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Abstract

Wehave assessed the ability of skeletal myoblasts to form
long-term, differentiated grafts in ventricular myocardium.
C2C12 myoblasts were grafted directly into the heart of synge-
neic mice. Viable grafts were observed as long as 3 mo after
implantation. Immunohistological analyses revealed the pres-
ence of differentiated myotubes that stably expressed the skele-
tal myosin heavy chain isoform. Thymidine uptake studies indi-
cated that virtually all of the grafted skeletal myocytes were
withdrawn from the cell cycle by 14 d after grafting. Graft
myocytes exhibited ultrastructural characteristics typical of
differentiated myotubes. Graft formation and the associated
myocardial remodeling did not induce overt cardiac arrhyth-
mia. This study indicates that the myocardium can serve as a
stable platform for skeletal myoblast grafts. The long-term sur-
vival, differentiated phenotype, and absence of sustained prolif-
erative activity observed in myoblast grafts raise the possibility
that similar grafting approaches may be used to replace dis-
eased myocardium. Furthermore, the genetic tractability of
myoblasts could provide a useful means for the local delivery of
recombinant molecules to the heart. (J. Clin. Invest. 1993.
92:1548-1554.) Key words: skeletal myoblasts * intracardiac
grafts * cell transplantation * gene therapy * myocardial repair

Introduction

It is now well established that the regenerative capacity of skele-
tal muscle resides in the satellite cells first described by Mauro
in 1961 (1). Trauma induces satellite cell proliferation and
subsequent differentiation into new (or regenerated) muscle
fibers. Satellite cell (myoblast) lines that retain the capacity to
differentiate into myotubes in culture have been isolated from
a number of species, including mouse and human. Several
groups have shown that myoblasts have the capacity to fuse to
preexisting fibers when introduced directly into the skeletal
muscle of a syngeneic host (2, 3). Thus, skeletal muscle regen-
eration can be engendered via heterokaryon formation be-
tween host myotubes and histocompatible donor myoblasts.
This observation has been exploited in studies with mdx mice
(4) and Duchenne's patients (5), where the introduction of
myoblasts carrying a normal dystrophin gene resulted in the
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formation of chimeric myotubes expressing wild-type dystro-
phin.

In contrast to skeletal muscle, the myocardium lacks a re-
generative stem cell system. Furthermore, ventricular cardio-
myocytes in the adult mammalian heart are permanently with-
drawn from the cell cycle (6, 7). Myofiber loss due to trauma
or disease is consequently irreversible. These observations
prompted several groups to determine if targeted oncogene ex-
pression could induce cardiomyocyte proliferation. Expression
of the SV40 large T antigen oncogene in the hearts of trans-
genic mice (8-10) or in virally transfected rat cardiomyocytes
(11) resulted in a sustained proliferative response. Elevated
expression of c-myc during embryogenesis increased develop-
mental cardiomyocyte hyperplasia in transgenic mice (12).
Cardiomyocyte proliferation was also observed following retro-
viral transduction of ras or myc in embryonic rat ( 13) or avian
(14) cardiomyocytes. Thus targeted oncogene expression, at
least in some instances, can bypass the cues that usher cell cycle
withdrawal during normal cardiomyocyte development. Pres-
ently it is not clear if targeted oncogene expression can induce
proliferation in adult cardiomyocytes.

Given the absence of significant regenerative potential in
mammalian myocardium, we have previously conducted a se-
ries of experiments to determine if cardiomyocytes manipu-
lated in vitro could form intracardiac grafts ( 15). These experi-
ments utilized AT- 1 cardiomyocytes, which were derived from
transgenic mice expressing the SV40 large T antigen oncogene
in the atrium (8, 16). AT-l cardiomyocytes retain the capacity
for proliferation in culture while displaying a differentiated phe-
notype ( 17, 18). Our results showed that AT- I cardiomyocytes
formed long-term, differentiated intracardiac grafts without
having a deleterious effect on cardiac function. However, the
unchecked proliferation of grafted AT- 1 cells limits the poten-
tial value of these grafts for both myocardial repair and long-
term delivery of recombinant molecules.

The successful use of skeletal myoblasts in the grafting ex-
periments mentioned above prompted us to test their capacity
to generate intracardiac grafts. In this study we addressed three
issues. First, we determined if C2C12 myoblasts could form
stable grafts in a syngeneic myocardium. Second, we ascer-
tained the proliferative and differentiated status of grafted cells.
Third, we determined if the presence of C2C12 grafts had a
deleterious effect on host cardiac function. Our results indicate
that C2C12 myoblasts differentiate into myotubes when
grafted into the heart. The absence of tritiated thymidine up-
take indicates that the grafted cells are withdrawn from the cell
cycle by 14 days after implantation. There was no overt effect
on cardiac function in animals bearing differentiated myotube
grafts. The implication of these results with respect to the po-
tential replacement of myocardial tissue and to the long-term
delivery of recombinant proteins to the heart is discussed.
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Methods

C2C12 cell culture and myocardial grafting protocol. C2Cl2 myoblasts
were obtained from American Type Culture Collection (Rockville,
MD). Cells were maintained in the undifferentiated state by culturing
at low density in high glucose DMEsupplemented with 20% FBS, 1%
chicken embryo extract, 100 U/ml penicillin, and 100 ,g/ml strepto-
mycin. For some studies, myogenic differentiation was induced by cul-
turing in DMEsupplemented with 2% horse serum and antibiotics.
Immediately before injection, myoblasts were harvested with trypsin,
washed three times with serum-free DME, and directly injected into
the ventricular myocardium of adult syngeneic C3Heb/FeJ mice
(Jackson Laboratories, Bar Harbor, ME) under open heart surgery as
described ( 15, 19). 4-10 X 104 cells were injected in a volume of 2-3 ,1
using a plastic syringe fitted with a 30-gauge needle.

Histology. Hearts were removed following cervical dislocation and
cryoprotected in 30%sucrose, embedded and sectioned at 10 Amwith a
cryomicrotome as described (20). For hematoxylin and eosin (H and
E)' staining, sections were postfixed in acetone/methanol ( 1: 1) and
stained according to manufacturer's specifications (Sigma Diagnostics,
St. Louis, MO). For immunohistology, methanol-fixed sections
(-20'C, 10 min) were reacted with the monoclonal anti-skeletal myo-
sin heavy chain antibody (MY-32; Sigma Chemical Corp., St. Louis,
MO) followed by rhodamine-conjugated sheep anti-mouse IgG
F(ab')2 fragment (Boehringer Mannheim, Indianapolis, IN), and visu-
alized by epifluorescence. For [3H]thymidine incorporation, mice
were given a single bolus injection of isotope (400 MCi at 28 Ci/mM,
Amersham, Arlington Heights, IL) and 18 h later killed by cervical
dislocation. The heart was removed, cryoprotected in 30% sucrose,
embedded, and sectioned with a cryomicrotome. Sections were post-
fixed in methanol/acetone (1:1), stained with H and E, and coated
with a thin layer of photographic emulsion (Ilford L.4; Polysciences,
Inc., Warrington, PA) diluted 1:1 with distilled water. Sections were
exposed for 5-7 d at 40C, and developed in Kodak D- 19 (Eastman-Ko-
dak, Rochester, NY) at 20'C for 4 min, washed with distilled water for
1 min, fixed in 30% sodium thiosulfate for 10 min, and washed in
distilled water.

Electron microscopy. Tissue blocks were fixed in 2%glutaraldehyde
in 0.1 Mcacodylate buffer (pH 7.4), 0.1 Msucrose and postfixed in 2%
osmium tetroxide (Stevens Metallurgical Corp., NewYork). All other
electron microscopy (EM) chemicals were obtained from Ladd Re-
search Industries, Inc. (Burlington, VT). Tissue was stained en bloc
with 2%uranyl acetate in pH 5.2 maleate buffer(0.05 M), dehydrated,
and embedded in Ladd LX-l 12. Grafts were located using I Amsec-
tions stained with toluidine blue. After trimming, the block was thin
sectioned and stained with uranyl acetate and lead citrate. Specimens
were viewed on a transmission electron microscope (model 400; Phil-
ips Electronic Instruments, Mahwah, NJ).

Electrocardiogram analyses. For surface electrocardiogram (ECG)
records, mice were anesthetized (2.5% Avertin, 0.015 ml/g body wt,
i.p., (Fluka Chemicals, Lake Ronkomkoma, NY), surface electrodes
were placed in the standard lead 1 position, and ECGwas recorded
with a high gain amplifier (Narco Bio-Systems, Inc., Houston, TX)
coupled to an analog/digital converter (Coulbourn Instruments, Inc.,
Lehigh Valley, PA).

Plasma enzyme assay. For lactate dehydrogenase (LDH) isoform
assay, plasma was isolated by retro-orbital sinus bleeds under anesthe-
sia (2.5% Avertin, 0.015 ml/g body wt, i.p.). Plasma was fractionated
on 1% agarose gels (creatine kinase [CK] isoenzyme electrophoresis
system, CIBA-Coming Diagnostics, Coming NY) and the LDH iso-
forms were visualized by a tetranitroblue tetrazolium-formazan histo-
chemical assay (LDH assay kit; Sigma Diagnostics, St. Louis, MO).

1. Abbreviations used in this paper: ECG, electrocardiogram; EM, elec-
tron microscopy; Hand E, hematoxylin and eosin; LDH, lactate dehy-
drogenase.

Several myoblast cell lines have been described that, as exem-
plified by C2C12 cells, have the capacity to differentiate into
myotubes in culture (21 ). C2C12 myoblasts were derived from
cultured explants of injured thigh muscle of C3Hmice. When
maintained in serum-rich media, the myoblasts proliferate rap-
idly and retain an undifferentiated phenotype. However, when
cultured in serum-poor media, myogenic differentiation is in-
duced. The C2C12 cells withdraw from the cell cycle and fuse,
thereby forming multinucleated myotubes. Myogenic differen-
tiation is also induced, as evidenced by the appearance of nu-
merous muscle-specific gene products. Thus, in this model,
proliferation and myogenic differentiation are mutually exclu-
sive (22). Myoblast differentiation in vitro is thought to mimic
satellite cell mediated myofiber regeneration in vivo.

We have used C2C12 myoblasts to generate long-term
grafts in the adult heart. Myoblasts were injected directly into
the myocardium of syngeneic C3Heb/FeJ mice and the viabil-
ity of the grafted material was assessed. 100% ( 13/ 13) of the
mice receiving intracardiac implants ofC2C 12 myoblastsdevel-
oped grafts in the heart. Viable grafts were observed as long as 3
moafter implantation, the latest time point assayed to date. In
all instances, the grafted material was not encapsulated (Fig. 1,
A, D, F, and H). The differentiated status of the grafted C2C12
cells was determined by immunohistological assay with an
anti-myosin heavy chain antibody (MY-32). This antibody
does not react with myoblasts (M. G. Klug, unpublished re-
sult) nor with cardiac myosin heavy chain. Although differen-
tiated C2C12 cells were observed in every heart receiving myo-
blast injections (Fig. 1, B, E, G, and I), the grafting efficiency
of individual cells was not determined. As an additional con-
trol, hearts bearing AT- I intracardiac grafts (15) were exam-
ined with the MY-32 antibody. No staining was observed (M.
G. Klug and G. Y. Koh, unpublished results), thereby ruling
out the possibility that the signal seen in the C2C12 grafts was
due to skeletal myosin heavy chain induction in host cardio-
myocytes. Although unlikely, it is a formal possibility that a
portion of the MY-32 immunostaining observed in the intra-
cardiac grafts may be due to C2C12 myoblast-mediated induc-
tion of myogenic differentiation in host cardiac fibroblasts. In-
tracardiac grafts with retrovirally tagged C2C12 cells will di-
rectly address this caveat.

Wehave previously shown that AT- 1 cardiomyocytes also
form stable grafts in syngeneic myocardium (15). However,
the observation that these cells retained the capacity for prolifer-
ation in vivo raised the possibility that sustained cell division
might be required for successful intracardiac grafting. Wethere-
fore examined the proliferative status of the C2C12 grafts. Vir-
tually no DNAsynthesis (as assessed by tritiated thymidine
incorporation, Fig. 1 C) was observed, indicating that the ma-
jority of the grafted C2C12 cells had indeed withdrawn from
the cell cycle. Examination of serial sections indicated that less
than 0.1% of the cells in or near the grafts were synthesizing
DNA. This result most likely reflects fibroblast proliferation
during the remodeling process, although we cannot rule out the
possibility of very low levels of C2C12 proliferation. As with
our AT- 1 grafts, immunohistological analyses of C2C12 grafts
failed to detect macrophage, inflammatory leukocyte, or lym-
phocyte infiltration at 2 mo after implantation (G. Y. Koh,
unpublished results), indicating the absence of chronic graft
rejection by the syngeneic hosts.
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Figure 2. Electron micrographs of C2C12 intracardiac grafts. (A) Graft myocyte with complete, well-defined sarcomeres (s) separated by nu-
merous mitochondria (m), and enlarged t tubules (*). Bar = 1 um. (B) Ruffled edge of graft myocyte. Bar = 1 um. (C) Blast cells in graft area.
Note chromatin pattern and mitochondrial content typical of satellite cells. Bar = 1 Am.

At the level of light microscopy, the C2C12 intracardiac
grafts exhibited cellular heterogeneity with both H and E and
MY-32 immunofluorescence staining. EManalyses were em-
ployed in an effort to further characterize the cellular makeup
of the C2C12 grafts. Toluidine-stained I-,um sections were sur-
veyed at I00-,gm intervals to locate graft sites for EManalysis.
Once localized, thin sections were prepared from the block.
Cells with morphology typical of skeletal myocytes were ob-
served throughout the graft (Fig. 2 A). Abundant mitochon-
dria localized between well-developed sarcomeres were readily
detected. Prominent Z bands and thick and thin filaments were
observed. Occasionally, expanded t tubules and ruffled cell
membranes were detected in the grafted myocytes (Fig. 2, A

and B). In addition to well-developed myocytes, a second less
differentiated cell type was observed in C2C12 grafts (Fig. 2
C). Most notably, these cells exhibited a large nucleus-to-cyto-
plasm ratio, with a prominent band of heterochomatin at the
nuclear periphery. Moderate amounts of centrally located het-
erochromatin were also detected. Limited rough endoplasmic
reticulum and few mitochondria were observed in these cells.
Similar ultrastructural characteristics have been ascribed to sat-
ellite cells in vivo and in culture (23, 24).

Two studies were initiated in order to assess any deleterious
effects of C2C12 intracardiac grafts on host heart function. In
the first study, surface electrocardiograms failed to detect any
appreciable differences between records from control and ex-

Figure 1. Histological analysis of mice carrying C2C1 2 myocardial grafts. (A) C2C1 2 cardiac graft harvested at 22 d after implantation, Hand E.
Note the juxtaposition of graft myotubes with cardiomyocytes. (B) Immunofluorescence assay for skeletal myosin heavy chain (antibody MY-
32) with a rhodamine-conjugated secondary antibody. Section shows the same graft depicted in A; red fluorescence marks the location of graft
myotubes. Note that cardiac myocytes do not react with MY-32 (compare A and B). (C) Autoradiograph of the same graft shown in A. Note
the absence of silver grains over the graft, indicating cell cycle withdrawal. For a positive control, the inset shows DNAsynthesis (as evidenced
by the presence of silver grains over the nucleus) in a cardiac fibroblast from the same section. (D and E) H and E and immunofluorescence
analysis, respectively, of a C2C1 2 graft that traversed the subpericardium and myocardium of the host heart, harvested 14 d after implantation.
Note that the C2C12 graft (the myocytes are shown in cross-section) is totally devoid of encapsulation. (F and G) H and E and immunofluo-
rescence analysis, respectively, of a C2C12 graft localized to the subpericardial region of the host heart harvested 30 d after implantation. Cross-
striations in the skeletal myotubes can be seen in G. (H and I) Hand E and immunofluorescence analysis, respectively, of a C2C12 graft localized
in the left ventricular free wall harvested 63 d after implantation. Note heterogeneous Hand E staining, and heterogeneous MY-32 immunore-
activity in the graft. All panels were photographed at X400.
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perimental mice (Fig. 3). All animals examined had normal
P-QRS coupling and exhibited normal sinus rhythm with an
anesthetized heart rate of approximately 400 beats per min.
These data indicate that the intracardiac myoblast grafts did
not induce overt cardiac arrhythmias. In the second study,
plasma LDH levels were monitored in graft-bearing animals.
The presence of the cardiac LDHisoform in the circulation is a
well-established hallmark of myocardial infarction. The car-
diac-specific LDH isoforms (isoforms 1, 2, and 3) were not
observed in plasma before grafting (Fig. 4). Immediately after
grafting, an increase in the cardiac isoforms was observed in
plasma, which most likely reflected damage to the host myo-
cardium. A transient increase in the plasma skeletal LDHiso-
form (isoform 5 ) was also observed, presumably reflecting dam-
age caused by the trans-thoracic incision. Plasma LDHprofiles
returned to normal by 7 d after implantation.

Discussion

This study demonstrates that C2C12 myoblasts form stable
grafts when introduced into the myocardium of a syngeneic
host. Grafted C2C12 myoblasts underwent myogenic differen-
tiation as evidenced by both the induction of skeletal myosin
heavy chain expression and the presence of highly differen-
tiated ultrastructure. The absence of tritiated thymidine uptake
demonstrates that the formation of stable intracardiac grafts is
not dependent upon sustained cell proliferation. C2C12 intra-
cardiac grafts did not have overtly negative effects on the host
heart, as evidenced by the absence of rhythm abnormalities
and the presence of normal plasma LDH. Given the long-term
survival, differentiated phenotype, absence of sustained prolif-
erative activity, and absence of deleterious effects on host heart
function, several applications for intracardiac grafting can be
envisioned. Specifically, intracardiac grafting approaches may
be used to replace diseased myocardium, or alternatively to
provide a means for the local delivery of recombinant mole-
cules to the heart.

A'
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Figure 3. Representative surface ECGrecordings from mice harbor-
ing C2C12 myocardial grafts. Records from sham (A) and graft bear-
ing (B, C) mice are shown.
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Figure 4. Plasma LDH profile from a mouse harboring a C2C12
myocardial graft. Plasma harvested at 3 d before implantation (-3)
and at + 1, +7, and +30 d after implantation was subjected to histo-
chemical analysis for lactate dehydrogenase isoform content as de-
scribed ( 18). Controls for skeletal (M) and cardiac (H) muscle, as
well as from human plasma (Hu) are shown. Note transient appear-
ance of the cardiac LDHisoforms in plasma from mice one day after
implantation. A similar pattern of plasma LDHprofiles was observed
for all grafted animals examined.

With regard to the potential use of intracardiac grafting as a
method for recombinant protein delivery to the myocardium,
it should be noted that the use of cellular grafts as ectopic plat-
forms for the expression of recombinant molecules is emerging
as a powerful approach for ex vivo gene therapy (reviewed in
25-28). Typically, cells are amplified in vitro, genetically modi-
fied, and then reintroduced into the host. A variety of cell types
have been used toward this end, including fibroblasts, hepato-
cytes, endothelial cells, bone marrow progenitors, and lympho-
cytes. The ability of skeletal myoblasts to fuse to preexisting
fibers has been exploited independently by Leiden (29) and
Blau (30) to effect therapeutic delivery of a recombinant mole-
cule in experimental animals. Myoblasts transfected with a
growth hormone expression vector produced stable grafts that
elevated plasma hormone levels when introduced into mice.

Targeted expression of recombinant molecules in intracar-
diac grafts could induce a beneficial response in the myocar-
dium. For example, grafts expressing angiogenic factors (as ex-
emplified by basic and acidic fibroblast growth factor, TGFi,
vascular endothelial growth factor, and hepatocyte growth fac-
tor, see 31-34) might induce neovascularization. Similarly,
grafts expressing neurotrophic agents near an infarcted region
might ameliorate the arrhythmogenesis associated with the
border zone (35). In support of the notion that ectopic neuro-
troph expression could alter host myocardium, recent studies
have shown that expression of nerve growth factor in the myo-
cardium of transgenic mice significantly alters sympathetic in-
nervation of the heart. (Steinhelper, M. E., A. Hassankhani,
M. H. Soonpaa, E. B. Katz, D. A. Taylor, L. J. Field, and H. J.
Federoff. Over expression of nerve growth factor in the hearts
of transgenic mice leads to cardiac pathology and death. Manu-
script submitted for publication.)

A more exciting application of intracardiac myoblast graft-
ing lies in the potential replacement of diseased myocardium.
It is widely accepted that ventricular cardiomyocytes in the
adult mammalhave no capacity to reenter the cell cycle (7).
Cardiomyocyte loss due to infarct or other disease processes is
consequently irreversible. The results presented here demon-
strate that grafted myoblasts can undergo myogenic differen-
tiation in the heart. This finding raises the possibility that dis-
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eased myocardium could be replaced by differentiating myo-
tubes. However, several criteria, some of which may prove to
be formidable obstacles, must be met in order to realize this
goal. First and foremost, the nascent myotubes must be electri-
cally coupled to the host conduction system. Although the
grafted C2C12 myocytes were clearly juxtaposed with host car-
diomyocytes, we currently do not know to what extent, if any,
electrical coupling occurs. In the event that no coupling occurs,
gene transfer approaches could be employed. For example, tar-
geted expression of the major cardiac gap junction protein
(connexin43, see reference 36) as well as the cell adhesion mole-
cules expressed in the developing heart (reviewed in 37, 38)
might facilitate coupling between host cardiomyocytes and na-
scent myotubes. These issues are readily addressed in co-cul-
ture experiments.

In addition to being coupled to the host myocardium,
grafted myotubes must be oriented such that their contractile
activity will contribute to cardiac function. In this regard, it is
of interest to note that the C2C12 intracardiac grafts generated
to date appear to have a somewhat organized structure. Al-
though this observation is phenomenological at present, we
have noted that adjacent myotubes within a graft tend to align
themselves in similar orientations (Fig. 2). Cardiomyocytes
cultured under conditions of oscillating tension tend to align
themselves parallel to the direction of stretch (39). Although it
is clear that force generation per se can influence the orienta-
tion of fibers, the extent to which preexisting myocardial extra-
cellular matrix exerts an effect upon myotube orientation is not
known. Further studies are clearly needed to determine this
relationship.

The C2C12 grafts described in this report appear to satisfy
several other criteria for successful myocardial repair. For ex-
ample, proliferation of graft myocytes would obviously limit
the usefulness of this approach. The absence of tritiated thymi-
dine incorporation suggests that withdrawal from the cell cycle
has occurred in the intracardiac grafts. In addition, no evidence
of tumorigenesis was found in syngeneic intraskeletal muscle
grafts that utilized either C2C12 (30) or primary (40, 41 ) myo-
blasts. In contrast, tumors of C2 origin were observed following
grafting into muscle of athymic (nu/nu) mice (42). Although
it is possible that the immunodeficiency in the athymic host
contributed to this discrepancy, it is important to note that the
use of primary myoblasts could virtually eliminate the tumori-
genic potential of grafted cells. To this end, it will be informa-
tive to determine the ability of such cells to form stable intra-
cardiac grafts.

The absence of overt graft-induced arrhythmias is also an
important prerequisite that appears to be met by the C2C12
intracardiac grafts. The normal sinus rhythm observed in graft-
bearing animals is noteworthy, as the border zone between
healthy myocardium and scar tissue frequently gives rise to
circus loops, resulting in clinically significant arrhythmias in
patients suffering from myocardial infarct (43, 44). This obser-
vation, as well as the absence of long-term changes in the
plasma enzyme profile, suggests that intracardiac grafts do not
have an overtly negative effect on the host heart. Although the
size of the mouse heart precludes exhaustive assessment of me-
chanical performance, recent studies have successfully mea-
sured cardiac output and coronary blood flow in intact,
conscious mice (45), as well as Starling functional curves in in
vitro working mouse heart preparations (46). Additionally, the
ability to generate primary myoblast cells from other species

raises the possibility of extending these studies to animals more
suitable for cardiovascular functional studies.

It is clear that stable intracardiac grafts can be established
with cultured myoblasts (this report) and with transformed
cardiomyocytes ( 15 ). The potential utility of these grafts has
not yet been exploited. Given the successful results obtained
with other transplantation schemes, there is little doubt that
myoblasts can be used as a stable platform for expression of
recombinant molecules in the heart. Although likely, it re-
mains to be proven that regional myocardial expression of a
given compound is superior to systemic delivery. As outlined
above, several formidable obstacles must be overcome in order
to realize successful myocardial replacement. Further experi-
mentation with myoblast grafts, as well as grafts originating
from other cell types, may enable us to circumvent these obsta-
cles.
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