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Abstract

Cellular transplantation is emerging as a potential mechanism with which to augment myocyte number in diseased hearts. To date a
number of cell types have been shown to successfully engraft into the myocardium, including fetal, neonatal, and embryonic stem
cell-derived cardiomyocytes, skeletal myoblasts, and stem cells with apparent cardiomyogenic potential. Here we provide a review of
studies wherein myocytes or stem cells with myogenic potential have been transplanted into the heart. In addition, issues pertaining to the
tracking and functional consequences of cell transplantation are discussed.
   2003 European Society of Cardiology. Published by Elsevier Science B.V. All rights reserved.
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1 . Introduction last transplantation literature will provide a useful database
against which to compare the efficacy of cardiomyogenic

Cell transplantation is emerging as a potential therapy stem cell transplantation. The remainder of the manuscript
with which to treat heart failure. Initial efforts in the field provides our view on issues which influence the interpreta-
focused on the transplantation of cardiomyocytes as well tion of cell transplantation studies, with specific discus-
as skeletal myoblasts. More recently, stem cells with sions on methodologies for tracking donor (or homing)
apparent cardiomyogenic potential have also been trans- cells, mechanisms by which cell transplantation can en-
planted. Positive results from animal studies have promp- hance cardiac function, and strategies which might be
ted several preliminary clinical trials to ascertain the safety useful for increasing the capacity of donor cells to inte-
of skeletal myoblast (reviewed in other articles in this grate into the host myocardium. Where appropriate, exam-
issue, see also Ref. [1]) and bone marrow stem cell [2] ples of studies from our laboratory are provided as
transplantation into heart failure patients. illustrations.

Although there has been considerable experimentation
with cardiomyocyte and skeletal myoblast transplantation,
there are comparably fewer studies wherein multipotent 2 . A review of the myocytye and myogenic stem cell
stem cells have been transplanted into the heart. Accord-transplantation literature
ingly, we have opted to start our review with a summary of
the literature describing cardiomyocyte and skeletal myob- Table 1 provides a summary of studies wherein fetal,
last transplantation into the heart. We then describe studies neonatal, or adult cardiomyocytes were transplanted into
that report transplantation of cardiomyogenic stem cells. It normal or injured hearts. Studies that describe the trans-
is hoped that the cited cardiomyocyte and skeletal myob- plantation of cardiomyocyte cell lines are also listed.

Studies for each of these categories are listed in
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Table 1
Cardiomyocyte transplantation

Donor Species: Tracking Heart Function Angiogenesis Intervention Refs.
cell donor / injury improvement /

host assay

F M/M T Normal ND ND N [3]
F D/D G Genetic ND ND N [4]
F, C H&P/P H Normal ND 1 N [5]
F H&R/R D Occlusion ND ND N [6]
F R/R Ca Cryoinjury 1 /L-B ND N [7]
F R/R D Cryoinjury ND ND N [8]
F M/M V Normal ND ND N [9]
F R/R D Cryoinjury ND ND N [10]
F R/R Li Occlusion ND ND N [11]
F M/M V Normal ND ND N [12]
F R/R CH Reperfusion 1 /E ND N [13]
F R/R V Cryoinjury ND 1 N [14]
F R/R H Cryoinjury 1 /L-B ND N [15]
F M/M T, CH Chemical 1 /E ND N [16]
F, N, C P/P H, I Occlusion ND 1 N [17]
F R/R H Cryoinjury 1 /L-B ND N [18]
F, N, A R/R M Cryoinjury ND ND N [19]
F R/R M Cryoinjury 1 /L 1 Y, Matrix [20]
F R/R D Occlusion 1 /E 1 Y, Matrix [21]
F R/R H, I Occlusion 1 /E ND N [22]
F R/M M Normal ND ND Y/CTLA [23]
F R/R M, V Occlusion 1 /E ND N [24]
F R/R M Cryoinjury ND ND N [25]
F R/R D Occlusion 1 /E, M-B ND N [26]
F R/R D Occlusion 1 /E, M-B ND N [27]
F R/R D Occlusion 1 /E, M-B 1 Y/bFGF [28]
F D/D G Genetic ND ND N [29]
F M/M T Cryoinjury 1 /E, F ND N [30]
F M/M T Normal 1 /L-F ND N [31]
N R/R H Occlusion ND ND N [32]
N R/R I Occlusion ND ND N [33]
N R/R M Cryoinjury ND ND Y/c-FLIP [34]
N R/R D Cryoinjury ND ND Y/Akt, HS [35]
N R/R I Occlusion 1 /E 1 /HGF Y [36]
N R/R G Occlusion 1 /M ND N [37]
N R/R G Normal ND ND Y/Casp Inh [38]
N R/R H, I Normal 1 /F 1 Y, Matrix [39]
N R/R H Normal 1 /F 1 Y, Matrix [40]
A R/R8 M Cryoinjury 1 /L-B ND N [41]
A HM/HM M Genetic 1 /L-B ND N [42]
A P/P8 M Occlusion 1 /SPECT, M ND N [43]
A R/R M Cryoinjury 1 /L-B, M 1 /VEGF N [44]
C C/M I Normal ND ND N [45]
C C/M I Normal ND ND N [46]

Donor cell: F, fetal cardiomyocyte; N, neonatal cardiomyocyte; A, adult cardiomyocyte; C, atrial tumor cell line.
Species, donor species /host species: M, mouse; R, rat; H, human; D, dog; P, pig; HM, hamster; C, cell line;8, autologous transplant.
Tracking: D, dye; H, histology; I, immunostain; T, transgenic; CH, Y chromosome; G, donor specific gene (mdx; or sry); V, viral transfection; Ca, calcium
phosphate transfection; E, electroporation; Li, liposome gene delivery; M, metabolic label.
Heart injury: Normal, Cryoinjury, Reperfusion injury, Coronary occlusion, Genetic (i.e., mdx), Chemical, Cardiotoxic agent.
Function improvement /assay: 1, improved; L-B, isolated perfused Langendorff with intraventricular balloon; L-F, Langendorff with fluorescence
microscopy; M, closed-chest intraventricular micromanometer; M-B, micromanometer with intraventricular balloon; M&S, micromanometer and

99msonomicrometer; E, echocardiography; F, in vitro force measurements; SPECT, [ Tc]MIBI single photon emission computed tomography; ND, not
determined.
Angiogenesis: 1, angiogenesis; ND, not determined.
Cell transplant survival intervention: Y, yes; N, no; Casp Inh, caspase inhibitor; Matrix, support matrix (i.e., scaffold).

the host animals included mice, rats, rabbits, pigs and coronary artery occlusion, reperfusion injury, chemical
dogs. A variety of techniques were used to track the fate of cardiotoxicity, or alternatively into hearts with genetic
the donor cells. In some studies, the cardiomyocytes were cardiomyopathies. There were no obvious differences in
transplanted into hearts subjected to cryoinjury, permanent the capacity of donor cardiomyocyte seeding in the differ-
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ent injury models. Several studies performed functional chronological order. Autologous, syngeneic, allogenic and
analyses on the hearts following cardiomyocyte trans- xenogenic transplants have been performed. Most of the
plantation, while others determined if cell transplantation studies performed transplantation into injured hearts; car-
resulted in enhanced angiogenesis. It is very striking that diac damage was induced via cryoinjury, permanent cor-
for each study in which both cardiac function and donor onary artery occlusion, reperfusion injury or chemical
cell-induced angiogenesis were scored, there was a posi- cardiotoxicity. The vast preponderance of studies con-
tive correlate. cluded that the transplanted skeletal myoblasts differen-

Table 2 provides a summary of studies wherein skeletal tiated into skeletal myotubes. In light of this it is extremely
myoblasts were transplanted into normal or injured hearts. interesting that functional improvement was observed in
Myoblasts from neonatal and adult animals, as well as many of the studies.
from established myoblast cell lines have been studied. Table 3 provides a summary of studies wherein stem
Once again the studies for each category are cited in cells with cardiomyogenic potential have been transplanted

Table 2
Myoblast transplantation

Donor Species: Tracking Heart Function Angiogenesis Survival Refs.
cell donor / injury improvement / intervention

host assay

C C/M I Normal ND ND N [47]
C C/M I Normal ND 1 /TGF-beta N [48]
C C/M V Normal ND ND N [49]
C, NM C, R/R I Normal, ND ND N [50]

Cryoinjury
C C/R V Occlusion 1 /L-B ND N [51]
C C/R V Normal ND ND Y/HS [52]
NM P/P H Normal ND 1 N [5]
NM R/R M Cryoinjury F N N [53]
NM R/R H, I Occlusion 1 /E ND N [22]
NM R/R H Cryoinjury ND ND N [54]
NM R/R I Reperfusion 1 /L-B ND N [55]
AM D/D 8 M Cryoinjury ND ND N [56]
AM D/D 8 M Cryoinjury ND ND N [57]
AM D/D 8 G Cryoinjury ND ND N [58]
AM D/D 8 G Cryoinjury ND ND N [59]
AM D/D M Cryoinjury ND ND N [60]
AM RB/RB8 V Normal ND ND N [61]
AM RB/RB8 I Cryoinjury 1 /M&S ND N [62]
AM R/R8 D Normal ND ND N [63]
AM RB/RB8 H Cryoinjury 1 /M&S ND N [64]
AM RB/RB8 H Cryoinjury 1 /M&S ND N [65]
AM RB/RB8 I Cryoinjury ND ND N [66]
AM H/H 8 ND Occlusion ND ND N [1]
AM RB/RB8 I Cryoinjury 1 /M&S ND N [67]
AM M/M V Normal ND 1 /VEGF N [68]
AM R/R I Occlusion 1 /L-B 1 /VEGF N [69]
AM R/R8 I Chemical 1 /E ND N [70]
AM R/R8 I Occlusion 1 /E ND N [71]
AM R/R8 D Normal ND ND N [72]
AM P/P8 H Occlusion 1 /E ND N [73]
AM R/R V Occlusion ND ND N [74]
F R/R8 V Chemical 1 ND N [75]
AM S/S8 I Occlusion 1 /E ND N [76]
AM R/R M Normal ND ND N [77]

Donor cell: C, myoblast cell line; NM, neonatal myoblast; AM, adult myoblast; F, single muscle fiber.
Species, donor species /host species: M, mouse; R, rat; H, human; D, dog; P, pig; RB, rabbit; HM, hamster; S, sheep; C, cell line;8, autologous transplant.
Tracking: D, dye; H, histology; I, immunostain; T, transgenic; CH, Y chromosome; G, donor specific gene (mdx, or sry); V, viral transfection; Ca, calcium
phosphate transfection; E, electroporation; Li, liposome gene delivery; M, metabolic label.
Heart injury: Normal; Cryoinjury, Reperfusion injury, Permanent coronary occlusion, Genetic (i.e., mdx), Chemical, Cardiotoxic agent.
Function improvement /assay: 1, improved; L-B, isolated perfused Langendorff with intraventricular balloon; M, closed-chest with intraventricular
micromanometer; M-B, micromanometer with balloon; M&S, micromanometer and sonomicrometer; E, echocardiography; F, in vitro force measurements;
Ex, exercise regimens; ND, not determined.
Angiogenesis: 1, angiogenesis; ND, not determined.
Cell transplant survival intervention: Y, yes; N, no; HS, heat shock.
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Table 3
Stem cell and stem cell-derived cardiomyocyte transplantation

Stem cell Species Cell status Delivery Tracking Heart injury Function Angiogenesis Refs.
type D/H at transplant improvement /

assay

ESC M/M CM CI E Genetic ND ND [78]
ESC M/R CM CI E Occlusion 1 /E 1 /BMP2, [79]

TGF-beta
ESC M/R CM CI Ca Occlusion 1 /E, M, F ND [80]
ESC M/M CM CI Ca Occlusion 1 /M, F 1 /VEGF [81]
BMSC R/R8 SC, CM CI M Cryoinjury 1 /L-B 1 [82]
BMSC R/R8 SC CI D Normal ND ND [83]
BMSC H/S SC IU I, PCR Normal ND ND [84]
BMSC M/M SC CI T Reperfusion ND 1 [85]

aBMSC M/M SC CI T, PCR Normal, ND ND [86]
Occlusion

BMSC R/R SC AI V Occlusion ND ND [87]
BMSC H/H8 SC AI ND Occlusion 1 /E, TSPECT, ND [88]

Ex
BMSC M/M SC CI T, CH Occlusion 1 /M 1 [89]
BMSC R/R8 S CI D Normal ND ND [72]
BMSC D/D8 SC CI I Occlusion 1 /E 1 [90]
BMSC M/M SC BI T Normal ND ND [91]
BMSC M/M SC IU T Genetic ND ND [92]
BMSC H/H8 SC AI ND Occlusion 1 /E, TSPECT, ND [2]

Ex, V
BMSC M/R SC IV V Occlusion ND 1 [93]
BMSC P/P8 C CI M Occlusion 1 /SPECT 1 [94]
BMSC H/M SC CI V Normal ND ND [95]
BMSC M/M SC BM T T Normal ND ND [96]
BMSC M/M SC BMT CH Genetic ND ND [97]
NSC M/M SC BI T Normal ND ND [98]
EnSC M/M SC CI V Cautery ND ND [99]
HpSC C/M SC CI V, CH Normal ND ND [100]
CSC M SC 2 T Normal ND ND [101]

aUNK H Mobile HHT CH Transplant ND 1 [102]
aUNK H Mobile HHT CH Transplant ND 1 [103]

UNK H Mobile HHT CH Transplant ND 1 [104]
UNK H Mobile HHT CH Transplant ND ND [105]
UNK H Mobile HHT CH Transplant ND 1 [106]
UNK M Mobile SC I Occlusion 1 /E 1 [107]

Cell type: ESC, embryonic stem cell; BMSC, bone marrow stem cell; NSC, neuronal stem cell; EnSC, endothelial stem cell; HpSC, hepatocyte stem cell;
CSC, cardiac stem cell; UNK, unknown cell type.
Species, donor species /host species: M, mouse; R, rat; H, human; D, dog; P, pig; HM, hamster; C, cell line;8, autologous transplant.
Cell status at transplant: SC, stem cell; CM, cardiomyocyte; Mobile, mobilized cell population.
Delivery: CI, cardiac injection; IU, intrauterine injection; IV, venous injection; AI, arterial injection; BMT, bone marrow transplant; SCI, subcutaneous
injection; BI, blastocyst injection; HHT, human heart transplant;2, not applicable.
Tracking: D, dye; H, histology; I, immunostain; T, transgenic; CH, Y chromosome; G, gene (mdx, or sry); V, viral transfection; Ca, calcium phosphate
transfection; E, electroporation; Li, liposome gene delivery; M, metabolic label; PCR, PCR.
Heart injury: Normal, Cryoinjury, Reperfusion injury, Permanent coronary occlusion, Genetic (i.e., mdx).
Function improvement /assay: 1, improved; L-B, isolated perfused Langendorff with intraventricular balloon; M, closed-chest intraventricular
micromanometer; M-B, micromanometer with intraventricular balloon; M&S, micromanometer and sonomicrometer; E, echocardiography; Ex, exercise

99mregimens; TSPECT, Thallium-201 single photon emission computed tomography; SPECT, [ Tc]MIBI SPECT; V, ventriculography; F, in vitro force
measurements; ND, not determined.
Angiogenesis: 1, angiogenesis; ND, not determined.

a No cardiomyogenesis observed.

into normal or injured hearts. A number of different stem planted. In other cases, undifferentiated stem cells were
cells have been examined, including embryonic stem cells transplanted either directly into the myocardium or alter-
(ESC), bone marrow stem cells (BMSC), neuronal stem natively intravenous route. In the latter case, it was
cells (NSC), endothelial stem cells (EnSC), hepatic stem assumed that the stem cells were able to ‘home’ or migrate
cells (HpSC), and cardiac stem cells (CSC). In some to the normal and/or injured myocardium prior to differen-
instances, differentiation was induced in vitro, and conse- tiation. Several other studies are listed wherein the stem
quently stem cell-derived cardiomyocytes were trans- cells were delivered into developing embryos (via blas-
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tocyst injection or in utero transplantation); these studies donor cells has also been employed to track their fate. This
are included as they document the cardiomyogenic po- typically entails culturing donor cells in the presence of
tential of several cell types. A series of studies examining modified nucleotides (as for example, tritiated thymidine or
female hearts that were transplanted into male recipients bromodeoxy uridine, see for example Refs. [19,57]), that
are listed; the presence of cardiomyocytes with Y-chromo- become incorporated into the cells during DNA replica-
somes was suggestive of mobilization of an unknown stem tion; the replicated DNA (and consequently the donor cell
cell population. Also cited are studies where analogous nuclei) can later be identified in histological sections. This
transplantation and mobilization experiments yielded nega- approach also suffers from potential signal dilution if there
tive or markedly different results (studies demarked by is significant donor cell proliferation post-transplantation.
**). Intrinsic genetic differences between donor and host

cells have also been employed to monitor cell fate follow-
ing transplantation. For example, anti-dystrophin immune

3 . Characterization of the fate of transplanted cells cytology was used to follow dystrophin-expressing fetal
cardiomyocytes or embryonic stem cell-derived car-

The ability to monitor the fate of cells following diomyocytes following transplantation into canine and
transplantation into normal or injured hearts is critical. mouse host animals suffering from Duchenne’s-like
This is particularly important in instances where myogenic muscular dystrophy (the host animals did not express
stem cells are transplanted, as the ability to both track the dystrophin, see Refs. [4,78]). Other studies have relied on
donor cells and determine the subsequent level of differen- monitoring for the presence of Y-chromosomes following
tiation is critical. Because we feel that cell tracking and the transplantation of male donor cardiomyocytes into
lineage identification is of paramount importance in inter- female recipients, using quantitative PCR amplification of
preting the consequence of myocyte and myogenic stem Y-chromosome specific genes to estimate donor cell
cell transplantation, a relatively large portion of the review survival. In situ analyses for the presence of nuclei that
is devoted to this topic. contain a Y-chromosome can also be used to track the fate

Many studies examining myocyte transfer have relied of donor cells. However, given the dramatic quantitative
simply on the presence of histological differences between differences that have been reported when using this
hearts receiving cell transplants as compared to on-trans- approach to monitor de novo cardiomyogenic events
plant controls. Although this type of analysis is useful as a following the transplantation of human female hearts into
first approximation of the effect of cellular transplantation, male recipients (Table 3), it would appear that the assay is
particularly in injured hearts, the preferred approach is to somewhat subjective.
utilize molecular analyses that are able to distinguish donor Gene transfer provides an alternative and potentially a
and host cells. This is readily accomplished using lineage- superior approach to monitor the fate of myocytes or
restricted immune histological analyses in studies wherein myogenic stem cells following transplantation. The strate-
non-cardiomyocytes are transplanted. For example, the fate gies reported to date include direct reporter gene delivery
of transplanted skeletal myoblasts was directly monitored into donor cells via traditional DNA cell transfection or
by immune histological analyses with antibodies that viral vectors, as well as the use of donor cells derived from
recognize markers expressed in skeletal but not cardiac transgenic animals carrying lineage restricted or ubiquit-
myocytes [47]. However, this type of analysis by itself is ously expressed reporter genes (Tables 1–3). In the
insufficient to monitor the fate of transplanted car- absence of the ability to clonally expand the transfected
diomyocytes or stem cells with cardiomyogenic potential, donor cells, traditional gene transfer is of limited value due
as the successfully integrated (and/or trans-differentiated) to the relatively low transfection efficiency as well as
cardiomyocytes would be indistinguishable from resident unstable long-term expression characteristics in transiently
host cardiomyocytes. transfected cells. However, stable transfection and clonal

A number of approaches have been employed to circum- expansion of myogenic stem cells is certainly a viable
vent this problem. For example, treating donor cells with approach, as demonstrated by the introduction of expres-
fluorescent cell-tracking dyes prior to transplantation has sion cassettes suitable for lineage isolation and/or re-
been used to monitor their survival in vivo. Because there stricted expression in ES cells as well as myogenic bone
is typically a high degree of donor cell death following marrow derived cells (Table 3). Although the use of viral
transplantation, caution must be exercised to ensure that vectors permits very high gene transfer efficiency, reporter
the observed signal arises from donor cells rather than gene silencing is problematic. This approach also suffers
from host cells which have acquired dye ‘liberated’ from from potential immunogenic responses against any virally
dead or dying donor cells. Such a scenario could greatly encoded proteins that are expressed in the donor cells.
over-estimate donor cell survival, or could mistakenly Genetically modified animals that carry either lineage
suggest trans-differentiation events. Conversely, prolifer- restricted or ubiquitously expressed reporter genes offer an
ation of the transplanted cells could result in an under- alternative strategy with which to monitor donor cell fate
estimate of donor cell survival. Metabolic labeling of following transplantation. This approach has the decided
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advantage that expression penetrance of the reporter gene reporter gene is shown in Fig. 1. Dispersed cells prepared
(i.e., percentage of cells expressing as well as the relative from adult transgenic mice indicate that the reporter gene
level of expression per cell) can be quantitatively assessed is expressed in cardiomyocytes, but not cardiac fibroblasts
in control animals. Moreover, the use of lineage-restricted (panels A and B). Following transplantation, these cells are
promoters permits an unambiguous marker for monitoring readily identified by virtue of theirb-gal activity in
de novo cardiomyogenic events. An example of the use of histological sections of the recipient heart (panels C and
fetal donor cardiomyocytes prepared from transgenic mice D). Reporter genes expressing Enhanced Green Fluores-
expressing a nuclear localizedb-galactosidase (b-gal) cence Protein (EGFP) have also been used to follow the

Fig. 1. Tracking of cardiomyocyte grafts in the host myocardium post-transplantation. Panels A and B show the same field of a dispersed cell preparation
from an adult mouse heart carrying the nuclear-localizedb-gal transgene driven by ana-cardiac MHC promoter (MHC-nLAC). Sample stained with X-gal
and Hoechst dye. (A) Brightfield image showing a rod shaped bi-nucleated cardiomyocyte and a cardiac fibroblast (Arrow); (B) fluorescent image of the
same field. Note that theb-gal staining is exclusive to cardiomyocyte nuclei and presence of X-gal reaction product quenches the Hoechst staining. Panels
C and D show adjacent sections stained with H&E (C) and X-gal (D) from a normal heart transplanted with embryonic day 15 fetal cardiomyocytes
carrying the MHC-nLAC transgene. Note the presence of stably grafted donor cells. (E) False-color 2D image of an intracardiac graft of fetal
cardiomyocytes expressing EGFP. Image was obtained 35 days post-engraftment during two-photon illumination at a wavelength of 810 nm. Emitted
fluorescence was measured in the 500–550-nm range and subsequently encoded in levels of green. Panels A–D are modified from Soonpaa et al. [3].
Magnification bar is 20mm in all panels.
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fate of transplanted myocytes and myogenic stem cells panel A), and is sensitive enough to detect the presence of
[30,31,89,108–110]. An example of a cluster of EGFP- a single surviving bi-nucleated cardiomyocyte (Fig. 2,
expressing fetal cardiomyocytes transplanted into a non- panel B).
transgenic adult mouse heart is shown in Fig. 1, panel E; Additional information pertaining to the mechanism of
the use of this EGFP reporter gene is particularly attractive cell loss (i.e., apoptosis, necrosis) can be obtained via
in that gross cell morphology is readily apparent. More- combinatorial histochemical and/or immune histological
over, EGFP fluorescence is compatible with a variety of analyses [34,35]. Donor cell proliferation can be monitored
imaging techniques, and as such might be useful to by a number of direct (i.e., thymidine or BrdU incorpora-
monitor donor cell function in intact hearts (see below). tion) or indirect (i.e., PCNA or Ki67 immune cytology)
However, care must be exercised with this reporter as dead analyses. The merits and demerits of these approaches
and dying cardiomyocytes have an auto-fluorescent spec- have recently been reviewed in the context of monitoring
trum that partially overlaps with that of EGFP, and adult cardiomyocyte DNA synthesis [111] and accordingly
consequently dead or dying host cardiomyocytes can are not discussed here. The level of cardiomyogenic
mistakenly be scored as donor cells (M. Rubart, un- differentiation can also be assessed by traditional histo-
published observation). chemical, immune histological and ultrastructural analyses.

Once a methodology is established to track the donor Once again,b-gal reporter genes are particularly useful as
cells, standard histochemical, immune cytological and theb-gal /X-GAL reaction product can be directly visual-
ultrastructural analyses can be performed to monitor their ized with standard transmission electron microscopy. Fig.
fate. In the case of myocyte transplantation, this simply 3 shows an example of transplanted fetal cardiomyocytes
entails determining if the donor cells survive, proliferate, expressing a nuclear-localizedb-gal reporter. Due to the
and/or acquire a highly differentiated phenotype. Donor extensive sample processing, the X-GAL reaction product
cell survival can be monitored by cell counts post-trans- leaches out of the nucleus, and appears as a peri-nuclear
plantation. Nuclear localizedb-gal reporters (as described electron dense deposit that is sometimes lodged between
above) are particularly well suited for this application as the adjacent myofibers. Donor cells can thus be identified
relatively thick heart sections (3001 mm) can be processed without the loss of resolution that can occur with immuno-
and the surviving cell number directly counted using a logical-based analyses. As always, the accuracy of the
dissecting microscope. Because of its relatively small size, analyses are directly dependent upon the fidelity of the
the entire mouse heart can be rapidly and quantitatively reagents and/or approaches used to document differentia-
surveyed with this assay. This approach is robust enough tion.
to permit quantitation of relatively large grafts (Fig. 2, Following the fate of myogenic stem cells requires

Fig. 2. Quantification of fetal cardiomyocyte graft seeding efficiency. (A) Low power view of a thick heart section (300mm) from a non-transgenic mouse
host transplanted with embryonic day 15 fetal MHC-nLAC cardiomyocytes. The transplanted heart was harvested, fixed, sectioned by vibratome, and
stained with X-gal. The grafted cells are identified by virtue of their blue nuclei. Individual cells can be readily visualized and counted under higher
magnification (see inset). (B) Photomicrograph illustrating the sensitivity of the MHC-nLAC assay system. A single bi-nucleated cardiomyocyte (arrow)
was tracked using this assay system following transplantation. Inset shows higher magnification of the transplanted cell. Magnification bar is 0.5 mmin all
panels.
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Fig. 3. Ultrastructural analysis of transplanted MHC-nLAC fetal cardiomyocytes. D, donor cell nucleus, identified by presence of perinuclear,
electron-dense, X-gal reaction product. H, host cell nucleus, identified by lack of X-gal reaction product. Arrowheads demark fascia adherens/desmosomes
between donor and host cells. Arrow demarks putative gap junctions between donor and host cells. Magnification bar is 1mm.

additional considerations. The use of ubiquitous reporter and extravascular smooth muscle [18,112,115–117] none-
genes provides a robust approach to monitor donor cell theless exhibited some functional improvement as com-
survival and/or homing to injured regions of the heart, but pared to hearts which did not receive cells. Furthermore,
is dependent upon secondary analyses (as described above) improved function was also observed in several car-
to monitor the degree, if any, of myogenic differentiation diomyocyte transplantation studies wherein the number of
[85,89,91,98,100]. While the use of lineage-restricted seeded cells as assessed by histochemical analysis was
reporter genes provides an unambiguous way to monitor insufficient to impart a direct functional effect [37].
stem cell differentiation into a specific lineage, in the It is relatively straightforward to understand how cel-
absence of myogenic differentiation additional analyses are lular transplantation can improve cardiac function if a
required to confirm the presence of the donor cell [86]. significant number of donor cells directly participate in a
Perhaps the ideal situation is combinatorial assays wherein functional syncytium with the host myocardium. However,
compatible ubiquitous and lineage-restricted reporters are it is also important to consider potential mechanisms via
both employed in the donor cell. which transplanted donor cells could benefit cardiac func-

tion without directly contributing to systolic contraction.
For example, an angiogenic response was observed in

4 . Mechanisms by which cellular transplantation can many studies following cell transplantation (Tables 1–3).
impact heart function An increase in vascular supply could result in the sparing

of the chronically ischemic, functionally overloaded
A number of the studies cited in Tables 1–3 indicate myocardial tissue bordering the infarcted region. This

that myocyte or myogenic stem cell transplantation into notion is directly supported by the observation that in-
injured hearts resulted in improved cardiac function as travenous injection of human angioblasts into rats with
compared to non-transplanted controls. In most instances it myocardial infarcts resulted in enhanced blood vessel
was not clear if the effect on cardiac function resulted as a formation with a concomitant salvage of the at risk
direct consequence of the transplanted cells participating in myocardial tissue [118]. Sparing of at risk myocardial
a functional syncytium with the host myocardium, or tissue, resulting in preserved left ventricular function, is
alternatively if the presence of exogenous cells imparted an also observed clinically following coronary artery bypass
indirect yet beneficial effect on the heart. This point is grafting/angioplasty [119]. Similarly, clinical interventions
underscored by the observation that in some cases injured to enhance vascular supply can promote the recovery of
hearts transplanted with cell types that a priori would not hibernating myocardium [120]. An analogous effect from
possess the potential to contribute to cardiac work cycles, donor cell-induced angiogenesis could contribute to the
as for example skeletal myocytes (Table 2), fibroblasts impact on cardiac function.
[18,67,112], constituents of the vascular system [113,114], In addition to enhanced angiogenesis, myocyte or
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myogenic stem cell transplantation may also alter the remote electrical stimulation (see Ref. [110] for detailed
normal sequela of post MI scar formation and, conse- characterization of the system). An example is shown in
quently, ventricular remodeling. Indeed, a consistent ob- Fig. 4. Panel A shows a two-dimensional image from a
servation following skeletal myoblast transplantation in a control heart which was perfused with the calcium sensi-
number of studies was a pronounced attenuation of post tive dye Rhod-2. The heart was also perfused with
MI ventricular dilation (Table 2). According to LaPlace’s cytochalasin D to facilitate excitation-contraction uncou-
Law, retention of a more ‘normal’ pump size and shape pling. The preparation was paced at a remote site, and the
should greatly aid cardiac function. Kloner and colleagues fluorescence signal from three cardiomyocytes at a depth
have also suggested that by simply thickening the left of approximately 100mm from the epicardial surface was
ventricular wall, cell transplantation can reduce the degree acquired in line scan mode. The position of the line scan is
of systolic dyskinesis, which over time could also impart a indicated by the horizontal white line in panel A, and
functional effect [37]. Given these collective experimental integrated traces generated from the line scan data are
and clinical precedents, it is quite reasonable to conclude shown in panel B. As can be seen, this assay can be used
that the improvement in cardiac function observed in some to record cytosolic calcium transients at the single cell
of the studies cited above are quite independent of donor level (as approximated by changes in Rhod-2 fluorescence)
cell contractile activity. within intact hearts.

A number of experimental read-outs have been em- The second system requirement was the ability to
ployed to quantitate the effect of myocyte or myogenic distinguish host cardiomyocytes from the transplanted
stem cell transplantation. As indicated above, traditional cells. In a proof of concept study, fetal donor car-
morphometric analyses have clearly documented a reduc- diomyocytes from EGFP-expressing transgenic mice were
tion in the severity of ventricular remodeling post-injury. transplanted into non-transgenic hosts, and subjected to
A number of direct functional analyses have also been Rhod-2 fluorescence imaging as described above. The
employed to monitor the effect of cell transplantation into optical paths of the imaging system were modified such
injured hearts (Tables 1–3). Many of the studies in rodents that Rhod-2 fluorescence (560–650 nm) and EGFP fluores-
comprised ex vivo pressure–volume studies of Langen- cence (500–550 nm) could be sampled simultaneously
dorff-perfused heart preparations with inflatable balloons [31,109]. Using this approach, calcium transients were
inserted into the left ventricle. In some cases, improved simultaneously recorded from donor cardiomyocytes (as
exercise tolerance was observed in animals that also identified by EGFP fluorescence) and juxtaposed host
showed functional improvement with subsequent ex vivo cardiomyocytes (which lacked EGFP fluorescence). The
analyses. Closed chest pressure–volumes studies using study demonstrated that donor and host cardiomyocytes are
intra-ventricular transducers have also been performed. electrically coupled to one another, strongly supporting the
Echocardiographic analyses have been used to monitor notion that transplanted cardiomyocytes can participate in
function in both rodents and larger animals following cell a functional syncytium with the host myocardium. This
transplantation. Additionally, ultrasonic crystals have been approach may be useful to monitor the capacity of
used to monitor regional wall motion across the infarcted myogenic (i.e., skeletal myoblasts) and cardiomyogenic
region of the heart of larger animals following cell stem cells to functionally integrate with the host myocar-
transplantation. Although these studies have documented dium following transplantation, provided that a transgene
that global improvement of cardiac function can occur suitable for imaging is utilized.
following cell transplantation, in most instances the assays
employed were unable to identify the underlying mecha-
nism (that is, distinguishing between direct contraction of 5 . Strategies to enhance cellular transplantation
the donor cells versus a beneficial effect imparted upon the
surviving host myocardium). Understanding the mechanis- Quantitative PCR studies revealed that the preponder-
tic basis for improved cardiac function is of critical ance of donor cardiomyocytes die following transplanta-
importance when attempting to effect modifications aimed tion into the heart, with typically less than 5% of the cells
at enhancing the intervention. successfully seeding the myocardium [38]. Comparable

Accordingly, an imaging-based assay was recently de- seeding efficiencies have been obtained by morphological
veloped with the goal of determining if myocytes or analysis of transplanted tissue [19], as well as by direct
myogenic stem cells can participate in a functional counts of donor cells carrying the nuclear-localizedb-gal
syncytium with the host myocardium following trans- reporter described above (Soonpaa, Pasumarthi, Rubart
plantation [31,109,110]. The system had two major re- and Field, unpublished results). Similarly, with two excep-
quirements. The first was the ability to image some aspect tions, transplantation and/or homing of myogenic adult
of cardiac function at the cellular level within an intact stem cells have resulted in at best only modest accumula-
heart. This was accomplished by using two-photon laser tion of de novo muscle cells (see Table 3). A high rate of
scanning microscopy to monitor the changes in fluores- myogenic differentiation was reported in one study when
cence intensity of calcium sensitive dyes in response to ‘lin2 /kit1’ hematopoietic stem cells were directly in-
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Fig. 4. Imaging of single myocyte calcium transients in the anterior left ventricle of a rhod-2 loaded mouse heart. (A) Full-frame false color image during
electrical stimulation at 2 Hz. Image was acquired during two-photon excitation at 810 nm and emission was measured in the 560–650-nm range. Intensity

21of Ca -bound rhod-2 was encoded off-line in shades of red. Electrical stimuli resulted in simultaneous and approximately uniform increases in rhod-2
fluorescence along the entire length of the image. The increase in fluorescence of the myocytes is due to stimulus-evoked increases in cytosolic calcium
concentration. Magnification bar (green) is 20mm. (B) Time course of normalized rhod-2 fluorescence changes in three juxtaposed myocytes during
stimulation at 1 and 2 Hz. Rhod-2 fluorescence was acquired in line scan mode. The position of the line scan is indicated by the white horizontal line in
panel A. Signal intensity,F, was averaged along the scan line for each myocyte, normalized to the diastolic fluorescence,F , and plotted as a function ofo

time.

jected into hearts with coronary artery ligations [89]. In by providing supplementary matrix). In a very clever
contrast, preliminary studies using an analogous system variation of this approach, Murry and colleagues subjected
failed to identify any cardiomyogenic events [86]. The donor cells to heat shock prior to transplantation in an
other exception, as discussed above, was the relatively effort to activate the endogenous protective HSP70 gene
high level of cardiomyocyte chimerization in female hearts [35]. Although this intervention resulted in a transient
transplanted into male recipients that was observed in one decrease in the level of donor cell apoptosis following
of five studies using similar analytical techniques. transplantation, it was not clear if this translated to a

Collectively these data suggest that interventions aimed permanent increase in donor cell seeding. Finally, several
at enhancing donor cell survival, homing, and/or post- studies have demonstrated that co-delivery of growth
transplantation proliferation may be required to achieve factors and ES cells resulted in enhanced cardiomyogenic
high levels of de novo cardiomyocyte seeding. As can be seeding (Table 3).
seen in Tables 1–3, some efforts to enhance myocyte and The availability of transgenic mouse models expressing
myogenic stem cell seeding have already been initiated. cardioprotective or cardioproliferative gene products pro-
These include relatively descriptive efforts wherein the vide a potentially useful experimental system to identify
effects of donor cell age as well as the timing of cell pathways with which to enhance myocyte and myogenic
transplantation post-injury were determined. Other studies stem cell transplantation. For example, expression of a
have attempted to directly enhance cell survival. These number of different transgenes has resulted in a marked
include efforts to inhibit apoptosis (by treating cells with reduction in reperfusion injury following transient cor-
apoptosis inhibitors prior to transplantation), to enhance onary artery occlusion [121]. If reperfusion injury is
angiogenesis (by the co-delivery of angiogenic factors with responsible for a major component of myocyte death
the donor cells), and to enhance retention of donor cells post-transplantation, the use of donor myocytes or
(by incorporating them into three dimensional scaffolds or myogenic stem cells from these transgenic mice should
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markedly enhance de novo cardiomyocyte seeding. Donora-myosin heavy chain promoter. The transgene also car-
cells from transgenic mice expressing pro-survival genes ried sequences encoding hygromycin resistance under the
should also be more efficient at engraftment [122]. A transcriptional regulation of the PGK promoter (MHC-

r rnumber of transgenic mouse models that exhibit enhanced neo /PGK-hygro transgene). Stably transfected, undif-
cardiomyocyte proliferation have also been described ferentiated ES cells were selected based on hygromycin
[123,124]; transplantation of myocytes or myogenic stem resistance. Differentiation was then induced, and car-
cells from these animals should result in enhanced prolifer- diomyocytes were selected based on G418 resistance. Low
ation of de novo cardiomyocytes with a concomitant rates of ES-derived cardiomyocyte proliferation were
increase in graft size. observed in these cultures, as evidenced by the relatively

In a variation of this theme, genetically modified ES small cardiomyocyte colony size and the absence of
cells were recently used to identify gene combinations that tritiated thymidine incorporation (Fig. 5, panels A and C,
permitted proliferative expansion of cardiomyocytes fol- respectively).
lowing myogenic differentiation [125]. The experiment In other cultures, transgenes encoding anti-apoptotic
utilized a selection scheme that resulted in the generation activity (specifically, dominant negative p53 and p193
of pure cardiomyocyte cultures [78]. Undifferentiated ES transgenes) as well as pro-proliferative activity (the E1a
cells were transfected with a transgene encoding resistance oncoprotein) were co-transfected with the neomycin/hy-
to neomycin under the regulation of the cardiac specific gromycin selection cassettes. Markedly enhanced car-

Fig. 5. An ES cell-derived cardiomyocyte colony growth assay. (A,B) Photomicrographs illustrating the yield of ES cell-derived cardiomyocytes in
r rcultures transfected with an MHC-neo /PGK-hygro transgene alone (A) or in combination with E1A, dominant negative p53 and p193 transgenes (B). ES

cell-derived cardiomyocyte colony growth was directly visualized via periodic acid-Schiff (PAS) staining. (C,D) Photomicrographs illustratingdispersed
r rcells from cultures transfected with MHC-neo /PGK-hygro transgene alone (C) or in combination with E1A, dominant negative p53 and p193 transgenes

(D). Dispersed cells were processed for PAS staining followed by tritiated thymidine autoradiography (indicative of cells undergoing DNA synthesis). Note
the marked increase in ES cell-derived cardiomyocyte yield when transfected with E1A, dominant negative p53 and p193 (B) as well as increased
tritiated-thymidine uptake (D) in comparison to controls (A,C).

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/58/2/336/341732 by guest on 21 August 2022



347J.D. Dowell et al. / Cardiovascular Research 58 (2003) 336–350

diomyocyte proliferation was observed in these cultures, as can be transplanted or mobilized at a density sufficient for
evidenced by the marked increase in cardiomyocyte colony global functional impact. Certainly, a similar set of con-
size and very high rates of tritiated thymidine incorpora- cerns and caveats are relevant for interventions aimed at
tion (Fig. 5, panels B and D, respectively). These studies inducing cell cycle activity in surviving cardiomyocytes
demonstrated that combinatorial blockade of p53 and p193 [123].
activity (via the expression of the corresponding dominant With respect to the ultimate clinical utility of myocyte
negative transgenes) was able to abrogate cell cycle-in- and myogenic stem cell transplantation, it is important to
duced apoptosis, thereby resulting in markedly enhanced recognize that we are still very early in the game. The field
proliferation of the ES-derived cardiomyocytes. More of cardiomyogenic stem cell mobilization is even newer.
importantly, the study demonstrated that cell cycle activity The fact that the potential utility of stem cell-based
can be readily modulated in in vitro generated car- therapies is becoming highly recognized is underscored by
diomyocytes. Although it remains to be seen if these the marked increase in the cell transplantation literature
manipulations will ultimately translate to enhanced seeding that has occurred over the last 2 years. With more
following transplantation of stem cell-derived car- individuals studying the problem, and more importantly
diomyocytes, preliminary results obtained with fetal car- with the increase in the intellectual critical mass that will
diomyocytes expressing the same transgenes bode ex- concomitantly be applied to the system, it is likely that
tremely well for this approach. new advances will rapidly be made. With luck, the utility

of these interventions for the treatment of heart failure will
be validated.

6 . Conclusions

It is clear from the studies reviewed here that myocytes A cknowledgements
and myogenic stem cells can be stably transplanted into the
normal or injured heart, and furthermore that this interven- We thank NHLBI for support. We also thank our many
tion can have a positive impact on cardiac function. colleagues working in the field. We apologize in advance
Although improved global cardiac function is the goal of for any relevant views/studies which where inadvertently
all cell transplantation therapies, it appears that in many not included.
cases cited above the mechanistic basis that gives rise to
functional improvement is unclear. In this regard the
positive correlation between increased angiogenesis and

R eferencesincreased function is quite striking. If the preponderance of
effected myocardial function resulting from cellular trans-

[1] SoRelle R. Myoblast transplant to heart attempted. Circulationplantation is mediated via enhanced angiogenesis, there are
2000;102:E9030–9031.

likely to be better and perhaps safer ways to accomplish [2] Strauer BE, Brehm M, Zeus T, Kostering M, Hernandez A, Sorg RV
this. Similarly, if the main benefit from cell transplantation et al. Repair of infarcted myocardium by autologous intracoronary

mononuclear bone marrow cell transplantation in humans. Circula-is to limit dyskinetic wall motion and reduce post-infarc-
tion 2002;106:1913–1918.tion remodeling, then comparative analyses with passive

[3] Soonpaa MH, Koh GY, Klug MG, Field LJ. Formation of nascentrestraint interventions are warranted [126].
intercalated disks between grafted fetal cardiomyocytes and host

In contrast, if the efficiency of myocyte or myogenic myocardium. Science 1994;264:98–101.
stem cell transplantation (or, alternatively, stem cell [4] Koh GY, Soonpaa MH, Klug MG, Pride HP, Cooper BJ, Zipes DP et
mobilization) is optimized to the point that there is a al. Stable fetal cardiomyocyte grafts in the hearts of dystrophic mice

and dogs. J Clin Invest 1995;96:2034–2042.substantial reconstitution of the lost muscle mass with
[5] Van Meter Jr. CH, Claycomb WC, Delcarpio JB, Smith DM,nascent functional cardiomyocytes, the intervention should

deGruiter H, Smart F et al. Myoblast transplantation in the porcine
be much more efficacious than simple salvage of at-risk model: a potential technique for myocardial repair. J Thorac
myocardium resulting from cell transplantation-induced Cardiovasc Surg 1995;110:1442–1448.
angiogenesis. Consequently issues pertaining to the accura-[6] Leor J, Patterson M, Quinones MJ, Kedes LH, Kloner RA.

Transplantation of fetal myocardial tissue into the infarcted myocar-cy of tracking of donor cells as well as the assessment of
dium of rat. A potential method for repair of infarcted myocardium?their function post-transplantation are of critical impor-
Circulation 1996;94:II332–336.

tance. Indeed, this issue underlies our group’s concerns [7] Li RK, Jia ZQ, Weisel RD, Mickle DA, Zhang J, Mohabeer MK et
(and arguably, our preoccupation) for developing unam- al. Cardiomyocyte transplantation improves heart function. Ann
biguous assays to track donor cell fate and function. Thorac Surg 1996;62:654–660, discussion pp. 660–661.

[8] Connold AL, Frischknecht R, Vrbova G. A simple method forRecent observations of high rates of donor cardiomyocyte
cardiac surgery in rats. Cell Transplant 1996;5:405–409.coupling following fetal cardiomyocyte transplantation in

[9] Gojo S, Kitamura S, Germeraad WT, Yoshida Y, Niwaya K,
normal hearts [31,109] bode well for the notion of Kawachi K. Ex vivo gene transfer into myocardium using re-
transplantation- or mobilization-mediated functional recon- plication-defective retrovirus. Cell Transplant 1996;5:S81–84.
stitution, provided that stem cell-derived cardiomyocytes [10] Connold AL, Frischknecht R, Dimitrakos M,Vrbova G. The survival

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/58/2/336/341732 by guest on 21 August 2022



J.D. Dowell et al. / Cardiovascular Research 58 (2003) 336–350348

of embryonic cardiomyocytes transplanted into damaged host rat [29] Ruhparwar A, Tebbenjohanns J, Niehaus M, Mengel M, Irtel T,
myocardium. J Muscle Res Cell Motil 1997;18:63–70. Kofidis T et al. Transplanted fetal cardiomyocytes as cardiac

pacemaker. Eur J Cardiothorac Surg 2002;21:853–857.[11] Aoki M, Morishita R, Higaki J, Moriguchi A, Hayashi S, Matsushita
H et al. Survival of grafts of genetically modified cardiac myocytes [30] Roell W, Lu ZJ, Bloch W, Siedner S, Tiemann K, Xia Y et al.
transfected with FITC-labeled oligodeoxynucleotides and theb- Cellular cardiomyoplasty improves survival after myocardial injury.
galactosidase gene in the noninfarcted area, but not the myocardial Circulation 2002;105:2435–2441.
infarcted area. Gene Ther 1997;4:120–127. [31] Rubart M, Soonpaa MH, Nakajima H, Nakajima H, Pasumarthi K,

[12] Gojo S, Kitamura S, Hatano O, Takakusu A, Hashimoto K, Kanegae Field LJ. In-situ 2-photon microscopy reveals functional integration
Y et al. Transplantation of genetically marked cardiac muscle cells. J of grafted fetal cardiomyocytes in the adult host myocardium.
Thorac Cardiovasc Surg 1997;113:10–18. American Heart Association 2002 Scientific Sessions, Abstract

[104755.[13] Scorsin M, Hagege AA, Marotte F, Mirochnik N, Copin H, Barnoux
M et al. Does transplantation of cardiomyocytes improve function of [32] Scorsin M, Marotte F, Sabri A, Le Dref O, Demirag M, Samuel JL
infarcted myocardium? Circulation 1997;96:II188–193. et al. Can grafted cardiomyocytes colonize peri-infarct myocardial

areas? Circulation 1996;94:II337–340.[14] Li RK, Mickle DA, Weisel RD, Mohabeer MK, Zhang J, Rao V et al.
Natural history of fetal rat cardiomyocytes transplanted into adult rat [33] Matsushita T, Oyamada M, Kurata H, Masuda S, Takahashi A,
myocardial scar tissue. Circulation 1997;96:II179–186, discussion Emmoto T et al. Formation of cell junctions between grafted and
186–187. host cardiomyocytes at the border zone of rat myocardial infarction.

Circulation 1999;100:II262–268.[15] Jia ZQ, Mickle DA, Weisel RD, Mohabeer MK, Merante F, Rao V et
al. Transplanted cardiomyocytes survive in scar tissue and improve [34] Imanishi T, Murry CE, Reinecke H, Hano T, Nishio I, Liles WC et
heart function. Transplant Proc 1997;29:2093–2094. al. Cellular FLIP is expressed in cardiomyocytes and down-reg-

ulated in TUNEL-positive grafted cardiac tissues. Cardiovasc Res[16] Scorsin M, Hagege AA, Dolizy I, Marotte F, Mirochnik N, Copin H
2000;48:101–110.et al. Can cellular transplantation improve function in doxorubicin-

induced heart failure? Circulation 1998;98:II151–155, discussion [35] Zhang M, Methot D, Poppa V, Fujio Y, Walsh K, Murry CE.
II155–156. Cardiomyocyte grafting for cardiac repair: graft cell death and

anti-death strategies. J Mol Cell Cardiol 2001;33:907–921.[17] Watanabe E, Smith Jr. DM, Delcarpio JB, Sun J, Smart FW, Van
Meter Jr. CH et al. Cardiomyocyte transplantation in a porcine [36] Miyagawa S, Sawa Y, Taketani S, Kawaguchi N, Nakamura T,
myocardial infarction model. Cell Transplant 1998;7:239–246. Matsuura N et al. Myocardial regeneration therapy for heart failure:

hepatocyte growth factor enhances the effect of cellular cardiomyop-[18] Sakai T, Li RK, Weisel RD, Mickle DA, Jia ZQ, Tomita S et al.
lasty. Circulation 2002;105:2556–2561.Fetal cell transplantation: a comparison of three cell types. J Thorac

Cardiovasc Surg 1999;118:715–724. [37] Muller-Ehmsen J, Peterson KL, Kedes L, Whittaker P, Dow JS,
[19] Reinecke H, Zhang M, Bartosek T, Murry CE. Survival, integration, Long TI et al. Rebuilding a damaged heart: long-term survival of

and differentiation of cardiomyocyte grafts: a study in normal and transplanted neonatal rat cardiomyocytes after myocardial infarction
injured rat hearts. Circulation 1999;100:193–202. and effect on cardiac function. Circulation 2002;105:1720–1726.

[20] Li RK, Jia ZQ, Weisel RD, Mickle DA, Choi A, Yau TM. Survival [38] Muller-Ehmsen J, Whittaker P, Kloner RA, Dow JS, Sakoda T, Long
and function of bioengineered cardiac grafts. Circulation TI et al. Survival and development of neonatal rat cardiomyocytes
1999;100:II63–69. transplanted into adult myocardium. J Mol Cell Cardiol

[21] Leor J, Aboulafia-Etzion S, Dar A, Shapiro L, Barbash IM, Battler 2002;34:107–116.
A et al. Bioengineered cardiac grafts: a new approach to repair the [39] Shimizu T, Yamato M, Isoi Y, Akutsu T, Setomaru T, Abe K et al.
infarcted myocardium? Circulation 2000;102:III56–61. Fabrication of pulsatile cardiac tissue grafts using a novel 3-dimen-

[22] Scorsin M, Hagege A,Vilquin JT, Fiszman M, Marotte F, Samuel JL sional cell sheet manipulation technique and temperature-responsive
et al. Comparison of the effects of fetal cardiomyocyte and skeletal cell culture surfaces. Circ Res 2002;90:e40.
myoblast transplantation on postinfarction left ventricular function. J [40] Eschenhagen T, Didie M, Heubach J, Ravens U, Zimmermann WH.
Thorac Cardiovasc Surg 2000;119:1169–1175. Cardiac tissue engineering. Transplant Immunol 2002;9:315–321.

[23] Li TS, Hamano K, Kajiwara K, Nishida M, Zempo N, Esato K. [41] Sakai T, Li RK, Weisel RD, Mickle DA, Kim EJ, Tomita S et al.
Prolonged survival of xenograft fetal cardiomyocytes by adenovirus- Autologous heart cell transplantation improves cardiac function after
mediated CTLA4-Ig expression. Transplantation 2001;72:1983– myocardial injury. Ann Thorac Surg 1999;68:2074–2080, discussion
1985. pp. 2080–2081.

[24] Etzion S, Battler A, Barbash IM, Cagnano E, Zarin P, Granot Y et [42] Yoo KJ, Li RK, Weisel RD, Mickle DA, Jia ZQ, Kim EJ et al. Heart
al. Influence of embryonic cardiomyocyte transplantation on the cell transplantation improves heart function in dilated car-
progression of heart failure in a rat model of extensive myocardial diomyopathic hamsters. Circulation 2000;102:III204–209.
infarction. J Mol Cell Cardiol 2001;33:1321–1330. [43] Li RK, Weisel RD, Mickle DA, Jia ZQ, Kim EJ, Sakai T et al.

[25] Yokomuro H, Li RK, Mickle DA, Weisel RD, Verma S, Yau TM. Autologous porcine heart cell transplantation improved heart func-
Transplantation of cryopreserved cardiomyocytes. J Thorac Cardiov- tion after a myocardial infarction. J Thorac Cardiovasc Surg
asc Surg 2001;121:98–107. 2000;119:62–68.

[26] Sakakibara Y, Tambara K, Lu F, Nishina T, Sakaguchi G, Nagaya N [44] Yau TM, Fung K, Weisel RD, Fujii T, Mickle DA, Li RK. Enhanced
et al. Combined procedure of surgical repair and cell transplantation myocardial angiogenesis by gene transfer with transplanted cells.
for left ventricular aneurysm: an experimental study. Circulation Circulation 2001;104:I218–222.
2002;106:I193–197. [45] Koh GY, Soonpaa MH, Klug MG, Field LJ. Long-term survival of

[27] Sakakibara Y, Tambara K, Lu F, Nishina T, Nagaya N, Nishimura K AT-1 cardiomyocyte grafts in syngeneic myocardium. Am J Physiol
et al. Cardiomyocyte transplantation does not reverse cardiac 1993;264:H1727–1733.
remodeling in rats with chronic myocardial infarction. Ann Thorac [46] Delcarpio JB, Claycomb WC. Cardiomyocyte transfer into the
Surg 2002;74:25–30. mammalian heart. Cell-to-cell interactions in vivo and in vitro. Ann

[28] Sakakibara Y, Nishimura K, Tambara K, Yamamoto M, Lu F, Tabata NY Acad Sci 1995;752:267–285.
Y et al. Prevascularization with gelatin microspheres containing [47] Koh GY, Klug MG, Soonpaa MH, Field LJ. Differentiation and
basic fibroblast growth factor enhances the benefits of car- long-term survival of C2C12 myoblast grafts in heart. J Clin Invest
diomyocyte transplantation. J Thorac Cardiovasc Surg 2002;124:50– 1993;92:1548–1554.
56. [48] Koh GY, Kim SJ, Klug MG, Park K, Soonpaa MH, Field LJ.

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/58/2/336/341732 by guest on 21 August 2022



349J.D. Dowell et al. / Cardiovascular Research 58 (2003) 336–350

Targeted expression of transforming growth factor-beta 1 in in- [68] Lee RJ, Springer ML, Blanco-Bose WE, Shaw R, Ursell PC, Blau
HM. VEGF gene delivery to myocardium: deleterious effects oftracardiac grafts promotes vascular endothelial cell DNA synthesis. J
unregulated expression. Circulation 2000;102:898–901.Clin Invest 1995;95:114–121.

[69] Suzuki K, Murtuza B, Smolenski RT, Sammut IA, Suzuki N,[49] Robinson SW, Cho PW, Levitsky HI, Olson JL, Hruban RH, Acker
Kaneda Y et al. Cell transplantation for the treatment of acuteMA et al. Arterial delivery of genetically labelled skeletal myoblasts
myocardial infarction using vascular endothelial growth factor-ex-to the murine heart: long-term survival and phenotypic modification
pressing skeletal myoblasts. Circulation 2001;104:I207–212.of implanted myoblasts. Cell Transplant 1996;5:77–91.

[70] Rajnoch C, Chachques JC, Berrebi A, Bruneval P, Benoit MO,[50] Reinecke H, Murry CE. Transmural replacement of myocardium
Carpentier A. Cellular therapy reverses myocardial dysfunction. Jafter skeletal myoblast grafting into the heart. Too much of a good
Thorac Cardiovasc Surg 2001;121:871–878.thing? Cardiovasc Pathol 2000;9:337–344.

[71] Pouzet B,Vilquin JT, Hagege AA, Scorsin M, Messas E, Fiszman M[51] Suzuki K, Brand NJ, Smolenski RT, Jayakumar J, Murtuza B,
et al. Factors affecting functional outcome after autologous skeletalYacoub MH. Development of a novel method for cell transplantation
myoblast transplantation. Ann Thorac Surg 2001;71:844–850, dis-through the coronary artery. Circulation 2000;102:III359–364.
cussion pp. 850–851.[52] Suzuki K, Smolenski RT, Jayakumar J, Murtuza B, Brand NJ,

[72] Chedrawy EG, Wang JS, Nguyen DM, Shum-Tim D, Chiu RC.
Yacoub MH. Heat shock treatment enhances graft cell survival in

Incorporation and integration of implanted myogenic and stem cells
skeletal myoblast transplantation to the heart. Circulation

into native myocardial fibers: anatomic basis for functional improve-
2000;102:III216–221.

ments. J Thorac Cardiovasc Surg 2002;124:584–590.
[53] Murry CE, Wiseman RW, Schwartz SM, Hauschka SD. Skeletal [73] Dib N, Diethrich EB, Campbell A, Goodwin N, Robinson B, Gilbert

myoblast transplantation for repair of myocardial necrosis. J Clin J et al. Endoventricular transplantation of allogenic skeletal myob-
Invest 1996;98:2512–2523. lasts in a porcine model of myocardial infarction. J Endovasc Ther

[54] Reinecke H, MacDonald GH, Hauschka SD, Murry CE. Elec- 2002;9:313–319.
tromechanical coupling between skeletal and cardiac muscle. Impli- [74] Etzion S, Barbash IM, Feinberg MS, Zarin P, Miller L, Guetta E et
cations for infarct repair. J Cell Biol 2000;149:731–740. al. Cellular cardiomyoplasty of cardiac fibroblasts by adenoviral

[55] Jain M, DerSimonian H, Brenner DA, Ngoy S, Teller P, Edge AS et delivery of MyoD ex vivo: an unlimited source of cells for
al. Cell therapy attenuates deleterious ventricular remodeling and myocardial repair. Circulation 2002;106:I125–130.
improves cardiac performance after myocardial infarction. Circula- [75] Suzuki K, Murtuza B, Heslop L, Morgan JE, Smolenski RT, Suzuki
tion 2001;103:1920–1927. N et al. Single fibers of skeletal muscle as a novel graft for cell

[56] Marelli D, Desrosiers C, el-Alfy M, Kao RL, Chiu RC. Cell transplantation to the heart. J Thorac Cardiovasc Surg
transplantation for myocardial repair: an experimental approach. 2002;123:984–992.
Cell Transplant 1992;1:383–390. [76] Ghostine S, Carrion C, Souza LC, Richard P, Bruneval P,Vilquin JT

[57] Marelli D, Ma F, Chiu RC. Satellite cell implantation for et al. Long-term efficacy of myoblast transplantation on regional
neomyocardial regeneration. Transplant Proc 1992;24:2995. structure and function after myocardial infarction. Circulation

[58] Zibaitis A, Greentree D, Ma F, Marelli D, Duong M, Chiu RC. 2002;106:I131–136.
Myocardial regeneration with satellite cell implantation. Transplant [77] Reinecke H, Poppa V, Murry CE. Skeletal muscle stem cells do not
Proc 1994;26:3294. transdifferentiate into cardiomyocytes after cardiac grafting. J Mol

[59] Chiu RC, Zibaitis A, Kao RL. Cellular cardiomyoplasty: myocardial Cell Cardiol 2002;34:241–249.
regeneration with satellite cell implantation. Ann Thorac Surg [78] Klug MG, Soonpaa MH, Koh GY, Field LJ. Genetically selected
1995;60:12–18. cardiomyocytes from differentiating embryonic stem cells form

[60] Yoon PD, Kao RL, Magovern GJ. Myocardial regeneration. Trans- stable intracardiac grafts. J Clin Invest 1996;98:216–224.
planting satellite cells into damaged myocardium. Tex Heart Inst J [79] Behfar A, Zingman LV, Hodgson DM, Rauzier JM, Kane GC, Terzic
1995;22:119–125. A et al. Stem cell differentiation requires a paracrine pathway in the

[61] Taylor DA, Silvestry SC, Bishop SP, Annex BH, Lilly RE, Glower heart. FASEB J 2002;16:1558–1566.
DD et al. Delivery of primary autologous skeletal myoblasts into [80] Min JY, Yang Y, Converso KL, Liu L, Huang Q, Morgan JP et al.
rabbit heart by coronary infusion: a potential approach to myocardial Transplantation of embryonic stem cells improves cardiac function
repair. Proc Assoc Am Phys 1997;109:245–253. in postinfarcted rats. J Appl Physiol 2002;92:288–296.

[62] Taylor DA, Atkins BZ, Hungspreugs P, Jones TR, Reedy MC, [81] Yang Y, Min JY, Rana JS, Ke Q, Cai J, Chen Y et al. VEGF
Hutcheson KA et al. Regenerating functional myocardium: im- enhances functional improvement of postinfarcted hearts by trans-
proved performance after skeletal myoblast transplantation. Nat Med plantation of ESC-differentiated cells. J Appl Physiol
1998;4:929–933. 2002;93:1140–1151.

[63] Dorfman J, Duong M, Zibaitis A, Pelletier MP, Shum-Tim D, Li C [82] Tomita S, Li RK, Weisel RD, Mickle DA, Kim EJ, Sakai T et al.
et al. Myocardial tissue engineering with autologous myoblast Autologous transplantation of bone marrow cells improves damaged
implantation. J Thorac Cardiovasc Surg 1998;116:744–751. heart function. Circulation 1999;100:II247–256.

[64] Atkins BZ, Hueman MT, Meuchel J, Hutcheson KA, Glower DD, [83] Wang JS, Shum-Tim D, Galipeau J, Chedrawy E, Eliopoulos N,
Taylor DA. Cellular cardiomyoplasty improves diastolic properties Chiu RC. Marrow stromal cells for cellular cardiomyoplasty:
of injured heart. J Surg Res 1999;85:234–242. feasibility and potential clinical advantages. J Thorac Cardiovasc

[65] Atkins BZ, Hueman MT, Meuchel JM, Cottman MJ, Hutcheson KA, Surg 2000;120:999–1005.
Taylor DA. Myogenic cell transplantation improves in vivo regional [84] Liechty KW, MacKenzie TC, Shaaban AF, Radu A, Moseley AM,
performance in infarcted rabbit myocardium. J Heart Lung Trans- Deans R et al. Human mesenchymal stem cells engraft and
plant 1999;18:1173–1180. demonstrate site-specific differentiation after in utero transplantation

[66] Atkins BZ, Lewis CW, Kraus WE, Hutcheson KA, Glower DD, in sheep. Nat Med 2000;6:1282–1286.
Taylor DA. Intracardiac transplantation of skeletal myoblasts yields [85] Jackson KA, Majka SM, Wang H, Pocius J, Hartley CJ, Majesky
two populations of striated cells in situ. Ann Thorac Surg MW et al. Regeneration of ischemic cardiac muscle and vascular
1999;67:124–129. endothelium by adult stem cells. J Clin Invest 2001;107:1395–1402.

[67] Hutcheson KA, Atkins BZ, Hueman MT, Hopkins MB, Glower DD, [86] Murry CE, Rubart M, Soonpaa M, Nakajima H, Nakajima H, Field
Taylor DA. Comparison of benefits on myocardial performance of LJ. Absence of cardiac differentiation in hematopoietic stem cells
cellular cardiomyoplasty with skeletal myoblasts and fibroblasts. transplanted into normal and injured hearts. Circulation (abstract)
Cell Transplant 2000;9:359–368. 2001;104:II599.

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/58/2/336/341732 by guest on 21 August 2022



J.D. Dowell et al. / Cardiovascular Research 58 (2003) 336–350350

[87] Wang JS, Shum-Tim D, Chedrawy E, Chiu RC. The coronary [107] Orlic D, Kajstura J, Chimenti S, Limana F, Jakoniuk I, Quaini F et
delivery of marrow stromal cells for myocardial regeneration: al. Mobilized bone marrow cells repair the infarcted heart, improv-
pathophysiologic and therapeutic implications. J Thorac Cardiovasc ing function and survival. Proc Natl Acad Sci USA
Surg 2001;122:699–705. 2001;98:10344–10349.

[88] Strauer BE, Brehm M, Zeus T, Gattermann N, Hernandez A, Sorg [108] Muller M, Fleischmann BK, Selbert S, Ji GJ, Endl E, Middeler G
RV et al. [Intracoronary, human autologous stem cell transplantation et al. Selection of ventricular-like cardiomyocytes from ES cells in
for myocardial regeneration following myocardial infarction]. Dtsch vitro. FASEB J 2000;14:2540–2548.
Med Wochenschr 2001;126:932–938. [109] Rubart M, Pasumarthi K, Nakajima H, Nakajima HO, Soonpaa

[89] Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li B et MH, Field LJ. Physiologic coupling of donor and host car-
al. Bone marrow cells regenerate infarcted myocardium. Nature diomyocytes following cellular transplantation. 2003a: Circulation
2001;410:701–705. Research, under revision.

[90] Hamano K, Li TS, Kobayashi T, Hirata K, Yano M, Kohno M et al. [110] Rubart M, Wang E, Dunn KW, Field LJ. Two-photon molecular
Therapeutic angiogenesis induced by local autologous bone marrow excitation imaging of Ca21 transients in Langendorff-perfused
cell implantation. Ann Thorac Surg 2002;73:1210–1215. mouse hearts. 2003b: American Journal of Physiology: Cell

[91] Jiang Y, Jahagirdar BN, Reinhardt RL, Schwartz RE, Keene CD, Physiology, in press.
Ortiz-Gonzalez XR et al. Pluripotency of mesenchymal stem cells [111] Soonpaa MH, Field LJ. Survey of studies examining mammalian
derived from adult marrow. Nature 2002;418:41–49. cardiomyocyte DNA synthesis. Circ Res 1998;83:15–26.

[92] Mackenzie TC, Shaaban AF, Radu A, Flake AW. Engraftment of [112] Li RK, Yau TM, Weisel RD, Mickle DA, Sakai T, Choi A et al.
bone marrow and fetal liver cells after in utero transplantation in Construction of a bioengineered cardiac graft. J Thorac Cardiovasc
MDX mice. J Pediatr Surg 2002;37:1058–1064. Surg 2000;119:368–375.

[93] Saito T, Kuang JQ, Bittira B, Al-Khaldi A, Chiu RC. Xenotransplant [113] Kim EJ, Li RK, Weisel RD, Mickle DA, Jia ZQ, Tomita S et al.
cardiac chimera: immune tolerance of adult stem cells. Ann Thorac Angiogenesis by endothelial cell transplantation. J Thorac Cardiov-
Surg 2002;74:19–24, discussion p. 24. asc Surg 2001;122:963–971.

[94] Tomita S, Mickle DA, Weisel RD, Jia ZQ, Tumiati LC, Allidina Y et [114] Nakano M, Nakajima Y, Kudo S, Tsuchida Y, Nakamura H, Fukuda
al. Improved heart function with myogenesis and angiogenesis after O. Successful autotransplantation of microvessel fragments into the
autologous porcine bone marrow stromal cell transplantation. J rat heart. Eur Surg Res 1999;31:240–248.
Thorac Cardiovasc Surg 2002;123:1132–1140. [115] Li RK, Jia ZQ, Weisel RD, Merante F, Mickle DA. Smooth muscle

[95] Toma C, Pittenger MF, Cahill KS, Byrne BJ, Kessler PD. Human cell transplantation into myocardial scar tissue improves heart
mesenchymal stem cells differentiate to a cardiomyocyte phenotype function. J Mol Cell Cardiol 1999;31:513–522.
in the adult murine heart. Circulation 2002;105:93–98. [116] Yoo KJ, Li RK, Weisel RD, Mickle DA, Li G, Yau TM. Autolog-

[96] Wagers AJ, Sherwood RI, Christensen JL, Weissman IL. Little ous smooth muscle cell transplantation improved heart function in
evidence for developmental plasticity of adult hematopoietic stem dilated cardiomyopathy. Ann Thorac Surg 2000;70:859–865.
cells. Science 2002;297:2256–2259. [117] Yoo KJ, Li RK, Weisel RD, Mickle DA, Tomita S, Ohno N et al.

[97] Bittner RE, Schofer C, Weipoltshammer K, Ivanova S, Streubel B, Smooth muscle cells transplantation is better than heart cells
Hauser E et al. Recruitment of bone-marrow-derived cells by transplantation for improvement of heart function in dilated
skeletal and cardiac muscle in adult dystrophic mdx mice. Anat cardiomyopathy. Yonsei Med J 2002;43:296–303.
Embryol (Berlin) 1999;199:391–396. [118] Kocher AA, Schuster MD, Szabolcs MJ, Takuma S, Burkhoff D,

[98] Clarke DL, Johansson CB, Wilbertz J, Veress B, Nilsson E, Wang J et al. Neovascularization of ischemic myocardium by
Karlstrom H et al. Generalized potential of adult neural stem cells. human bone-marrow-derived angioblasts prevents cardiomyocyte
Science 2000;288:1660–1663. apoptosis, reduces remodeling and improves cardiac function. Nat

[99] Condorelli G, Borello U, De Angelis L, Latronico M, Sirabella D, Med 2001;7:430–436.
Coletta M et al. Cardiomyocytes induce endothelial cells to trans- [119] Tillisch J, Brunken R, Marshall R, Schwaiger M, Mandelkern M,
differentiate into cardiac muscle: implications for myocardium Phelps M et al. Reversibility of cardiac wall-motion abnormalities
regeneration. Proc Natl Acad Sci USA 2001;98:10733–10738. predicted by positron tomography. New Engl J Med

[100] Malouf NN, Coleman WB, Grisham JW, Lininger RA, Madden VJ, 1986;314:884–888.
Sproul M et al. Adult-derived stem cells from the liver become [120] Kloner RA, Jennings RB. Consequences of brief ischemia: stun-
myocytes in the heart in vivo. Am J Pathol 2001;158:1929–1935. ning, preconditioning, and their clinical implications: part 1.

[101] Hierlihy AM, Seale P, Lobe CG, Rudnicki MA, Megeney LA. The Circulation 2001;104:2981–2989.
post-natal heart contains a myocardial stem cell population. FEBS [121] Bolli R. Cardioprotective function of inducible nitric oxide synth-
Lett 2002;530:239. ase and role of nitric oxide in myocardial ischemia and precondi-

[102] Hruban RH, Long PP, Perlman EJ, Hutchins GM, Baumgartner tioning: an overview of a decade of research. J Mol Cell Cardiol
WA, Baughman KL et al. Fluorescence in situ hybridization for the 2001;33:1897–1918.
Y-chromosome can be used to detect cells of recipient origin in [122] Kang PM, Yue P, Izumo S. New insights into the role of apoptosis
allografted hearts following cardiac transplantation. Am J Pathol in cardiovascular disease. Circ J 2002;66:1–9.
1993;142:975–980. [123] Pasumarthi KB, Field LJ. Cardiomyocyte cell cycle regulation.

[103] Glaser R, Lu MM, Narula N, Epstein JA. Smooth muscle cells, but Circ Res 2002;90:1044–1054.
not myocytes, of host origin in transplanted human hearts. Circula- [124] Pasumarthi KBS, Daud AI, Field LJ. Regulation of cardiomyocyte
tion 2002;106:17–19. proliferation and apoptosis. In: Crescenzi M, editor. Reactivation

[104] Laflamme MA, Myerson D, Saffitz JE, Murry CE. Evidence for of the Cell Cycle in Terminally Differentiated Cells, Landes
cardiomyocyte repopulation by extracardiac progenitors in trans- Biosciences, Inc., 2002, pp. 11–27.
planted human hearts. Circ Res 2002;90:634–640. [125] Pasumarthi KB, Tsai SC, Field LJ. Coexpression of mutant p53

[105] Muller P, Pfeiffer P, Koglin J, Schafers HJ, Seeland U, Janzen I et and p193 renders embryonic stem cell-derived cardiomyocytes
al. Cardiomyocytes of noncardiac origin in myocardial biopsies of responsive to the growth-promoting activities of adenoviral E1A.
human transplanted hearts. Circulation 2002;106:31–35. Circ Res 2001;88:1004–1011.

[106] Quaini F, Urbanek K, Beltrami AP, Finato N, Beltrami CA, [126] Kaplon R, Lombardi P. Passive constraint and new shape-change
Nadal-Ginard B et al. Chimerism of the transplanted heart. New devices for heart failure. Semin Thorac Cardiovasc Surg
Engl J Med 2002;346:5–15. 2002;14:150–156.

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/58/2/336/341732 by guest on 21 August 2022


	Myocyte and myogenic stem cell transplantation in the heart
	Introduction
	A review of the myocytye and myogenic stem cell transplantation literature
	Characterization of the fate of transplanted cells
	Mechanisms by which cellular transplantation can impact heart function
	Strategies to enhance cellular transplantation
	Conclusions
	Acknowledgements
	References


