapy.

can not rule out the possibility of improving oxygen supply
to the ischemic myocardium by diffusion or other mecha-
nisms due to the enhanced circulation of adjacent coronary
vessels resulted from the released angiogenic factors after
TMR.

TMR significantly reduced severity of angina, improved
quality of life, increased exercise tolerance, decreased hospi-
talization, and improved clinical status that justifies its clini-
cal application either as a sole therapy or as an adjunct pro-
cedure [16,49,50]. Although angiogenesis and modification
of cardiac nervous system [10-12] have been suggested as
possible beneficial mechanisms, neither of them have con-
crete data to support their claims. The clear clinical advan-
tages in angina alleviation during long-term follow-up sup-
port the continual therapeutic application.

Implantation of autologous stem cells significantly im-
proved contractile functions, formation of muscle tissue,
reduction of scar, and augmentation of blood perfusion after
myocardial infarction in experimental and clinical studies
[23-40]. Giving autologous stem cells into the TMR chan-
nels during the procedure has not been reported previously.
In this study, only transplants using stem cells either alone or
into the TMR channels resulted in beneficial outcomes. The
highly significant decrease in end diastolic pressure and vol-

ume in the cell implanted groups indicated the prevention of
remodeling and possible heart failure after cell therapy. Cell
therapy also maintained the ejection fraction at normal levels
after chronic ischemic injury. A clear recovery in local con-
tractile function was found of the cell treated groups for their
% wall thickening fraction and % segmental shortening frac-
tion. In this study no objective improvement in cardiac func-
tion was evident following TMR alone, a result in agreement
with published observations [16,49,50]. Only implantation of
satellite cells was beneficial, results that are consistent with
our previous experience. The favorable outcomes of cellular
cardiomyplasty are confirmed from the results but TMR does
not provide any additional advantages beyond stem cell ther-
apy.

After myocardial infarction, the acute inflammatory reac-
tion with inflammatory cell infiltration will be gradually sub-
sided during the first week. This is followed by the granula-
tion tissue formation for two to four weeks before scar matu-
ration and remodeling. From the published results and our
observations [51,52], between two to four weeks after myo-
cardial infraction is the optimal time for cellular cardiomyo-
plasty. At three weeks after ameroid constrictor placement as
performed in this study will give us the optimal timing for
cell therapy.
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The replication-defective pFB-hrGFP retroviral super-
natant was produced by transiently transfecting the packag-
ing cells with the plasmid cDNA plus the gag-pol and env
vectors. The supernatant does not produce any replication-
competent retrovirus and the target cells after transfection
also do not produce any replication-competent retrovirus as
proved in our cell culture system. The humanized GFP
(hrGFP) is low toxicity as compared to EGFP, that means it
is possible to study gene expression without introducing un-
wanted artifacts into the experiment. Furthermore, the hrGFP
labeled satellite cells after thoroughly sonication will not
induce GFP expression in the myocardium. Together, the
GFP labeled muscle tissue in Fig. (8) is most likely derived
from the implanted satellite cells. If we can transfect the sat-
ellite cells with inducible gene that can render the developed
muscle tissue inactive, we may be able to delineate the bene-
ficial outcomes are due to prevention of ventricular remodel-
ing or active contraction of the implanted cells.

5. CONCLUSIONS

Implantation of autologous satellite cells into TMR chan-
nels during the procedure is feasible. Cellular cardiomy-
oplsty alone or in conjunction with TMR achieved similar
beneficial outcomes in reduced scar formation, prevented
ventricular remodeling, enhanced blood perfusion, and pre-
served contractile function. TMR plus satellite cell implanta-
tion did not offer additional benefit over satellite cells alone.
Further studies are warranted to delineate the possible bene-
ficial mechanisms of the procedures.
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