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ABSTRACT

Background: The review aims to highlight recent advances in cardiac and skeletal muscle
cell grafting for myocardial infarct repair.
Results: Fetal and neonatal cardiomyocytes form new myocardium in normal or injured
hearts, and this new myocardium differentiates toward an adult phenotype. Unfortunately,
formation of new myocardium is limited by graft cell death, in large part because of ischemic
injury. In contrast, skeletal myoblasts are ischemia-resistant and form larger grafts of mature
skeletal muscle in the injured heart. Although contractile under field stimulation, skeletal
muscle grafts do not express gap junction proteins and remain electrically insulated,
suggesting they may not beat with host myocardium. When placed in coculture, however,
cardiac and skeletal muscle form synchronously beating networks, where cardiomyocytes
capture and pace skeletal muscle cells via intercalated disk-like structures containing gap
junctions. This suggests that engineering skeletal muscle to express gap junction proteins in
vivo may induce similar coupling with host myocardium. One major challenge to myocardial
repair is getting sufficient graft cell mass without risking a tumor-like overgrowth. Recent
experiments suggest it may be possible to control skeletal muscle graft size using a small,
synthetic ligand, which activates the fibroblast growth factor signaling pathway only in
genetically modified graft cells. Finally, a review of functional studies is presented that
provides clear evidence that skeletal myoblast grafting is beneficial by limiting remodeling of
the heart after infarction.
Conclusion:Given that clinical trials of skeletal myoblast grafting for myocardial repair are
under way, it will be critically important to determine if these cells beat after grafting in the
heart.
Key Words: Myocardial infarction, cell transplantation, skeletal myoblast, cell death, cell
proliferation, gap junction

Myocardial infarction and subsequent heart failure can
be viewed as a disease of cellular deficiency. It has long

been recognized that there is no functional regeneration
of the myocardium after infarction.1 Inability of the heart
to regenerate stems from two factors: the apparent
absence of a myogenic stem cell component in the infarct
and the inability of surviving cardiomyocytes to reenter
the cell cycle.2 It has been suggested in studies that there
may be a stem cell population that contributes new
myocytes after infarction,3-6 and, similarly, that there can
be limited DNA synthesis in surviving myocytes.7 If
such responses truly exist, they clearly are physiologi-
cally insignificant in comparison to the mechanical
requirements of the infarcted heart. For this reason, our
group and others have explored cellular grafting as a
strategy for repairing the infarcted heart.
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Several strategies for using cell grafts to repair the
heart may be envisioned. The most intuitive is placing
new muscle tissue into the infarct to restore systolic wall
motion. This is clearly the most ambitious strategy and
may take the longest time to achieve. A second strategy
is the use of cellular grafts to induce angiogenesis. This
strategy might be used after an acute infarction or to treat
chronic ischemic heart disease. Finally, cellular grafting
may be used to change the passive mechanical properties
of the infarcted wall (e.g., wall thickness or compliance)
to attenuate ventricular dilation and other adverse con-
sequences of remodeling. This review will focus on the
use of committed cardiac and skeletal muscle cells for
myocardial repair.

Cardiac Myocyte Grafting

It seems logical that cardiac myocytes would be the
best cell type to repair a myocardial infarct. Initial studies
from Field’s group8 generated significant excitement af-
ter they demonstrated that cardiomyocytes from fetal mice
formed viable grafts after injection into normal myocar-
dium of syngeneic hosts. Electron microscopic analysis
showed formation of intercalated disks, complete with
gap junctions, between graft and host cardiomyocytes.
They subsequently showed successful engraftment using
fetal canine cardiomyocytes into normal adult dog hearts,9

suggesting that this strategy might work for much larger
hearts as well. Finally, they showed that mouse cardi-
omyocytes derived from embryonic stem cells formed
stable grafts after injection into normal mouse hearts.10

Cardiomyocyte Grafts in Injured
Hearts

Although the behavior of cardiomyocyte grafts in
normal hearts appeared straightforward, their biology in
the injured heart was less clear. Several groups reported
that rat and fetal human cardiomyocytes could be grafted
into infarcted or cryoinjured hearts,11-14 whereas Wa-
tanabe and colleagues15 reported that fetal and neonatal
pig cardiomyocytes died after implantation. Further-
more, even the studies reporting survival disagreed as to
whether the graft cells differentiated normally. To sort
out key variables, our group systematically surveyed
how the developmental stage of implanted cardiomyo-
cytes and the status of the recipient heart tissue (normal
myocardium, acute necrosis, healing granulation tissue)
influenced the success of grafting.16 We found that both
fetal and neonatal rat cardiomyocytes formed viable
grafts in normal myocardium, acutely necrotic myocar-
dium, or 1-week-old granulation tissue. In contrast, adult

cardiomyocytes died irrespective of the type of tissue
into which they were grafted.

A detailed time course analysis of neonatal cells
implanted into acutely cryoinjured hearts revealed that
the grafted cells underwent a normal differentiation
program, including hypertrophy and formation of inter-
calated disks (Fig. 1, A-D). There was limited cardi-
omyocyte proliferation after grafting, with a peak PCNA
(a cell cycle–associated antigen) index of 2%, 6 days
after grafting. At early times after grafting (6 days) it was
possible to demonstrate gap junctions between graft and
host cardiomyocytes, suggesting electromechanical cou-
pling. At later times, however, the grafted cardiomyo-
cytes were more commonly separated from host myocar-
dium by scar tissue.

These studies showed that cardiomyocyte grafting
could generate new, normal-appearing myocardium in
injured hearts. This suggested that such an approach
could improve myocardial function after infarction. To
repair an infarct, however, grafts should replace a sub-
stantial fraction of the lost myocardium and ideally
should be coupled to the host tissue for synchronous
contraction. Li and colleagues11 reported that cardiomyo-
cyte grafting improved global ventricular function after
cryoinjury in an isovolumic Langendorff preparation.
Histology showed that the grafts were quite small com-
pared to the lost myocardium and that the grafts were
completely insulated from host myocardium by scar
tissue. Thus their shift of the ventricular pressure-volume
curve toward normal likely resulted from reduced ven-
tricular dilation rather than restoration of systolic wall
motion in the injured wall.

Cardiomyocyte Graft Cell Death

In an attempt to generate larger grafts in acutely
cryoinjured rat hearts, we performed a dose-escalation
study ranging from 3 to 25 million neonatal cardiomyo-
cytes.17 (For reference, the normal adult rat heart con-
tains�20 million cardiomyocytes.18) Unfortunately, all
grafts were small (<2.5% of left ventricular mass at 1
week), and there was no increase in graft size with
increasing cell dose. This indicated that cell death was
likely limiting the amount of new myocardium formed.
Cell death was studied using terminal transferase UTP
nick end-labeling (TUNEL) staining for DNA fragmen-
tation and a constant dose of 5 million neonatal cardi-
omyocytes. This showed that, although cells were viable
when injected, 32% were TUNEL-positive 1 day later
(Fig. 1, E-G). TUNEL staining declined to 10% of graft
cells at 4 days and was below 1% at 7 days. If one
assumes that cells remain TUNEL-positive for 6 or 12
hours, this translates to 1 week survival of 1% or 10% of
graft cells, respectively.
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To test whether ischemia contributed to poor cell
survival, grafts were placed into highly vascularized
2-week-old cardiac granulation tissue or into normal
myocardium. TUNEL staining 1 day after grafting was
reduced by 53% in granulation tissue and by 86% in
normal myocardium. This supports the hypothesis that is-
chemia plays a major role in causing cell death, although
it does not rule out a contribution of acute inflammation.
Modest benefits in survival were noted when the cytopro-
tective kinase, Akt, was overexpressed in the graft cells
using adenoviral transduction. In contrast, heat shocking
cardiomyocytes 1 day before grafting reduced TUNEL
staining by 54%. Heat shock clearly induces multiple pro-
tective pathways (e.g., chaperones, antioxidants) and is
therefore an imprecise intervention in mechanistic terms.
On the other hand, it does provide a simple means of in-
creasing graft cardiomyocyte survival.

In summary, these experiments show that it is possible
to generate new myocardium by grafting cardiomyocytes
into the injured heart. The amount of new myocardium
that can be formed by this approach, however, is limited
by cell death. That the fraction of dying cells increases
with increasing cell number suggests that the cells are
competing for limited resources (e.g., oxygen, survival
factors). Current evidence points to ischemic injury as
the principal culprit in causing cell death. Other paths to
death, including inflammation, loss of matrix attach-
ments (anoikis), or other apoptotic stimuli are also
possible contributors to the poor survival of grafted
cardiomyocytes.

Skeletal Muscle Grafting

Because of some of the limitations of cardiomyocytes,
our group and others have studied skeletal muscle as a
repair cell for the infarcted heart. Before describing these
studies, it is worthwhile to review a few points of basic
skeletal muscle biology.19 Mature skeletal muscle fibers
originate from undifferentiated, mononucleated progeni-

tor cells, which are termed myoblasts. Myoblasts prolif-
erate in response to local mitogens, such as fibroblast
growth factor (FGF) family members. When local
growth factors are depleted, myoblasts withdraw irre-
versibly from the cell cycle, activate expression of
muscle-specific genes (e.g., actins, myosins, creatine
kinase) and fuse to form multinucleated cells called
myotubes. Myotubes undergo progressive maturation
and hypertrophy to form differentiated myofibers char-
acteristic of adult skeletal muscle. Not all myoblasts fuse
into myotubes, however. Rather, some become quiescent
stem cells, or satellite cells, residing in close apposition
to the muscle fiber. Satellite cells can reenter the cell
cycle in response to muscle injury and are responsible for
the ability of skeletal muscle to regenerate. No compa-
rable cell population has been found in the heart. Several
clinical trials are under way to determine whether au-
tologous satellite cell/myoblast grafts in the heart are an
effective strategy for myocardial infarct repair.20

Differentiation,
“Transdifferentiation,” and
Electromechanical Coupling

In contrast to cardiac myocytes, skeletal muscle cells
are among the most ischemia-tolerant in the body and,
consequently, are capable of forming large grafts in the
injured heart (Fig. 2A).21 When injected into acutely
cryoinjured myocardium, skeletal myoblasts proliferate
for up to 3 days and then differentiate to form multi-
nucleated myotubes. Despite their ectopic location, the
skeletal muscle cells undergo a normal maturation pro-
cess, eventually forming hypertrophic cells with periph-
erally located nuclei. Several investigators have pro-
posed that skeletal muscle cells will transdifferentiate
into cardiomyocytes after cardiac engraftment.22-25 Our
group has looked carefully at this question in several
studies, most recently using BrdU prelabeling of the

�

Fig. 1. Cardiomyocyte grafting for myocardial repair. Adult rat hearts were injured by a cryoprobe and 5 million syngeneic neonatal
cardiomyocytes injected into the lesion immediately thereafter. (A) At 1 day after grafting the graft cardiomyocytes were round,
undifferentiated-looking cells contained within the necrotic host myocardium. Note that some of the cells have plump nuclei while
others have condensed, shrunken nuclei. (B) At 2 months the graft cardiomyocytes had rod-shaped morphology and formed
interconnecting fibers, similar to normal host myocardium. (C, D) At 2 months the graft cardiomyocytes were coupled with one
another by intercalated disks, containing N-cadherin and connexin43. (E, F) To study graft cell death, cells were prelabeled with
Orange Cell Tracker (Molecular Probes) and a fluorescent green TUNEL reaction performed to quantify DNA fragmentation. (The
TUNEL reaction appears yellow in the merged, confocal image.) At 30 minutes after grafting, the cells had no DNA fragmentation,
whereas by 18 hours there was extensive DNA fragmentation. (G) Time course of TUNEL staining. Cell counts were performed to
quantify the amount of cell death after grafting. At 1 day�32% of graft cells were TUNEL-positive. The incidence of cell death
declined to 10% at day 4 and to 1% at day 7. Data are means� SEM. (A)-(D) reproduced from reference number 16; (E)-(G)
reproduced from reference number 17.
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skeletal muscle cells to follow their lineage, coupled with
highly specific cardiac- or skeletal muscle-specific anti-
bodies.26 These studies have shown unambiguously that
these grafts express skeletal muscle myosin heavy chains
and fail to express cardiac markers such as�-myosin
heavy chain (Fig. 2B), cardiac troponin-I and atrial
natriuretic factor. Thus the skeletal myoblasts appear
firmly committed to their fate and form only skeletal
muscle in the heart.

Studies with myocardial wound strips showed that the
skeletal muscle grafts would contract when exogenously
stimulated.21 The grafts showed the ability to undergo
tetanic contraction under high-frequency stimulation, a
property not shared by myocardium because of its
refractory period after depolarization. As the electrical
field stimulation was increased, the skeletal muscle grafts
showed increasing twitch tension, indicating recruitment
of additional fibers. Fiber recruitment implied that the
skeletal muscle grafts were electrically insulated from
one another, unlike cardiomyocytes, which are electri-
cally coupled by gap junctions. These observations led us
to explore expression of the intercalated disk proteins
N-cadherin (mechanical junctions) and connexin43 (gap
junctions) in skeletal muscle.27 Cell culture experiments
showed that proliferating skeletal myoblasts expressed
abundant amounts of N-cadherin and connexin43. When
cells differentiated into myotubes, however, both pro-
teins were markedly downregulated. Immunostaining
revealed that skeletal muscle grafts in the heart had
undetectable levels of N-cadherin and connexin43, indi-
cating that the grafts were not electromechanically
coupled with one another or with host myocardium (Fig.
2C). These findings make it unlikely that skeletal muscle
grafts in the heart are beating synchronously with the
host myocardium.

Much to our surprise, however, when skeletal and
cardiac muscle cells were placed in coculture, the cells
formed a synchronously beating network.27 The
�-adrenergic agonist isoproterenol increased synchro-
nous beating rates, suggesting cardiomyocytes were the

pacemakers. Conversely, the gap junction blocker, hep-
tanal, stopped skeletal muscle contractions and restricted
individual cardiomyocytes to their intrinsic pacemaker
frequency, suggesting the two cell types were coupled
with gap junctions. Fluorescent calcium imaging studies
showed that cardiomyocytes and skeletal muscle cells
had synchronous calcium transients, indicating tight
coupling between the cell types (Fig. 2F). Microinjection
studies showed that the gap junction permeant dye,
Lucifer yellow, could pass from skeletal muscle cells to
cardiomyocytes. Finally, confocal microscopy revealed
the presence of N-cadherin–mediated adherens junctions
and connexin43-mediated gap junctions between skeletal
muscle cells and cardiomyocytes (Fig. 2D, E).

Taken together, these experiments indicate that cardi-
omyocytes have the capacity to form electromechanical
junctions with skeletal muscle cells and to use these
junctions to induce synchronous beating in the skeletal
muscle. Why does this coupling not occur in vivo after
grafting? Skeletal muscle cells in culture are less differ-
entiated than in vivo graft cells, and in culture the cells
still have low levels of N-cadherin and connexin43. It
appears that this low-level expression is sufficient to
permit physiologic coupling. As the graft cells mature in
vivo, however, N-cadherin and connexin43 appear to be
downregulated to undetectable levels, thereby precluding
coupling. Studies are currently directed at inducing
expression of these two genes in grafted skeletal muscle
cells to determine if this permits coupling between
skeletal and cardiac muscle in vivo.

Control of Graft Cell
Proliferation

For a graft to restore contractile function, it must
replace a substantial fraction of the myocardium lost to
infarction. A simple approach to increasing graft size
would be to add more cells. As mentioned previously,
this strategy will not work for cardiomyocytes because

�

Fig. 2. Skeletal muscle grafting and coculture. (A) Seven-week-old syngeneic skeletal muscle graft in a cryoinjured rat heart, immu-
nostained for embryonic skeletal myosin heavy chain. Skeletal muscle cells formed a large mass of muscle in the injured heart. Grafts
were typically separated from underlying myocardium by scar (wound) tissue. Note that the underlying myocardium does not express
embryonic skeletal myosin. (B) A serial section immunostained for the cardiac marker�-myosin heavy chain. Note that the graft does
not stain, indicating no transdifferentiation to cardiac muscle has occurred. (C) Skeletal muscle graft stained for the intercalated disk
adherens junction protein, N-cadherin. Although the intercalated disks of the host myocardium stain vigorously for N-cadherin (ar-
rows), the skeletal muscle graft does not express this protein. Similar results were obtained after immunostaining for the gap junction
protein, connexin43 (not shown). (D, E) Skeletal myotubes (MT) and cardiomyocytes in coculture, stained for F-actin (red) and
N-cadherin or connexin43 (green). In contrast to the grafting results, in coculture the two cell types formed intercalated disk-like
junctions containing both N-cadherin and connexin43. (F) Calcium imaging in cocultures using Oregon Green. Synchronous calcium
transients were observed in the cardiomyocyte and the coupled skeletal MT. Note that the pause at 3 seconds and the synchronous
resumption of calcium fluxes. (A) and (B) reproduced from reference number 21; (C)-(F) reproduced from reference number 27.
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adding more cells simply increases the fraction that dies.
We performed a simple dose-escalation study with pri-
mary cultures of skeletal myoblasts grafted into normal
and cryoinjured rat hearts.28 Unlike cardiomyocytes, we
found that graft size generally increased with increasing
graft cell number. Unfortunately, this relationship was
very noisy, with a wide variation in graft size at any given
number of cells. Most of the imprecision appears to be
due to variation in initial seeding efficiency. Mu¨ller-
Ehmsen and colleagues showed that injecting cells in tis-
sue culture medium resulted in highly variable retention,
ranging from 15% to 80%.29 In our studies we observed
that with a constant dose of cells, some grafts were quite
small, some nicely replaced the zone of injury, and some
caused massive distention of the ventricular wall, bulging
both the epicardial and endocardial contours.28

An alternative strategy to getting the right graft size
would be to introduce a smaller number of cells initially
and then control their proliferation to a desired level. As
mentioned previously, skeletal myoblasts proliferate well
in response to basic FGF (bFGF) treatment. FGF also
induces proliferation of multiple other cell types (e.g.,
fibroblasts), which might cause fibrosis rather than graft
proliferation. We therefore sought to genetically modify
skeletal muscle cells so they would activate the FGF
signaling pathway in response to a synthetic ligand.30 A
chimeric receptor was created, consisting of the cytoplas-
mic domain of FGF receptor-1, fused to a drug binding
domain. We used a modified FK506 binding protein,
F36V, which bound to a bifunctional synthetic ligand
(AP20187, ARIAD Pharmaceuticals, Cambridge, Massa-
chusetts). The chimeric receptor was transfected in a
stable manner into an FGF-dependent mouse myoblast
line, MM14, and cells were tested for response to the
dimerizer. When exposed to the dimerizer in vitro,
transfected myoblasts activated the mitogen-activated
protein kinase pathway and proliferated to levels com-
parable to treatment with bFGF (Fig. 3A). Untransfected
myoblasts showed no response to dimerizer. The dimer-
izer also blocked differentiation into myotubes and
expression of myosin heavy chain in a manner indistin-
guishable from bFGF treatment (Fig. 3B). Furthermore,
cells continuously stimulated with dimerizer for 30 days
differentiated normally upon dimerizer withdrawal, dem-
onstrating reversibility of the effect. These experiments
show a promising strategy for control of skeletal muscle
graft size in vivo.

Effects on Myocardial Function

Several groups have explored the functional conse-
quences of transplanting skeletal myoblasts into the
infarcted heart. Taylor and colleagues22 implanted au-
tologous myoblasts into adult rabbit hearts 1 week after

cryoinjury. Using sonomicrometry crystals implanted at
the border of the injured and noninjured region, they
reported improvements in segmental stroke work in 5 of
12 myoblast-engrafted hearts, with an additional 2 show-
ing borderline improvement. Individual data were not
provided for the 5 sham-injected hearts, although group
data showed a significantly lower stroke work than the
myoblast-engrafted animals. Jain and colleagues31 im-
planted 1 million neonatal skeletal myoblasts into the
hearts of syngeneic adult rats injured 1 week previously
by a 60-minute coronary occlusion followed by reperfu-
sion. Although infarct size in both groups averaged 30%
of the left ventricle, the myoblast-engrafted animals had
greater maximal exercise capacity, presumably resulting
from enhanced in vivo cardiac performance. Ex vivo
analysis of cardiac function in a Langendorff apparatus
showed that the myoblast-engrafted hearts shifted their
developed pressurevs. end-diastolic volume relation
toward normal. Interestingly, the improved function in
myoblast-grafted hearts was associated with a significant
reduction in ventricular dilation.

Most recently, Pouzet and colleagues32 reported on the
effects of engrafting autologous skeletal myoblasts into
rat hearts 1 week after permanent coronary occlusion.
Although baseline echocardiographic function was not
different between groups, the myoblast-engrafted group
showed a marked improvement in ejection fraction at 1
and 2 months after engraftment, whereas vehicle-injected
hearts showed a progressive decline in ejection fraction.
Importantly, these investigators performed a dose-
response study and showed that there was a linear
relation between improvement in ejection fraction and
myoblast dose. Although doses of 1 million myoblasts
were insufficient to improve ejection fraction 2 months
later, when 6 million myoblasts were implanted, the
ejection fraction at 2 months averaged twice the baseline.

Finally, Menasche and colleagues have reported the
initial results from one patient in which 800 million
autologous skeletal myoblasts were grafted into the site
of an old myocardial infarct.20 Five months later, the
engrafted site showed glucose uptake by positron emis-
sion tomography imaging, and global function of the
heart was improved. Although this is encouraging, it
should be stressed that this patient also received coronary
artery bypass grafting, which obscures the interpretation
of the functional data.

Taken together, these studies provide good evidence
that skeletal myoblast grafting results in improved global
contractile function. It is not clear, however, how this
benefit is achieved. In all cases where histology was
provided, the skeletal muscle graft was surrounded by
scar tissue that was well removed from host myocar-
dium. Furthermore, as reported previously, the absence
of junctional proteins in skeletal muscle grafts make
them unlikely to couple electrically with host cardiomyo-
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cytes. The critical question for myoblast grafting is: Do
these grafts beat? Although seemingly simple, this ques-
tion has not been adequately answered. Taylor’s sonomi-
crometry data reporting improved work provides the best
data for regional function.22 Although consistent with
beating graft cells, there are alternative explanations that
must be considered. Despite having a transmural cryoin-
jury, all of the injured segments, both engrafted and
sham, showed positive stroke. This indicates that the
sonomicrometry crystals were not measuring function
exclusively in the cryoinjured region (which would have
zero or a negative stroke work). Thus it seems equally
plausible that the enhanced work loops after myoblast

grafting could have resulted from global changes in
function resulting from effects on myocardial remodel-
ing. Given that three clinical trials for skeletal muscle
grafting in the heart are currently under way, determining
whether the graft cells beat will be a very important point
for future studies.

In contrast to the controversy regarding restoration of
systolic wall motion, there are very good data indicating
that skeletal myoblast grafting significantly attenuates
ventricular remodeling after an infarct. Jain and col-
leagues showed a leftward shift of the ventricular
pressure-volume curve and directly demonstrated a re-
duced ventricular volume in the myoblast-engrafted

Fig. 3. Control of skeletal myoblast
proliferation using a synthetic ligand.
Mouse myoblasts (MM14) were stably
transfected with a chimeric gene encod-
ing the signaling domain of the FGF
receptor-1, fused to a drug binding pro-
tein. The bifunctional drug AP20187
was used to activate receptor signaling
in transfected cells. (A) Both wild-type
and transfected myoblasts proliferated
in response to bFGF. The transfected
myoblasts proliferated to a similar ex-
tent after exposure to the dimerizer
AP20187, whereas the drug had no
effect on wild-type cells. (B) Sarcom-
eric myosin heavy chain staining (red).
Treatment with bFGF blocked fusion
into myotubes and the expression of
myosin heavy chain. Both wild-type
and transfected cells formed myosin-
positive myotubes after bFGF with-
drawal. When exposed to the dimerizer
(AP20187), differentiation was blocked
in transfected cells, similar to bFGF
treatment, whereas wild-type cells dif-
ferentiated normally. (C) Immunoblot
for phospho-ERK 1/2. Both wild-type
(WT) and transfected (TF) cells phos-
phorylated ERK after bFGF treatment
and showed comparably low ERK
phosphorylation after bFGF with-
drawal. After treatment with AP20187,
transfected cells phosphorylated ERK
similar to bFGF treatment, whereas
wild-type cells were unaffected. Repro-
duced from reference number 30.

Muscle Cell Grafting for the Treatment and Prevention of Heart Failure O Murry et al S539



hearts.31 This study definitively shows that myoblast
grafting is an effective strategy to target remodeling after
infarction.

Summary and Future Directions

Cellular grafting has significant promise to enhance
function of the heart after myocardial infarction. In the
near term, the most promising target would appear to be
using skeletal myoblasts to target postinfarction remod-
eling. An intermediate-term strategy may be to use
cellular grafts to enhance angiogenesis in the ischemic
region. Although not covered in this review, several
studies suggest that either circulating endothelial pro-
genitor cells33 or bone marrow mononuclear cells34 can
enhance myocardial vascularization in models of chronic
ischemia. The “holy grail” of regenerative therapies will
remain restoration of systolic wall motion after infarc-
tion. This could be achieved either through the use of
cardiomyocytes or skeletal muscle cells. For cardiomyo-
cytes, the critical obstacles are defining a reliable cell
source for human applications (likely derivation from
stem cells) and either preventing cell death or enhancing
cell proliferation after engraftment. For skeletal muscle,
the critical obstacles are inducing electromechanical
coupling of skeletal and cardiac muscle, and developing
strategies to reliably control the size of grafts after they
are in place. Although promising experimental leads are
present, it will take a considerable amount of careful,
basic research before the promise of cell therapy can be
reduced to a clinical practice.
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