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How can cellular gratts be kept alive and
synchronized with the rest of the heart?
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Myocardial infarction and subse-
quent heart failure can be viewed
as diseases of cellular deficiency.
Cellular cardiomyoplasty is evolv-
ing as a promising therapy. Most
studies have used cardiac or skele-
tal myocytes and each cell type
has advantages as well as disad-
vantages, with impact on survival
and integration. Cardiomyocytes
are poor survivors in the injured
heart, however, they are capable of
forming electromechanical junc-
tions with the host. In contrast, the
more ischemia-resistant skeletal
myoblasts survive much better in
the injured myocardium, but their
differentiated phenotype precludes
formation of electromechanical
jJunctions. Heat shocking graft cells
prior to implantation significantly
improves survival of both cell types.
Genetic modification of the graft
cells may further foster survival, and
also may allow skeletal myocytes
to better integrate with the host
myocardium.
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Ithough infarct size limita-

tion remains a highly de-

sirable goal, it has been

extremely difficult to
achieve clinically. A fundamental
problem is the fact that ischemic
myocardium dies quite rapidly. In-
farcts achieve =80% of their potential
size within 3 hours of coronary oc-
clusion.! Thus, myocardial infarction
and subsequent heart failure are
likely to remain major health prob-
lems. Cellular cardiomyoplasty has
been explored as a strategy for re-
pairing the infarcted heart. Quite
naturally, most studies have used
myocytes, reasoning that they would
be best suited for the task of replac-
ing the lost cardiomyocytes and
restoring systolic wall motion. Here,
we will focus on the use of cardiac
and skeletal myocytes to achieve
this ambitious goal.

HOW CAN THE
GRAFTED MYOCYTES
BE KEPT ALIVE?

Cardiomyocytes

Ideally, dead myocardium should
be replaced by living cardiac tissue
and, therefore, cardiac myocytes
should be a first choice for cardio-
myoplasty. Initial studies generated
significant excitement after demon-
strating that cardiomyocytes from
fetal mice formed viable grafts after
injection into normal myocardium 2
In order to restore systolic function,
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it seems likely that grafts need to
replace a substantial fraction of the
lost myocardium. Reasoning that
more grafted cardiomyocytes would
give rise to larger grafts, we per-
formed a dose-escalation study in
injured rat hearts using neonatal
cardiomyocytes.3 Disappointingly,
all grafts were small (<2.5% of the
left ventricular mass), 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. Poor survival of cardiomy-
ocytes in injured hearts was seen
by other investigators as well .45 In
fact, depending on the transplanta-
tion protocol, injury (cryoinjury, in-
farct) and animal model (mouse,
rat, rabbit, dog, pig), cell survival af-
ter transplantation may range any-
where from 0% to =20%.

The next question becomes, “why
do the cells die?” Information on
mechanisms of graft cell death is
currently limited, but it appears like-
ly that ischemia plays a major role.
Cell survival is better in normal
hearts than acutely injured hearts,
and vascularized granulation tissue
supports cell survival better than
acutely necrotic myocardium, al-
though not as well as normal myo-
cardium.3 The dilemma here is that
cardiomyocytes are extremely sen-
sitive to ischemic injury, exactly the
reason they die in the ischemic heart
in the first place. Similarly, an old
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infarct scar represents a relatively
ischemic tissue and, therefore, one
might expect poor survival of this
highly metabolic cell type after
transplantation. We sought to pro-
tect the neonatal cardiomyocytes
to better withstand environmental
stresses after grafting into cryoin-
jured rat hearts. Only modest ben-
efits in survival were noted when
the cytoprotective kinase, Akt (pro-
tein kinase B), was overexpressed
in the graft cells. However, signifi-
cantly better results were obtained
when cardiomyocytes were heat
shocked the day before grafting (Fig-
ure 1), ie, a 54% reduction in cell
death was observed.3 Heat shock is
thus a simple and effective approach
to enhancing graft cell survival.

Skeletal myocytes

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 stud-
ies, it is worthwhile to review a few
points of basic skeletal muscle biol-
ogy. Mature skeletal muscle fibers
originate from undifferentiated,
mononucleated progenitor cells,
which are termed myoblasts. When
local growth factors become deplet-
ed, myoblasts withdraw irreversibly
from the cell cycle, activate expres-
sion of muscle-specific genes (eg,
actins, myosins, creatine kinase) and
fuse to form multinucleated cells
called myotubes. Myotubes undergo
progressive maturation and hyper-
trophy to form differentiated myo-
fibers characteristic of adult skeletal
muscle. Not all myoblasts fuse into
myotubes, however. Rather, some
become quiescent stem cells, or
satellite cells, residing in close ap-
position to the muscle fiber. Satel-
lite cells can reenter the cell cycle in
response to muscle injury and are
responsible for the ability of skeletal
muscle to regenerate. In contrast

to cardiac myocytes, skeletal muscle
cells are among the most ischemia-
tolerant in the body and, conse-
quently, are capable of forming large
grafts in the injured heart. When in-
jected into acutely cryoinjured my-
ocardium, skeletal myoblasts prolif-
erate for up to 3 days and then
differentiate to form multinucleat-
ed myotubes, eventually forming
hypertrophic myofibers.6

the early stage after cell transplan-
tation, when grafted cells are sub-
jected to various pathological pro-
cesses caused by environmental
stress, such as ischemic and me-
chanical injury known to result in
both the necrosis and apoptosis of
grafted myoblasts.79 Given that an-
giogenesis takes a minimum of sev-
eral days to vascularize an infarct,
and that cell death is most exten-
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grafied cardiomyocytes. Neo-
natal cardiomyocytes were heat
shocked at 43°C for 30 min
and 1 day later 5x10° cells
were grafied immediately after
cryoinjury. (A) Western blotting
showed marked upregulation
of Hsp70. (B) Heat shocked
cardiomyocytes showed a sig-
nificant reduction in TUNEL
staining 20 h afier grafting into
acutely necrotic myocardium.

Abbreviations: Hsp, heat
shock protein; TUNEL, termi-
nal deoxynucleotidyl trans-
ferase—mediated dUTP “nick-
end labeling” (a measure of

DNA damage).

Despite their hardiness, a significant
fraction of the skeletal myocytes will
undergo cell death due to limited
resources (eg, nutrients, oxygen) in
the graft bed. Promising strategies
to improve survival of grafted myo-
blasts include again heat shock pri-
or to grafting”7 and enhancement of
vascularization in the graft bed, eg,
by the use of vascular endothelial
growth factor (VEGF).8 The latter is
based on the hypothesis that the
cellular cardiomyoplasty effect could
be reinforced by improved graft sur-
vival resulting from an improved
blood supply to the graft through
both vasodilation and enhanced an-
giogenesis induced by VEGF. This
would be particularly beneficial in
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sive in the first day after grafting, it
seems that prevascularizing a graft
cell bed would offer significantly
more benefit than an angiogenic
therapy given at the time of myo-
blast implantation.

HOW CAN THE GRAFT
BE SYNCHRONIZED
WITH THE REST OF THE
MYOCARDIUM?

A successful myocyte graft in the
heart should not only fill the void
left by dead myocardium, it should
also be in sync with the rest of the
heart. Again, the choice of the myo-
cytes to be grafted, ie, cardiac or
skeletal, has significant impact. To
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understand how synchronization
may be accomplished, it is first nec-
essary to briefly review normal elec-
tromechanical coupling between
cardiac myocytes. The heart acts as
a functional syncytium, meaning
that all the myocytes in the heart act
together as an electromechanical
unit. This is in contrast to skeletal
muscle, where cells are truly syncy-
tial, ie, have fused to form multi-
nucleated fibers, but the individual
fibers are insulated from one an-
other. Electromechanical coupling
in the heart is achieved by special-
ized cell—cell junctions, the interca-
lated disks, which contain adherens
junctions and gap junctions for
mechanical and electrical coupling,
respectively. Adherens junctions are
the first to form during develop-
ment and are composed of N-cad-
herin molecules anchored in the
sarcolemma, !0 providing binding to
N-cadherin molecules in neighbor-
ing cells. Electrical coupling is
achieved by gap junctions. Connex-
in43 is the major gap junction
protein in the mammalian left ven-
tricle.1l In contrast to heart muscle
cells, mature skeletal muscle fibers
are electrically isolated from one
another, a prerequisite for fine mo-
tor control. Interestingly, skeletal
muscle cells express N-cadherin and
connexin43 as replicating myoblasts
and require these proteins for fu-
sion to form myotubes. As the cells
differentiate further, however, N-cad-
herin and connexin43 expression
are markedly downregulated.12-14

Coupling of
cardiomyocyte grafts

It is without doubt that cardiomyo-
cytes fulfill all the requirements to
couple electromechanically with the
host myocardium. Indeed, several
studies have shown development of
intercalated disks, complete with
gap junctions, between grafted fetal
or neonatal cardiomyocytes and

host cardiomyocytes.215 Importantly,
Rubart et all6 recently demonstrated
that grafted cardiomyocytes exhibit
synchronous calcium transients
with host cardiomyocytes in normal
mouse hearts. The principal impedi-
ment to coupling of cardiomyocyte
grafts with the host myocardium is
formation of scar tissue. When im-
planted into the injured heart, graft-
ed cardiomyocytes couple well with
one another. At early time points, it
is possible to identify adhesive and
gap junctions between graft cardio-
myocytes and host myocytes. As
infarct healing proceeds, however,
the grafted cardiomyocytes typically
become infiltrated by scar tissue.
The scar forms a physical barrier be-
tween the graft and the host cardio-
myocytes, and in our studies, we
were unable to demonstrate cou-
pling of graft and host at later time
points.15 Thus, any cell-based thera-
py that aims to induce such elec-
tromechanical coupling will need
to address the issue of insulation by
scar tissue.

Coupling of
skeletal myocyte grafts

Although there have been reports
suggesting transdifferentiation of
skeletal muscle cells into cardio-
myocytes,?17 previous studies from
our laboratory have shown unam-
biguously that skeletal muscle cells
in the heart appear firmly commit-
ted to their fate.6.18 This is charac-
terized by myoblast fusion and
myotube formation, maturation,
expression of skeletal muscle spe-
cific myosin heavy chains, and the
failure to express cardiac markers
such as a-myosin heavy chain, car-
diac troponin I, and atrial natriuretic
factor.!8 Studies with myocardial
wound strips showed that the skele-
tal muscle grafts would contract
when exogenously stimulated.¢ The
grafts showed the ability to undergo
tetanic contraction under high-fre-
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quency stimulation, a property not
shared by myocardium because of
its refractory period after depolar-
ization. As the electrical field stim-
ulation was increased, the skeletal
muscle grafts showed increasing
twitch tension, indicating recruit-
ment of additional fibers. Fiber re-
cruitment implied that the skeletal
muscle grafts were electrically in-
sulated from one another, unlike
cardiomyocytes, which are electri-
cally coupled by gap junctions.

These observations led us to explore
the expression of the intercalated
disk proteins N-cadherin and con-
nexin43 in skeletal muscle. Im-
munostaining revealed that skeletal
muscle grafts in the heart had un-
detectable levels of N-cadherin and
connexin43, indicating that the
grafts were not electromechanically
coupled with one another or with
host myocardium. These findings
make it unlikely that skeletal muscle
grafts in the heart are electrically
excited by the host myocardium.
However, when skeletal and cardiac
muscle cells were placed in cocul-
ture, the cells formed a synchron-
ously beating network.14 Skeletal
myotube contractions could be ac-
celerated by the B-adrenergic ago-
nist isoproterenol, suggesting the
cardiomyocytes were the pacemak-
ers. Skeletal muscle contraction
was inhibited by the gap junction
blocker heptanol, suggesting electri-
cal excitation was mediated through
gap junctions. Moreover, synchron-
ous calcium transients and dye
transfer were observed, indicating
tight coupling between the skeletal
and cardiac myocytes. Finally, con-
focal microscopy revealed the pres-
ence of N-cadherin-mediated ad-
herens junctions and connexin43-
mediated gap junctions between
skeletal muscle cells and cardiomy-
ocytes. These experiments indicate
that cardiomyocytes have the capac-
ity to form electromechanical junc-
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Figure 2. (A) Differentiated C2C12 myotubes overexpress the iransgene connexin43 (green fluorescence) in vitro. The culture was counterstained with the

DNA marker Hoechst 33342 (blue fluorescence). (B) C2C12 myoblasts overexpressing connexind3 were grafted into normal nude mouse hearts and 2 weeks
later tested for expression of the transgene in vivo. In some cases, there was very close apposition of skeletal graft cells and host cardiomyocytes. Immuno-
staining for connexin43 revealed presumptive gap junctions between the skeletal myotubes and host myocardium (red arrow). Arrowheads indicate mulii-

nucleation in the skeletal myotube.

tions 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? Skele-
tal muscle cells in culture are less
differentiated than in vivo graft cells,
and in culture the cells still have
low levels of N-cadherin and con-
nexin43. It appears that this low-lev-
el expression is sufficient to permit
physiologic coupling. As the graft
cells mature in vivo, however, N-cad-
herin and connexin43 appear to be
downregulated to undetectable
levels, thereby precluding coupling.
We hypothesized that forced expres-
sion of adherens and gap junctions
in differentiated skeletal myocytes
should permit electromechanical
coupling with cardiac myocytes. In
an attempt to achieve electrical
coupling, we overexpressed connex-
in43 in C2C12 myoblast (a mouse
myoblast line). Indeed, the differ-
entiated myotubes showed expres-
sion of the gap junction protein in
vitro (Figure 2 A). We then grafted
these cells into mouse hearts and
2 weeks later tested for expression
of the transgene in vivo. Figure 2 B
shows a section of a left ventricle

grafted with the C2C12 cells overex-
pressing connexin43. In some cases,
we observed very close apposition
of skeletal graft cells and host car-
diomyocytes. Immunostaining for
connexin43 revealed presumptive
gap junctions between the skeletal
myotubes and host myocardium
(Figure 2 B; arrow). A similar ap-
proach by Suzuki's group showed
that connexin43 overexpression in
rat L6 myoblasts resulted in en-
hanced intercellular dye transfer, al-
though this group did not study the
cells after differentiation into myo-
tubes, when gap junctions are nor-
mally downregulated.19 Although
encouraging, we also have observed
reductions in the viability of skeletal
muscle grafts that express connex-
in43 (unpublished observations). It
is therefore possible that differenti-
ated skeletal muscle has not evolved
mechanisms to accommodate gap
junctions without cell injury. The
greatest concern for attempts to
couple skeletal and cardiac muscle
is possible arrhythmogenesis. Skele-
tal muscle cells have much faster
action potentials and fiber conduc-
tion velocities than cardiac myo-
cytes. Hence, it is possible that suc-
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cessful coupling of the two muscle
types would result in an arrhythmo-
genic substrate. Nevertheless, the
possible gain from coupling the two
muscle types justifies additional,
careful animal experimentation.
Finally, it is clear that separation
of muscle grafts from host myocardi-
um by scar tissue is just as prob-
lematic with skeletal muscle as it
is with cardiac muscle grafts, and
would need to be solved before
proper coupling could be achieved.

SUMMARY

New muscle tissue can be generat-
ed by grafting either cardiac or skele-
tal myocytes into the injured heart.
However, the amount of new mus-
cle tissue is limited by ischemic cell
death. Heat shocking the cells pri-
or to grafting protects against is-
chemic cell death and thus benefits
graft cell survival. Moreover, heat
shock is simple and feasible in the
clinical situation. Angiogenic ther-
apy along with or prior to myocyte
grafting has not been explored
thoroughly, however, long-term sur-
vival of myocyte grafts may benefit
from enhanced angiogenesis.
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Synchronization between graft and
host remains a major challenge for
cellular cardiomyoplasty. Both cell
types, cardiac and skeletal myocytes,
are likely to be separated from the
host by scar, thus precluding cou-
pling. Principally, synchronization
is likely to occur if grafted cardio-
myocytes can be brought into close
contact with the host myocardium.
In contrast, differentiated skeletal
muscle cells do not express the
proper molecules to couple to my-
ocardium in vivo. Thus, it appears
unlikely that coupling will occur us-
ing naive skeletal muscle cells. Ex-
pression of transgenes mediating
electromechanical coupling in these
cells may prove feasible in the labo-
ratory, but this approach is potential-
ly arrhythmogenic and is certainly
quite far from a clinical application.

REFERENCES

1. Reimer KA, Jennings RB.

The “wavefront phenomenon” of myocardial
ischemic cell death. 1l. Transmural progres-
sion of necrosis within the framework of
ischemic bed size (myocardium at risk) and
collateral flow.

Lab Invest. 1979;40:633-644.

2. Soonpaa MH, Koh GY, Klug MG,
Field LJ.

Formation of nascent intercalated disks
between grafied fetal cardiomyocytes and
host myocardium.

Science. 1994;264:98-101.

3. Zhang M, Methot D, Poppa V,
Fujio Y, Walsh K, Murry CE.
Cardiomyocyte grafting for cardiac repair:
graft cell death and anti-death strategies.
J Mol Cell Cardiol. 2001;33:907-921.

4. Watanabe E, Smith DM Jr,
Delcarpio JB, et al.

Cardiomyocyte transplantation in a porcine
myocardial infarction model.

Cell Transplant. 1998;7:239-246.

5. Muller-Ehmsen J, Whittaker P,
Kloner RA, et al.

Survival and development of neonatal rat
cardiomyocytes transplanted into adult
myocardium.

J Mol Cell Cardiol. 2002;34:107-116.

6. Murry CE, Wiseman RW, Schwartz
SM, Hauschka SD.

Skeletal myoblast transplantation for repair
of myocardial necrosis.

J Clin Invest. 1996;98:2512-2523.

7. Suzuki K, Smolenski RT, Jayakumar
J, Murtuza B, Brand NJ, Yacoub MH.

Heat shock treatment enhances graft cell
survival in skeletal myoblast transplantation
to the heart.

Circulation. 2000;102(19 suppl 3):
[11216-111221.

8. Suzuki K, Murtuza B, Smolenski RT,
et al.

Cell transplantation for the treatment of
acute myocardial infarction using vascular
endothelial growth factor—expressing skeletal
myoblasts.

Circulation. 2001;104(12 suppl 1):
1207-1212.

9. Taylor DA, Atkins BZ, Hungspreugs
P, et al.

Regenerating functional myocardium: im-
proved performance after skeletal myoblast
transplantation.

Nat Med. 1998;4:929-933.

10. Volk T, Geiger B.

A 135-kd membrane protein of intercellular
adherens junctions.

EMBO J. 1984;3:2249-2260.

11. Beyer EC, Paul DL, Goodenough
DA.

Connexin43: a protein from rat heart homol-
ogous to a gap junction protein from liver.

J Cell Biol. 1987;105(6, pt 1):2621-2629.

12. MacCalman CD, Bardeesy N,
Holland PC, Blaschuk OW.

Noncoordinate developmental regulation
of N-cadherin, N-CAM, integrin, and
Jibronectin mRNA levels during myoblast
terminal differentiation.

Dev Dyn. 1992;195:127-132.

147

13. Mege RM, Goudou D, Giaume C,
Nicolet M, Rieger F.

Is intercellular communication via gap
Junctions required for myoblast fusion?

Cell Adhes Commun. 1994;2:329-343.

14. Reinecke H, MacDonald GH,
Hauschka SD, Murry CE.
Electromechanical coupling between skeletal
and cardiac muscle. Implications for infarct
repair.

J Cell Biol. 2000;149:731-740.

15. Reinecke H, Zhang M, Bartosek T,
Murry CE.

Survival, integration, and differentiation of
cardiomyocyte grafts: a study in normal
and injured rat hearts.

Circulation. 1999;100:193-202.

16. Rubart M, Pasumarthi KB,
Nakajima H, Soonpaa MH, Nakajima
HO, Field LJ.

Physiological coupling of donor and host
cardiomyocytes after cellular transplantation.

Circ Res. 2003;92:1217-1224.

17. Chiu RC, Zibaitis A, Kao RL.

Cellular cardiomyoplasty: myocardial re-
generation with satellite cell implantation.

Ann Thorac Surg. 1995;60:12-18.

18. Reinecke H, Poppa V, Murry CE.
Skeletal muscle stem cells do not transdif-
Jerentiate into cardiomyocytes after cardiac
grafting.

J Mol Cell Cardiol. 2002;34:241-249.

19. Suzuki K, Brand N]J, Allen S, et al.
Overexpression of connexin 43 in skeletal
myoblasts: relevance to cell transplantation
to the heart.

J Thorac Cardiovase Surg. 2001;122:
759-766.




