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SKELETAL MUSCLE STEM CELLS FOR CARDIAC REPAIR 

Thomas R. Payne, PhD 

University of Pittsburgh, 2005

 

 

Because current treatments have had limited success in reducing morbidity and mortality 

associated with heart failure, the transplantation of cells into the heart has emerged as a potential 

therapy to repair damaged myocardium and reverse end-stage heart failure. While an array of 

lineage-committed cell types has been evaluated for experimental cardiac cell transplantation, 

recent studies have focused on adult stem cells due to their capacity for self-renewal and 

potential for multilineage differentiation. Here we investigated the application of postnatal 

murine skeletal muscle–derived stem cells (MDSCs) for cardiac cell therapy. We initially tested 

the ability of MDSCs to regenerate cardiac muscle after intramyocardial injection into the hearts 

of dystrophin-deficient mdx mice, a model of cardiomyopathy and muscular dystrophy. After 

transplantation, we observed that MDSCs generated large persistent grafts consisting primarily 

of numerous skeletal muscle myocytes and, to a substantially lesser degree, donor-derived 

cardiomyocytes, which were primarily located at the graft–host myocardium border. Further 

experiments revealed that more than half of these donor-derived cardiomyocytes resulted from 

the fusion of transplanted MDSCs with host cardiomyocytes. Next, we investigated the 

therapeutic potential of MDSC transplantation for cardiac repair using a mouse model for acute 

myocardial infarction. We report that in comparison with committed skeletal myoblast– and 

control saline-injected hearts, MDSCs implanted into infarcted hearts elicited significant 

improvements in cardiac performance. This beneficial effect was partially attributed to the ability 
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of MDSCs to induce neovascularization of ischemic myocardium. In the final study, we 

investigated the mechanism by which transplanted MDSCs contribute to revascularization of 

ischemic myocardium. To address this issue, we employed a gain- and loss-of-function approach 

using MDSCs genetically engineered to express the potent angiogenic factor vascular endothelial 

growth factor (VEGF) or the anti-angiogenic factor soluble Flt1, a VEGF-specific antagonist. 

When we transplanted MDSCs expressing soluble Flt1, we observed significantly less 

neoangiogenesis and a significant decrease in cardiac function when compared to the 

transplantation of control MDSCs and VEGF-engineered MDSCs. These results suggest that the 

transplantation of MDSCs elicits improvements in cardiac performance by inducing 

neovascularization of ischemic myocardium through the secretion of VEGF. In conclusion, these 

results suggest that MDSCs represent a promising cell type for cardiac repair and further 

translational research is warranted. 
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1.0  INTRODUCTION 

1.1 SIGNIFICANCE 

Heart disease is the leading cause of death for both men and women. It is estimated that 865,000 

people in the United States will experience a new or recurrent myocardial infarction (MI) (i.e., 

heart attack) every year [1]. A MI occurs when one or more of the coronary arteries supplying 

blood to the heart are blocked. Due to a lack of oxygen and nutrients, muscle cells in the 

infarcted region of the heart suffer irreversible ischemic injury and die. Because the mammalian 

heart possesses only a limited capacity to regenerate new cardiac muscle after injury, 

noncontractile scar tissue eventually replaces the ischemic myocardium. Many MI patients 

eventually develop congestive heart failure (CHF), a condition in which the debilitated heart can 

no longer effectively pump blood.  

CHF affects about 4.9 million living Americans and is responsible for more than 51,546 

deaths per year; an additional 550,000 new CHF cases are diagnosed each year [1]. In 2002, an 

estimated $24.3 billion was spent on direct and indirect costs associated with CHF diagnosis and 

treatment in the United States alone [2]. Pharmaceutical therapies, surgical procedures, and 

mechanical devices have proven to be effective in improving cardiac function, but they have had 

limited effect on preventing mortality in patients with CHF [3]. Heart transplantation has been 

shown to be highly effective, but this procedure is dependent upon organ donor availability and 
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requires long term immune suppression in patients who receive transplants [3]. Only 2,202 heart 

transplants were performed in 2001 and that number has not significantly increased from the 

previous year (2,198 transplants were performed in 2000) [2, 4]. Consequently, the development 

of novel alternative treatments for this costly and deadly condition is still warranted. Cell 

transplantation is one such promising alternative therapy.  

1.2 CELL THERAPY FOR CARDIAC REGENERATION AND REPAIR 

1.2.1 Cellular Cardiomyoplasty 

Cellular cardiomyoplasty (CCM) is a procedure that involves the transplantation of exogenous 

cells into damaged myocardium as a means to regenerate new myocardium (i.e., new 

cardiomyocytes and vasculature) and reverse heart failure [5-8]. This procedure was initially 

investigated using experimental models of heart failure, and these studies have led to multiple 

ongoing human clinical trials [9-21]. Various cell types including embryonic, neonatal and adult 

cardiomyocytes [22-30], smooth muscle cells [31], autologous adult atrial cells [32], dermal 

fibroblasts [33], and skeletal muscle-derived cells (i.e., myofibers, myoblasts, and satellite cells) 

[8, 11-14, 21, 33-61], have been studied as potential cell sources for CCM. Recent interest in 

stem cell research has helped to identify some potential, alternative cell sources for CCM, 

including murine embryonic stem cells [30, 62, 63], bone marrow-derived mesenchymal stem 

cells [64-71], purified (enriched) hematopoietic stem cells [72-81], blood- and bone marrow-

derived endothelial progenitor cells [82-86], and cardiac muscle-derived stem cells [87-89].  
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The efficacy of CCM as a treatment for end-stage heart failure will rely strongly upon the 

identification of a cell source with a marked capacity for myocardial regeneration and repair. A 

suitable cell population also would exhibit several other fundamental characteristics, including 

long-term survival, the capacity to contribute to contractile function in the heart, and the 

appropriate responsiveness to various factors present in the cardiac microenvironment [5]. To 

identify the optimal cell population for cardiac repair, several fundamental issues must be 

addressed, including 1) cell survival after transplantation and the longevity of cell engraftment, 

2) the ability of the injected cells to differentiate into cardiomyocytes and blood vessel 

structures, 3) the capacity of the transplanted cells to undergo electromechanical integration with 

the host myocardium through the formation of gap junctions and intercalated discs and 

contribute to contractile function, 4) the ability of the cells to induce neovascularization and 

reduce adverse remodeling within the infarct [83], and 5) the response of the engrafted cells to 

physiologic and pathologic stimuli associated with diseased and ischemic myocardium [5, 7]. 

Although most cell populations mentioned above have demonstrated some beneficial 

characteristics when used in experimental animal models, various ethical, biological, or technical 

limitations have hindered their suitability for use in human patients [5]. Currently, progenitor and  

stem cells derived from skeletal muscle, bone marrow or circulating blood are considered to be 

highly suitable for clinical use, because these cells can be harvested with relative ease from 

patients, readily expanded in culture, and transplanted in an autologous manner thereby 

eliminating the need for immunosuppressive drugs. Indeed, cells derived from these tissue 

sources are already being investigated in clinical trials for cardiac repair [9, 13-15, 21, 35, 36, 43, 

90]. 
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1.2.2 Skeletal Myoblasts for Cardiac Cell Transplantation 

Many research groups using animal models have reported that mononucleated skeletal muscle–

derived cells (i.e., myoblasts and satellite cells) can engraft in the heart and improve cardiac 

performance [6, 38]. These groundbreaking animal studies paved the way for skeletal myoblasts 

to be the first cell type used in clinical trials for cardiac cell therapy [13]. Myoblasts are currently 

being investigated in multiple clinical trials for cardiac repair [12-14, 21, 35, 36, 44]. Skeletal 

myoblasts, which have a committed myogenic fate [91], are located between the basal lamina 

and sarcolemma of myofibers, where they remain during postnatal life. Myoblasts are generally 

quiescent, but upon stimulation (i.e., injury, mechanical stretch) will differentiate and fuse to 

form new regenerating myofibers [91]. Skeletal muscle–derived cells (myoblasts, satellite cells 

and skeletal muscle–derived stem cells [MDSCs]) are attractive for clinical use because they can 

be harvested by a simple muscle biopsy, readily expanded in vitro, transplanted in an autologous 

manner, and after implantation can differentiate into skeletal muscle that is highly resistant to 

ischemia (Figure 1.1). Additionally, these isolated cells could be used in an ex vivo gene therapy 

approach to deliver therapeutic factors that would enhance the effect of cell transplantation 

(Figure 1.1). In the ex vivo gene therapy approach, the cells would be genetically engineered 

before implantation using non-viral or viral vectors that would contain genes encoding 

therapeutic proteins (Figure 1.1).  
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Figure 1.1: The autologous cell and gene therapy approach for cardiac repair. 
A simple muscle biopsy would be taken from the patient and processed to isolate skeletal muscle–derived cells 
(myoblasts, satellite cells and skeletal muscle–derived stem cells [MDSCs]). Then the cells would be expanded to 
obtain a sufficient number for clinical use. (1) For an autologous cell therapy approach, the cells would be packaged 
for direct injection back into the same patient. (2) In an ex vivo gene therapy approach, the isolated cells would then 
be genetically engineered with non-viral and viral vectors to express a therapeutic protein, such as VEGF or 
dystrophin. Following this step, the genetically modified cells would be injected into the heart.   

 

In animal models, successful delivery of skeletal myoblasts into the heart has been 

achieved by both direct intra-myocardial injection and intra-arterial delivery [8, 11-14, 21, 33-

61]. Various studies have shown that the engrafted myoblasts can adapt within the cardiac 

microenvironment and improve cardiac performance in animal models of cardiac injury [33, 52, 

58, 61, 92-94]. Some of these studies suggest that myoblasts can undergo cardiac differentiation 

[8, 37, 61, 95, 96], while others do not [46, 97]. Overall, none of the studies suggesting cardiac-

differentiation employed a combination of molecular markers specific for the donor cells and the 
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cardiac phenotype that is sufficiently rigorous to provide convincing evidence of cardiac 

differentiation of skeletal muscle-derived cell types [97]. When Reinecke and colleagues used a 

combination of specific molecular markers to assess cardiac differentiation of skeletal myoblasts 

transplanted in rat myocardium, no donor cell differentiation was observed [97]. In skeletal and 

cardiac muscle, the transplantation of myoblasts has been limited by poor cellular survival rates 

and limited dissemination of the injected cells throughout the muscle [98-105]. For these 

reasons, many groups have attempted to isolate a population of skeletal muscle–derived stem 

cells that would enhance the success of myogenic-derived cell transplantation in both skeletal 

and cardiac muscle [106-109].  

Numerous studies have demonstrated that myoblast transplantation into skeletal muscle is 

a feasible therapeutic approach for inherited myopathies, including Duchenne muscular 

dystrophy (DMD). However, myoblast transplantation into skeletal muscle [98, 102, 110] and 

into cardiac muscle [11, 12, 59, 61, 111] has proven inefficient and continues to be hindered by 

the very low survival rate and poor engraftment of the transplanted cells. Research performed to 

follow the fate of myoblasts after transplantation into skeletal muscle has revealed that most of 

the cells die shortly after implantation and that only a small subpopulation plays a role in new 

muscle regeneration [103, 110]. These results suggest that myoblasts constitute a heterogeneous 

population that may contain a subpopulation of cells with stem cell–like characteristics and a 

high capacity to promote and participate in muscle regeneration. We propose that the 

identification and isolation of this myogenic subpopulation with a high regenerative capacity 

would improve the efficacy of myoblast transplantation into the heart. 
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1.2.3 Skeletal Muscle–Derived Stem Cells: Potential for Tissue Regeneration 

Using various techniques, we and others have identified populations of skeletal muscle-derived 

stem cells (MDSCs) and confirmed that their existence is distinct from myoblasts [112, 113]. We 

have fractionated various myogenic cell populations from skeletal muscle of normal wild-type 

mice based on their adhesion characteristics using a modified version of the preplate technique 

[113, 114]. In particular, we have isolated populations of myoblasts as well as a unique 

population of MDSCs using this technique [113, 114]. On the basis of their marker profile, these 

MDSCs appear to be less committed to the myogenic lineage than are myoblasts [113]. These 

MDSCs can differentiate toward various lineages (i.e., muscle, bone, neural, endothelial, and 

haematopoietic lineages) [113-115]. More importantly, when we transplanted the same number 

of myoblasts and MDSCs into the skeletal muscle of dystrophic mdx mice, we found that the 

MDSCs efficiently generated large grafts of new skeletal muscle while the myoblasts formed 

only a few new muscle fibers [113]. These results indicate that MDSCs may be a better 

population of myogenic cells for muscle regeneration than myoblasts.  

1.3 PROJECT OBJECTIVES 

1.3.1 Objective #1: Evaluate the Cardiogenic Potential of MDSCs 

It is postulated that the optimal cell type for cardiac cell transplantation would be a cell with the 

capacity to undergo cardiogenic differentiation. We have previously shown that MDSCs can 

undergo differentiation toward muscle, bone, neural, endothelial, and hematopoietic lineages 
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[113-115]. However, their capacity for differentiation into the cardiomyocyte lineage is 

unknown. Once MDSCs have been transplanted into the myocardium, it will be of interest to 

understand their fate. Will these immature stem cells differentiate into cardiomyocytes, skeletal 

myocytes and/or blood vessels? In many cases, the environment into which the cells are 

transplanted into will dictate the lineage that they will differentiate into. Will the 

microenvironment of the heart induce transplanted MDSCs to differentiate into cardiomyocytes? 

We hypothesized that factors present in the local environment could have a significant influence 

on the differentiation of the implanted cells. However, thus far, myoblasts have displayed a 

minimal ability to differentiate into new cardiomyocytes both in vitro and in vivo [48, 97]. In 

contrast to committed skeletal myoblasts, MDSCs may be more amenable to differentiate since 

they are considered to be immature. In this objective, we assessed the cardiogenic potential and 

fate of MDSCs after injection into the hearts of dystrophin-deficient mdx mice, a model for 

cardiomyopathy and muscular dystrophy. In addition, we evaluated the ability of MDSCs for 

long-term survival and dystrophin delivery after intramyocardial transplantation. 

1.3.2 Objective #2: MDSCs for Myocardial Infarct Repair 

Before the advent of myoblast transplantation for cardiac repair, numerous studies demonstrated 

that myoblast transplantation into skeletal muscle is a feasible therapeutic approach for inherited 

myopathies, including Duchenne muscular dystrophy. Here, we hypothesized whether the 

identification and isolation of this myogenic subpopulation with a high regeneration capacity 

would enhance the therapeutic benefit of myoblast transplantation for cardiac repair. 

Although our characterization of MDSCs indicates that they possess an enhanced 

capacity for skeletal muscle regeneration, their potential effect when used for myocardial infarct 
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repair is unknown. In this objective, we evaluated this application by transplanting MDSCs into 

the hearts of adult SCID mice injured by acute myocardial infarction. In addition, we 

investigated whether MDSCs and committed skeletal myoblasts would exhibit differential 

abilities to engraft and improve cardiac function after myocardial infarction. We also assessed 

the ability of each cell population to adopt a cardiac phenotype, undergo electromechanical 

coupling, and promote angiogenesis after implantation. 

1.3.3 Objective #3: Mechanism of Cell Therapy: Role of VEGF 

Despite the failure of most cell types to extensively regenerate new myocardium (i.e., de novo 

differentiation of implanted cells into cardiomyocytes and blood vessels), cell therapy has still 

elicited improvements in cardiac performance after myocardial infarction [6, 7]. Instead, 

therapeutic benefit has been attributed to cell types that induce elevated levels of 

neovascularization in ischemic myocardium [7, 83]. Our preliminary data indicates that MDSCs 

promote neoangiogenesis when transplanted into the infarcted heart. Yet, it remains unknown 

how MDSCs promote revascularization in the ischemic heart and how this neovascularization 

affects cardiac function. One possible explanation is that MDSCs secrete angiogenic growth 

factors which stimulate blood vessel formation in the infarct regions of the heart. Because 

vascular endothelial growth factor (VEGF) is the most potent inducer of angiogenesis [116, 117], 

we have immunostained MDSC-injected hearts for the expression of VEGF. Indeed, the grafts in 

these hearts displayed a strong reactivity with antibodies specific for VEGF (see section 3.2.11 

and Figure 3.7). In addition, we have observed that cyclic stretch and hypoxia stimulate the 

expression of VEGF by MDSCs in vitro (see section 4.2.1 and Figure 4.1). Taken together, these 

results suggest that VEGF is a potent angiogenic factor that MDSCs could secrete in response to 
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the microenvironment of ischemic hearts. In this objective, we investigated the significance of 

VEGF in the intracardiac transplantation of MDSCs for cardiac repair. We assessed this by 

conducting a gain- and loss-of-function experiment in which we genetically modify MDSCs to 

overexpress either VEGF (gain-of-function) or the VEGF antagonist soluble Flt1 (loss-of 

function), which is also known as the soluble VEGF-receptor 1 (sVEGF-R1). The data generated 

from these experiments will help to elucidate the therapeutic and mechanistic role that VEGF 

plays in MDSC-mediated cardiac repair. In a broader sense, the findings gained from these 

experiments would reveal how cell transplantation into ischemic myocardium mediates 

neovascularization. 
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2.0  FATE OF MDSCS AFTER INTRAMYOCARDIAL TRANSPLANTATION 

2.1 INTRODUCTION 

Duchenne muscular dystrophy (DMD) is a degenerative muscle disease characterized by a lack 

of dystrophin expression in the sarcolemma, a condition that leads to progressive muscle 

weakness [118]. In the heart, the reduced levels or absence of dystrophin in patients causes 

cardiac muscle degeneration and the gradual development of dilated cardiomyopathy [119]. 

Dystrophin-deficient myocardium is the result of either a mutation in the X-linked dystrophin 

gene (as in DMD) [119] or a virus-mediated cleavage of the dystrophin protein [120, 121]. The 

functional loss of the dystrophin protein compromises the structural integrity of the sarcolemma, 

resulting in progressive and irreversible degeneration of cardiomyocytes [122, 123]. To date, 

researchers using cell or gene therapy have made only a few attempts to correct dystrophin 

deficiency in the hearts of dystrophic animals [124-127]. 

Cellular cardiomyoplasty, a procedure involving the transplantation of exogenous cells 

into the heart, is a possible approach by which to regenerate diseased myocardium, deliver 

therapeutic genes, and improve cardiac function [3]. Researchers have investigated the use of 

various cell types for cardiac repair, including cardiomyocytes, fibroblasts, embryonic stem cells, 

endothelial progenitor cells, bone marrow–derived cells, hematopoietic stem cells, mesenchymal 

stem cells, smooth muscle cells, skeletal muscle–derived cells [5], and the recently identified 
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cardiac stem cells [87-89, 128, 129]. Notably, numerous research groups have found that skeletal 

muscle–derived cells can successfully engraft in the heart and improve cardiac performance in 

animals models [33, 52, 61, 72, 92, 94]. Currently, autologous skeletal myoblasts are being used 

in clinical trials for cardiac repair [13-15, 36, 44, 130, 131]. 

Our research group has isolated populations of murine skeletal muscle–derived stem cells 

(MDSCs) by using a modified preplate technique [113, 114]. MDSCs exhibit stem cell–like 

properties and appear to be distinct from later-stage myogenic cell populations such as satellite 

cells and myoblasts [113]. In addition, MDSCs can undergo differentiation toward muscle, bone, 

neural, endothelial, and hematopoietic lineages [113-115]. By transplanting MDSCs into the 

dystrophic skeletal muscle of mdx mice, we have previously shown that MDSCs generate large 

grafts containing numerous dystrophin-positive myofibers [113]. Here, we transplanted MDSCs 

into the dystrophin-deficient hearts of adult mdx mice. We sought to determine if the MDSCs 

could (a) engraft and persist in the heart, (b) regenerate donor-derived myocytes that express 

both reporter (nLacZ) and therapeutic (dystrophin) genes, and (c) acquire a cardiac-specific 

phenotype after transplantation. 

2.2 RESULTS 

2.2.1 Characterization of the nLacZ-Expressing MDSCs In Vitro 

We transduced MDSCs with a retrovirus containing a nuclear LacZ (nLacZ) reporter gene. We 

then stained these cells in vitro with X-gal substrate to confirm expression of the nLacZ reporter 
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gene (Figure 2.1a). Approximately 50% of the MDSCs expressed nLacZ in vitro immediately 

before delivery by intracardiac injection. 

Because we isolated the MDSCs from normal skeletal muscle for injection into 

dystrophin-deficient myocardium, we tested the cells’ ability to express dystrophin after 

differentiation into myotubes. In low serum–containing medium, MDSCs were able to 

differentiate into dystrophin-expressing myotubes (Figure 2.1b). 
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Figure 2.1: Validation of donor-specific markers and of cardiac and skeletal muscle–specific antibodies.  
(a) A population of MDSCs was genetically engineered to express the nLacZ reporter gene. Positive staining (blue) 
is localized to the nucleus of the cells in vitro. (b) When cultured in low serum–containing medium in vitro, the 
MDSCs differentiated into multinucleated myotubes expressing dystrophin (red). (c) Cardiac-specific antibodies 
against α-myosin heavy chain (α-MHC) and cardiac Troponin I (cTnI) are reactive with cardiac muscle (red, top row 
“cardiac”); however, they do not cross-react with skeletal muscle (bottom row “skeletal”). Antibodies against fast 
skeletal myosin heavy chain (fast sk. MHC) react exclusively with skeletal muscle (green, bottom row “skeletal”) 
and not cardiac muscle (top row “cardiac”). Nuclei were revealed with DAPI stain (blue). Scale bars equal 100 μm 
(a, b) and 20 μm (c). 
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2.2.2 Validation of Cardiac and Skeletal Muscle–Specific Markers  

The cardiac α-myosin heavy chain (α-MHC) and cardiac Troponin I (cTnI) antibodies reacted 

specifically to cardiac muscle (Figure 2.1c, top row, red) and not skeletal muscle (Figure 2.1c, 

bottom row). These results, which confirm the cardiac specificity of the α-MHC and cTnI 

antibodies in murine tissue, validate the use of these markers to indicate any cardiac-phenotypic 

changes of the transplanted MDSCs, particularly because the injected MDSCs were of skeletal 

muscle origin. In addition, an antibody (MY32) against fast skeletal myosin heavy chain (fast sk. 

MHC) reacted specifically to skeletal muscle (Figure 2.1c, bottom row, green) and not cardiac 

muscle (Figure 2.1c, top row). 

2.2.3 MDSCs Generate Large Grafts in the mdx Heart 

We injected MDSCs into the left ventricular myocardium of dystrophic mdx mice. After 

injecting the MDSCs, we tracked their fate by observing expression of the nLacZ reporter gene 

and dystrophin protein. Two weeks after implanting the cells, we observed that the injected cells 

had formed a graft within the myocardium containing numerous myocytes expressing nLacZ 

(blue) (Figure 2.2a, top row). We validated the persistence of the graft 4 and 8 weeks after 

implantation (Figure 2.2a, top row). On serial sections of the same hearts, dystrophin expression 

(green) was visible (Figure 2.2a, bottom row) and colocalized with the nLacZ–expression 

observed 2, 4, and 8 weeks after injection (Figure 2.2a, top row); this finding indicates that the 

MDSCs differentiated into numerous dystrophin-expressing myocytes within the dystrophic 

myocardium. We observed fewer nLacZ[+] nuclei than dystrophin-positive myocytes (Figure 

2.2a): Approximately 50% of the MDSCs expressed nLacZ in vitro immediately before injection, 
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whereas every MDSC contained the normal dystrophin gene. The nLacZ[-] region (i.e., the host 

myocardium) surrounding the graft was negative for dystrophin, as one would expect to be the 

case in a dystrophic host (Figure 2.2a). The dystrophin-positive grafts consisted primarily of 

terminally differentiated skeletal myofibers as indicated by their expression of fast skeletal 

muscle myosin heavy chain (fast sk. MHC) (red, Figure 2.2b). In addition, these fast sk. MHC–

postive donor-derived cells formed multinucleated myofibers (Figure 2.2c). 
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Figure 2.2: Engraftment and expression of a skeletal muscle phenotype by MDSCs in mdx/SCID hearts.  
(a) After implanting MDSCs within the mdx/SCID hearts, we visualized engraftment by performing stainings for 
both nLacZ (blue) and dystrophin (green). In the myocardium of the left ventricles, large grafts expressing both 
nLacZ (top row, top right corner inserts) and dystrophin (bottom row, top right corner inserts) were visible 2, 4, and 
8 weeks after injection (arrows highlight the grafts). High-power magnification revealed nLacZ-expressing 
myocytes colocalized with dystrophin-expressing myocytes, demonstrating that the dystrophin-expressing myocytes 
originated from the donor (nLacZ[+]) MDSCs. Scale bar for inserts, 250 μm; scale bar for high-power 
magnification, 25 μm. (b) Quadruple staining for dystrophin (green), fast sk. MHC (red), cTnI (purple), and DAPI 
(blue) revealed that most dystrophin-postive myocytes within the graft were terminally differentiated skeletal 
myofibers, as indicated by their expression of fast sk. MHC. Scale bar, 50 μm. (c) The transplanted MDSCs fused to 
create multinucleated (green) fast sk. MHC[+] myotubes/myofibers (red). Scale bar, 20 μm. 
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2.2.4 Donor-derived Cells Express Cardiac Markers 

We sought to determine whether these donor-derived grafts expressed cardiac-specific markers. 

After double staining for both dystrophin and cardiac α-MHC at various time points after 

transplantation, we found that the majority of the dystrophin-expressing (green) myocytes 

located within the center of the graft did not express cardiac α-MHC (red) (Figure 2.3, “graft” 

column). However, we did observe colocalization of dystrophin and cardiac α-MHC in a few 

cells located at the border of the graft and the host myocardium (Figure 2.3; see arrows in “graft-

host border” columns).  

2.2.5 Use of LacZ to Validate Donor Origin of Dytrophin+ Cardiomyocytes 

Because the presence of colocalized myocytes expressing dystrophin and cardiac α-MHC could 

be attributable to the presence of revertant dystrophin-positive host cardiomyocytes in the mdx 

mouse [132], we used nLacZ expression to validate the donor origin of these myocytes. 

Specifically, we repeated the dystrophin/cardiac α-MHC double staining on cryosections pre-

stained in X-gal substrate to enable colocalization of the immunostains with donor-specific 

nLacZ expression. We observed donor cells containing a nLacZ[+] nucleus and co-expressing 

both dystrophin and cardiac α-MHC at the border of the graft and host myocardium (Figure 2.4). 

To quantitatively evaluate the nLacZ and cardiac α-MHC colocalization, we counted both the 

nLacZ[+] nuclei that colocalized with cardiac α-MHC and the total number of nLacZ[+] nuclei 

in the 5 sections containing the largest grafts in each MDSC-injected heart. It is important to note 

here that we used nLacZ instead of dystrophin as the primary marker to identify and quantify the 

donor cells that did and did not colocalize with cardiac α-MHC (Figure 2.4 and Table 2.1) to 
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exclude any revertant dystrophin-positive host cardiomyocytes [132]. Using these data, we 

determined the percentage of nLacZ and cardiac α-MHC colocalization within each heart (n=10) 

2, 4, 8, and 12 weeks after implantation (Table 2.1). The percent averages indicate that 3.0% of 

the donor cells expressed cardiac α-MHC at 2 weeks after transplantation (n=3), 4.0% at 4 weeks 

(n=3), 5.1% at 8 weeks (n=3), and 0.6% at 12 weeks (n=1) (Table 2.1). 

 

 

Figure 2.3: Donor-derived dystrophin+ myocytes expressing a cardiac phenotype.  
Double staining for both cardiac-specific α-MHC (red) and dystrophin (green) revealed very little colocalization 
throughout most regions of the grafts (as shown in 1st column labeled “graft”). However, we observed some 
colocalization (see arrows) of dystrophin (green) and α-MHC (red) at the border of the graft and the host 
myocardium (as shown in 2nd and 3rd columns labeled “graft-host border”). Scale bar for images in first column 
(“graft”), 100 μm; scale bar for second column, 50 μm; scale bar for third column, 20 μm.  
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Figure 2.4: Colocalization of donor- and cardiac-specific markers in cells within MDSC-injected hearts.  
Shown is one donor-derived cell expressing nLacZ (brightfield blue, arrows), DAPI (fluorescent blue, arrows), 
dystrophin (green, arrows), and cardiac-specific α-MHC (red, arrows). Colocalization of cardiac α-MHC, 
dystrophin, and DAPI is visible in the merged image (arrows). Scale bar equals 20 μm. (c) Quantification of the 
number of nLacZ[+] cells expressing cardiac α-MHC. 

 

Table 2.1: Frequency of donor cells expressing a cardiac phenotype in the heart.  

Time-Point Mouse 
Total 

nLacZ[+] 
nLacZ[+], 
α-MHC[+] 

Percent 
α-MHC[+] 

Percent 
average 
± s.e.m. 

1 5,775 132 2.3% 
2 334 4 1.2% 

2 weeks 

3 1,257 71 5.6% 

3.0 ± 1.3% 

4 4,015 197 4.9% 
5 1,987 99 5.0% 

4 weeks 

6 6,246 138 2.2% 

4.0 ± 0.9% 

7 4,223 129 3.1% 
8 2,630 26 1.0% 

8 weeks 

9 1,404 157 11.2% 

5.1 ± 3.1% 

12 weeks 10 3,946 24 0.6% —  
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2.2.6 Donor Cells with a Hybrid Cardiac and Skeletal Muscle Phenotype 

To further investigate the cardiac and/or skeletal muscle phenotype of the donor-derived 

nLacZ[+] cells after implantation, we performed additional multilabel stainings to detect cells co-

expressing the cardiac-specific marker cTnI and the skeletal muscle–specific marker fast sk. 

MHC within sections of the MDSC-injected hearts. Similar to our finding in Figure 2.2b and 

2.2c, our observations at all time points revealed that most of the nLacZ donor cells were 

expressing fast sk. MHC and were negative for cTnI, which indicates again that the majority of 

the graft was composed of skeletal muscle myofibers. However, each heart contained a few 

nLacZ[+] cells that expressed cTnI and, like the α-MHC[+] cells observed in the earlier study 

(Figures 2.3 and 2.4), many of these nLacZ[+]/cTnI[+] cells were visible at the border of the 

graft and the host myocardium (Figure 2.5a). This staining also revealed nLacZ[+] donor cells 

expressing either cTnI alone (Figure 2.5a; “cardiac” row) or both cTnI and fast sk. MHC (Figure 

2.5a; “hybrid” row) at all time points. We counted the nLacZ[+] nuclei that colocalized with 

either a cell displaying a hybrid cardiac and skeletal muscle phenotype (i.e., cTnI[+] and fast sk. 

MHC[+]) or a cell displaying a non-hybrid phenotype (i.e., cTnI[+] and fast sk. MHC[-]) (Figure 

2.5b). Notably, the total number of cells containing a nLacZ[+] nucleus and expressing cTnI 

(Figure 2.5b and detailed in Appendix A) was largely comparable to the total number of donor 

cells expressing α-MHC (as shown in Table 2.1). The resultant findings indicate that more than 

half of the nLacZ[+] nucleated cells that expressed a cardiac phenotype existed in a hybrid 

cardiac-skeletal state (Figure 2.5b and Appendix A). 
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Figure 2.5: Expression of hybrid cardiac and skeletal muscle phenotype by donor-derived myocytes.  
(a) A double staining for cTnI (red) and fast sk. MHC (green) revealed the presence of nLacZ[+] cells expressing 
either 1) a hybrid cardiac and skeletal phenotype (i.e., cTnI[+] and fast sk. MHC[+]; arrows, top row “hybrid”) or 2) 
a cardiac-only phenotype (i.e., cTnI[+] and fast sk. MHC[-]; arrows, bottom row “cardiac”). Scale bar equals 20 μm. 
(b) Quantification of the number of nLacZ[+] hybrid cells (i.e., cTnI[+] and fast sk. MHC[+]) and non-hybrid cells 
(i.e., cTnI[+] and fast sk. MHC[-]) in the hearts 2, 4, and 8 weeks after cell transplantation. 

2.2.7 Evaluation of Fusion between MDSCs and Host Cardiomyocytes 

To determine if the acquisition of the cardiac phenotype by the implanted MDSCs was the result 

of fusion with host cardiomyocytes, we transplanted female nLacZ[+] MDSCs into the hearts of 

male mdx/SCID (immunodeficient) recipient mice. This approach is similar to the one used by 

Wang and associates to determine if bone marrow–derived hepatocytes formed via cell fusion 

[133]. We used fluorescence in situ hybridization (FISH) with a Y-chromosome probe, nLacZ 

staining, and immunofluorescence staining with cardiac-specific antibodies to identify female 

nLacZ[+] donor-derived cells that had undergone fusion with host male cardiomyocytes. We 
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identified numerous donor-derived cells that expressed cTnI and contained both an nLacZ[+] 

nucleus and a Y-chromosome–bearing nucleus (Figure 2.6a; top row labeled “Y-

chromosome[+]”). We also observed cTnI[+] cells that contained a nucleus expressing nLacZ 

and bearing a Y-chromosome (data not shown). In contrast, some female donor-derived cells that 

expressed cTnI showed no evidence of fusion with host cardiomyocytes; such cells contained a 

single nLacZ[+]/Y-chromosome[-] nucleus (Figure 2.6a; bottom row labeled “Y-chromosome[-

]”). We counted all the nLacZ[+]/cTnI[+] cells that were Y-chromosome[+] or [-] in each 

injected mouse heart. In total, 50 nLacZ[+]/cTnI[+] cells contained a Y-chromosome–bearing 

nucleus and 75 nLacZ[+]/cTnI[+] cells lacked a Y-chromosome–bearing nucleus (Figure 2.6b 

and detailed in Appendix A). Of the 50 nLacZ[+]/cTnI[+] cells that contained a Y-chromosome–

bearing nucleus, 10 cells displayed colocalization of nLacZ in the same Y-chromosome–bearing 

nucleus. The apparent absence of a Y-chromosome–bearing nucleus in the remaining 

nLacZ[+]/cTnI[+] cells may be attributable to technical limitations associated with this system in 

situ. Specifically, we may have been unable to detect a host Y-chromosome–bearing nucleus in 

these cells because of a) the plane of the section or b) the hybridization efficiency of the Y-

chromosome probe. However, a small number of donor cells in each injected heart exhibited 

evidence of fusion with host cardiomyocytes. 
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Figure 2.6: Transplanted MDSCs fuse with host cardiomyocytes.  
(a) The top row of images displays a representative, multinucleated, donor-derived myocyte that fused with ahost 
cardiomyocyte. An nLacZ[+] nucleus (blue, arrows) and a Y-chromosome–bearing nucleus (red, arrowheads) are 
visible in a cell expressing cTnI (green). The bottom row of images displays a representative donor-derived myocyte 
that did not display evidence of fusion with host cardiomyocytes. A single nLacZ[+] nucleus (blue, arrow) is located 
within a cTnI[+] cell (green) that does not contain a Y-chromosome–bearing nucleus (red). Overlays of the nLacZ 
brightfield images and the fluorescent images are shown in the third column. Scale bar for images in top row (“Y-
chromosome[+]”), 10 μm; scale bar for bottom row (“Y-chromosome[-]”), 20 μm. (b) Quantification of the total 
number of donor (nLacZ[+]) cells, present within the cardiac muscle sections of all mdx/SCID hearts injected with 
MDSCs, that expressed cTnI and were either Y-chromosome[+] or [-]. 

 24 



2.2.8 Evaluation of Connexin43 Gap Junction Protein Expression 

We stained the cell-injected hearts with antibodies specific for the connexin43 gap junction 

protein, which is a molecular attribute of electrical coupling between cardiomyocytes. The host 

myocardium displayed a typical expression pattern of connexin43 (green) between 

cardiomyocytes, identified by cTnI staining (red) (Figure 2.7a). In contrast, the donor-derived 

fast sk. MHC[+] myocytes (purple) within the graft did not express connexin43 (Figure 2.7b). In 

addition, fast sk. MHC[+] myofibers (purple) did not form connexin43 gap junctions (green) 

with host cardiomyocytes (red) (‘graft-host myocardium border’, Figure 2.7c). 

 

 

Figure 2.7: Connexin43 gap junction staining.  
(a) Connexin43 gap junction proteins (green) were present in the host myocardium, as identified by cTnI staining 
(red). (b) However, connexin43 gap junctions were absent in the graft tissue, as identified by fast sk. MHC staining 
(purple). (c) In this representative image, the host cTnI[+] cardiomyocytes (red) do not appear to form connexin43 
gap junctions (green) with donor fast sk. MHC[+] myofibers (purple) at the graft-host myocardium border. Scale 
bars equal 25 μm. 
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2.2.9 Assessment of Scar Tissue in the Graft Area 

Numerous donor-labeled cells that acquired a cardiac phenotype through fusion with host 

cardiomyocytes were visible at the border of the graft and the host myocardium. However, the 

presence of scar tissue at this interface may have hindered the fusion and coupling of additional 

donor cells with host cardiomyocytes. To assess scar tissue formation (as indicated by the 

accumulation of collagen) in the graft region, we used the Masson Trichrome stain to label 

collagen (blue), myofibers (red), and nuclei (black). The graft (GR) in the Trichrome stained 

sections (Figure 2.8b, e) was identified by colocalization with serial sections stained for nLacZ 

expression (Figure 2.8a, d). We observed minimal collagen (blue) expression in the host 

myocardium (HM), but observed collagen expression throughout the grafts (GR) at both 4 

(Figure 2.8b, top row) and 8 weeks after implantation (Figure 2.8e; bottom row, see arrows). 

Moreover, higher magnification revealed collagen overgrowth at the border of the graft and the 

host myocardium, indicating a potential barrier to the fusion of MDSCs with host 

cardiomyocytes (Figure 2.8c, f; see yellow arrows). We hypothesize that the formation of 

collagen may occur because of an inflammatory response to myocardial after cell injection. 
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Figure 2.8: Presence of scar tissue at the border of the graft and the host myocardium.  
The MDSC grafts (GR)—identified in serial sections by nLacZ expression (a, d; blue)—displayed collagen 
deposition (blue) 4 weeks (b, see GR) and 8 weeks (e; see arrows) after implantation. In contrast, almost no collagen 
deposition was found within the noninjected area of the host myocardium (HM). At higher magnification, collagen 
was observed at the border of the graft and the host myocardium (c, f; see yellow arrows), resulting in a distinct 
separation of the graft (GR) from the host myocardium (HM) at both 4 and 8 weeks after transplantation. Scale bar 
equals 250 μm (d, e), 100 μm (a, b), and 20 μm (c, f). 

2.2.10 Donor Cells Contribute to Blood Vessel Structures in the Heart 

To determine whether some donor cells participated in the formation of blood vessel structures in 

the heart, we double stained for both nLacZ and CD31 (also known as PECAM), a marker 

expressed by endothelial cells (Figure 2.9a–c). We used nLacZ rather than dystrophin to identify 

donor cells, because nonmyocytes such as endothelial cells typically do not express dystrophin. 

The majority of CD31[+] capillary structures (brown) within the graft did not colocalize with 

nLacZ (blue) and thus appeared to be host derived (Figure 2.9a, b). However, we did observe a 

few donor cells that displayed colocalization of both nLacZ (blue) and CD31 (brown) (Figure 

2.9c). 

 27 



 

 

Figure 2.9: Double staining for CD31, an endothelial-specific marker, and nLacZ.  
(a) There were significantly fewer CD31[+] capillary structures (brown) within the graft area than within the host 
myocardium. (b) A representative higher magnification image taken within the graft area shows that most CD31[+] 
capillary structures (brown) did not colocalize with the donor cell–specific marker nLacZ. (c) One representative 
nLacZ[+] donor cell (blue) found within the graft colocalized with CD31 (brown). Scale bars equal 250 μm (a), 50 
μm (b), and 25 μm (c). 

2.3 DISCUSSION 

The data from this study demonstrate that MDSCs can generate numerous dystrophin-positive 

myocytes after intracardiac transplantation within the dystrophic hearts of mdx mice. These 

dystrophin-positive grafts persisted for at least 12 weeks. It is apparent from these grafts that 

MDSCs primarily fuse with each other and generate numerous dystrophin-positive skeletal 

myofibers even when injected into the heart. Our results also suggest that a few donor-derived 

cells contributed to the formation of blood vessel–like structures in the graft perhaps through 

differentiation or fusion with existing blood vessel structures. Because the mdx heart displays 

only very mild cardiomyopathy, this study did not allow us to determine if the regeneration of 

dytrophin-expressing myocytes as a product of the MDSC transplantation could significantly 

improve global cardiac function. 
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2.3.1 Fusion of MDSCs with Host Cardiomyocytes 

In addition to exhibiting the ability to fuse and create numerous multinucleated skeletal 

myofibers in the mdx heart, the injected MDSCs demonstrated cellular fusion with host 

cardiomyocytes located at the border of the graft and the host myocardium. Our observations of 

a) donor cells expressing a hybrid cardiac and skeletal muscle phenotype (Figure 2.5) and b) 

numerous donor cells expressing a cardiac phenotype and containing host Y-chromosome–

bearing nuclei (Figure 2.6) provide evidence of fusion between MDSCs and host cardiomyocytes 

located in this region. Various in vitro and in vivo studies have shown that different donor cell 

populations (e.g., hematopoietic stem cells, bone marrow cells, neuronal cells, and cardiac stem 

cells) can spontaneously fuse with the cells of recipients and adopt the recipient cells’ phenotype 

[89, 133-138]. Our results regarding the identification of MDSC fusion with host cardiomyocytes 

are in agreement with two recent studies using myoblasts [48, 51]. These studies have reported 

that C2C12 myoblasts [48] and primary myoblast cultures [51] implanted into mouse hearts also 

display the ability to fuse with host cardiomyocytes at the border of the graft and the host 

myocardium.  

2.3.2 Evidence for Potential Nuclear Fusion.  

It is interesting to note that of the 50 nLacZ[+]/cTnI[+] donor cells that contained a Y-

chromosome–bearing nucleus, 10 cells displayed nLacZ[+] and Y-chromosome[+] signals in the 

same nuclei. Because the nLacZ[+] MDSC population contained only female cells, the 

colocalization of both nLacZ and the Y-chromosome in a single nuclei likely originated from 

either a) the migration of the nuclear LacZ marker from a female donor nLacZ[+] nucleus to a 
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male host nucleus located in close proximity within a multinucleated fused cell or b) the nuclear 

fusion of an nLacZ[+] donor nucleus with a male host nucleus. Our experimental setup could not 

distinguish between these two events. Nonetheless, because cytoplasmic fusion is a prerequisite 

for either of these events to occur, the presence of an nLacZ[+]/Y-chromosome[+] nucleus in a 

cTnI[+] cell provides further proof of cellular fusion between donor cells and host 

cardiomyocytes. Although the other 40 “fused” cells contained one nLacZ[+] nucleus and 

another Y-chromosome[+] nucleus that did not stain positive for nLacZ, we still considered these 

hybrid cells to be the product of fusion between donor cells and host cardiomyocytes. In these 40 

“fused” cells, the lack of nLacZ in the Y-chromosome–bearing nuclei is explainable on the basis 

of the nuclear domain theory, which proposes that products from an individual nucleus within a 

multinucleated fused cell will only migrate a limited distance [139]. Thus, the donor nucleus and 

host nucleus in these fused cells might not have been located in sufficient proximity for the 

donor nLacZ gene product to migrate into the host nucleus. 

2.3.3 Cardiac Differentiation of MDSC without Cellular Fusion 

The primary goal of the sex-mismatched donor and host transplantation experiment was to detect 

fusion of donor MDSCs with host cardiomyocytes. While analyzing our results, however, we 

observed numerous nLacZ donor-derived myocytes that expressed cTnI but did not contain the 

Y-chromosome–bearing nucleus indicative of a fusion event (Figure 2.6b). Although these 

donor-derived myocytes could have arisen via differentiation of MDSCs into cardiomyocytes, 

the inability to detect Y-chromosome–bearing nuclei in these cells might also be attributed to 

technical limitations associated with the detection of the Y-chromosome in situ. Further 
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experimentation is necessary to determine if MDSCs are capable of undergoing true cardiac 

differentiation. 

2.3.4 Gap Junction Formation for Electromechanical Coupling 

We did not observe connexin43 gap junction connections between donor myocytes or between 

donor and host myocytes at the graft-myocardial border. The lack of gap junction complexes 

may signify both electrical isolation of the graft from the myocardium and the potential for 

cardiac arrhythmias [51, 140], and therefore could be a major limitation associated with the use 

of MDSCs and other muscle-derived cell types for cardiac repair. We did not monitor for 

arrhythmias in this study; however, a previous study using surface electrocardiogram did not 

detect arrhythmias in murine hearts engrafted with C2C12 myoblasts [41]. Future studies will 

investigate the potential of engrafted MDSCs to induce arrhythmias. 

2.3.5 Scar Tissue Formation 

Gap junction connections and fusion of transplanted MDSCs with host cardiomyocytes require 

intimate interaction of the donor cells with the host cardiomyocytes. Our results revealed scar 

tissue present at the graft and host myocardium interface and within the graft itself. We posit that 

the scar tissue forms a barrier between the graft and the host myocardium and, in so doing, may 

prevent donor cells from potentially fusing or coupling via gap junctions with host 

cardiomyocytes. The use of antifibrosis agents in combination with intracardiac cell 

transplantation may help to block scar tissue formation in the graft and enhance the integration of 

the graft with the host myocardium. 
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2.3.6 Donor Cell Contribution to Blood Vessels in the Graft 

The potential of transplanted MDSCs to form new blood vessels may help to promote 

vascularization of the graft and long-term survival of donor cells. Our results revealed numerous 

blood vessel structures within the graft area; however, we observed only a few donor cells that 

adopted an endothelial phenotype (Figure 2.9), indicating that most of the blood vessel structures 

in the graft region were host-derived. In this study, we could not determine whether the donor-

derived cells that incorporated into blood vessel structures in the heart were the result of donor 

cell differentiation into a new blood vessel or donor cell fusion with host-derived blood vessel. In 

future studies, we will investigate whether MDSCs could differentiate into an endothelial 

phenotype after injection into the heart by genetically engineering MDSCs with a vector 

encoding green fluorescent protein (GFP) that is under the control of endothelial cell-specific 

promoter. If transplanted MDSCs differentiate into endothelial cells, then GFP will be expressed 

by the MDSCs. Nevertheless, because only a few donor cells incorporated into new blood vessel 

structures, we hypothesize that the transplanted MDSCs likely induced the formation of 

numerous host-derived blood vessels in the graft region through the release of angiogenic 

factors. 

2.4 CONCLUSIONS 

In conclusion, this study establishes that MDSCs implanted into dystrophic mdx hearts can 

generate large grafts containing numerous dystrophin-expressing myocytes. Although the graft 

consisted primarily of skeletal muscle myofibers, a small number of donor-derived myocytes 
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located at the border of the graft and the host myocardium expressed a hybrid cardiac-skeletal 

phenotype and fused with host cardiomyocytes. Most donor-derived myocytes did not form 

connexin43 gap junctions with each other or with host cardiomyocytes. In addition to the ability 

of the transplanted MDSCs to differentiate into numerous dystrophin-positive myocytes, a few 

donor-derived cells within the graft also expressed an endothelial cell phenotype, indicating that 

the donor cells may be capable of differentiation into blood vessel structures. Scar tissue that 

developed at the graft-host myocardium interface may impede the fusion and coupling of 

MDSCs with host cardiomyocytes and the vascularization of the graft from pre-existing 

vasculature (i.e., angiogenesis). In conclusion, this study provides insight into the biology and 

behavior of MDSCs after intramyocardial transplantation in the mdx heart and their potential 

application for the treatment of DMD-induced cardiomyopathy. 

2.5 METHODS 

2.5.1 Animals 

The Institutional Animal Care and Use Committee, Children’s Hospital of Pittsburgh, has 

approved the use of animals and surgical procedures performed in this study (Protocol no. 6/02). 

The MDSCs were isolated from the skeletal muscle of female normal neonatal (3–5-day-old) 

mice (C57BL/6J; Jackson Laboratory, Bar Harbor, Maine) as previously described [113]. These 

cells were injected into the hearts of 10–12-week-old male mdx/SCID mice (n=10, 

C57BL/10ScSn-Dmdmdx crossed with C57BL/6J-Prkdcscid/SzJ). These mice are mutant for both 

the dystrophin and Prkdc genes, and therefore possess an mdx and SCID phenotype (mdx/SCID). 
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We used this dystrophic mouse model with a SCID background because the donor MDSCs were 

derived from allogeneic muscle and were genetically engineered to express the bacterial β-

galactosidase protein, a potential immunogen. 

2.5.2 Isolation and Culture of MDSCs 

MDSCs were isolated via the previously described modified preplate technique [98, 113, 114]. 

MDSCs were cultured in proliferation medium (PM), which contained DMEM, 10% fetal bovine 

serum, 10% horse serum (HS), 1% penicillin/streptomycin, and 0.5% chick embryo extract 

[113]. Low serum–containing medium containing DMEM, 5% HS, and 1% 

penicillin/streptomycin was used to induce MDSCs to form myotubes in vitro. Dystrophin 

expression by the myotubes in vitro was determined by immunocytochemistry, as described 

previously [141]. 

2.5.3 MDSCs Transduced to Express the nLacZ Reporter Gene 

To enable tracking of the cells after injection into the heart, the MDSCs were genetically 

engineered to express the nLacZ reporter gene. MDSCs were infected with the retroviral vector 

MFG-NB containing a modified LacZ gene (nls-LacZ) (gift from Dr. P. Robbins), which 

includes a nuclear-localization sequence cloned from the simian virus 40 (SV40) large tumor 

antigen and is transcribed from the long terminal repeat. Retroviral infection of MDSCs was 

performed 3 times, and the transduced cells were assayed for nLacZ expression, as described 

previously [113]. 
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2.5.4 Intracardiac Cell Transplantation 

Mice were anesthetized with a gaseous mixture of isoflurane and oxygen and were mechanically 

ventilated. The heart was exposed via a left thoracotomy, and a 30G needle was used to inject 10 

μl of PBS solution containing 300,000 MDSCs into the left ventricular free wall. Aseptic 

technique was maintained throughout the procedure. At various time points after transplantation, 

mice were sacrificed and their hearts were harvested and frozen in 2-methylbutane precooled in 

liquid nitrogen. The frozen tissue was then serially cryosectioned into 8μm-thick sections. 

2.5.5 Histology and Trichrome Staining 

Previously described techniques were used to stain sections for both nLacZ and eosin [113]. The 

Masson Modified IMEB Trichrome Stain Kit (IMEB), which stains collagen (blue), muscle 

fibers (red), and nuclei (black), was used according to the manufacturer’s instructions to stain 

additional sections. 

2.5.6 Staining for both Cardiac and Skeletal Muscle–Specific Markers 

Cryosections were fixed in 2% formaldehyde (Sigma, St. Louis, Missouri) and then multi-label 

stained for cardiac α-MHC/dystrophin, nLacZ/cardiac α-MHC/dystrophin, nLacZ/cTnI/fast sk. 

MHC, nLacZ/dystrophin/fast sk. MHC/cTnI, nLacZ/cTnI/Cx43/fast sk. MHC, or nLacZ/CD31. 

Each step of these double and triple stains was performed as follows and is detailed in Appendix 

D. Sections were stained for nLacZ expression in X-Gal solution overnight at 37 °C. The MOM 

Kit (Vector) was used according to the manufacturer’s instructions to apply mouse anti-cardiac 
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α-MHC antibody (1:2 hybridoma supernatant; ATCC) to the sections. Rabbit anti-dystrophin 

antibody (1:1000; gift from T. Partridge) was incubated overnight at 4 °C and subsequently 

reacted with FITC-conjugated anti-rabbit IgG (1:100; Sigma) for 90 minutes at room temperature 

(RT). Goat anti-cTnI antibody (1:25000; Scripps, La Jolla, California) was incubated for 2 hours 

at RT and then reacted with Cy3-conjugated anti-goat IgG antibody (1:100; Sigma) for 60 

minutes. The MOM Kit was used according to the manufacturer’s instructions to stain mouse 

anti-fast sk. MHC antibodies (1:400; Sigma). Rabbit anti-connexin43 antibody (1:250; 

Chemicon, Temecula, California) was applied for 2 hours and then reacted with donkey anti-

rabbit IgG-AlexaFluor 488 conjugated (1:200; Molecular Probes) for 60 minutes. Rat anti-CD31 

(1:100; BD Pharmingen) was stained using Vectastain ABC Kit for Rat IgG (Vector). Nuclei 

were revealed with 4',6-diamidino-2-phenylindole (DAPI) stain (100 ng/ml; Sigma), and all 

sections were mounted with Vectashield medium (Vector). Detailed immunohistochemistry 

protocols (step by step) can be found in Appendix D. 

2.5.7 Detection of Cellular Fusion 

Cryosections from male hearts injected with female MDSCs were fixed with cold 4% formalin 

(Sigma), rinsed with PBS, and incubated in X-Gal Solution overnight at 37 °C. After being 

rinsed in PBS, sections were blocked in 10% rabbit serum (Vector) for 60 minutes at RT, and 

then were incubated with goat anti-cardiac Troponin I antibody (Scripps) for 2 hours at RT. After 

several rinses in PBS, biotinylated anti-goat IgG antibody (Vector) was applied to the sections 

for 60 minutes at RT. Streptavidin, Oregon Green™ 488 conjugate (Molecular Probes) was 

subsequently applied for 10 minutes. Following the immunostaining for cTnI, we used FISH on 

these same sections to detect the murine Y-chromosome. A mouse Y-chromosome–specific 
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probe labeled with digoxigenin (gift from Dr. R. Stanyon) and a hybridization mixture were 

denatured at 75 °C for 10 minutes and allowed to re-anneal for 60–90 minutes at 37 °C. This 

mixture was applied for 18–24 hours at 37 °C. The hybridized Y-chromosome–specific probe 

was detected fluorescently by incubating the sections with sheep anti-digoxigenin FAB 

fragments coupled with Rhodamine (Roche, Basel, Switzerland) for 45 minutes at 37 °C. Nuclei 

were revealed with DAPI stain (100 ng/ml; Sigma), and all sections were mounted with 

Vectashield medium (Vector). 

2.5.8 Microscopy 

All fluorescent and bright-field microscopy was performed with either a) a Nikon Eclipse E800 

microscope equipped with a Spot digital camera and software system (v. 3.0.4; Diagnostic 

Instruments) or b) a Leica DMIRB microscope equipped with a Retiga 1300 digital camera (Q 

Imaging, Burnaby, Canada) and Northern Eclipse software system (v. 6.0; Empix Imaging, Inc., 

Cheektowaga, New York). 
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3.0  CELL THERAPY FOR MYOCARDIAL INFARCTION: SKELETAL MUSCLE 

STEM CELLS VERSUS COMMITTED SKELETAL MYOBLASTS 

3.1 INTRODUCTION 

Because cardiac tissue has a limited ability to regenerate after myocardial injury, many patients 

diagnosed with certain myocardial diseases develop heart failure. As an alternative to heart 

transplantation, cellular cardiomyoplasty—the transplantation of exogenous cells into heart 

tissue—has been investigated as a way to regenerate diseased myocardium and improve the 

performance of failing hearts [3]. Researchers have used various types of cells to investigate 

cardiac repair [5-7]. In particular, many research groups have reported that mononucleated 

skeletal muscle–derived cells (i.e., myoblasts and satellite cells) can engraft in the heart and 

improve cardiac performance [38, 61, 92, 93]. Indeed, some myoblast and satellite cell 

populations are currently being investigated in clinical trials for cardiac repair [13-15, 36, 44, 

130, 131]. Skeletal myoblasts are attractive for clinical use because they can be readily 

harvested, expanded in vitro, and transplanted in an autologous manner. 

Before the advent of myoblast transplantation for cardiac repair, numerous studies 

demonstrated that myoblast transplantation into skeletal muscle is a feasible therapeutic 

approach for inherited myopathies, including Duchenne muscular dystrophy. However, studies 

have revealed that most of the cells die shortly after implantation [98, 102, 110] and that only a 
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small subpopulation plays a role in muscle regeneration [103, 142]. These results suggest that 

myoblasts constitute a heterogeneous population that may contain a subpopulation of cells with 

stem cell–like characteristics and a high capacity to promote and participate in muscle 

regeneration. Recently Tremblay’s and Grounds’ groups have achieved better engraftment of 

myoblasts transplanted into skeletal muscle by modifying transplantation techniques and 

strategies [143-145] or by using a purified fraction of skeletal muscle-derived cells [146]. 

Myoblast transplantation into cardiac muscle [11, 12, 59, 61, 111]  has also led to inefficient 

engraftment, which is believed to be hindered by the very low survival rate of the transplanted 

cells. In this study, we posit that the identification and isolation of a myogenic subpopulation 

with a high regeneration capacity may improve the efficacy of myoblast transplantation into 

cardiac muscles. 

Using various techniques, we and others have identified populations of skeletal muscle–

derived stem cells (MDSCs) and have confirmed that they appear to be distinct from satellite 

cells and myoblasts [112]. Using a modified version of the preplate technique, our research 

group has fractionated various myogenic cell populations, including satellite cells, myoblasts and 

MDSCs, from skeletal muscle of normal wild-type mice (C57BL/6J) on the basis of the cells’ 

adhesion characteristics [113, 114]. The marker profile of MDSCs indicates that they are less 

committed to the myogenic lineage than are satellite cells and myoblasts [113]. These MDSCs 

can differentiate toward various lineages (i.e., muscle, bone, neural, endothelial, and 

haematopoietic lineages) [113-115]. More importantly, when we transplanted the same number 

of myoblasts and MDSCs into the skeletal muscle of dystrophic mdx mice, the MDSCs generated 

a large number of dystrophin-expressing muscle fibers, whereas the myoblasts regenerated only 
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a few muscle fibers [113]. These results indicate that MDSCs promote muscle regeneration more 

effectively than myoblasts.  

Although our characterization of MDSCs indicates that they possess an enhanced 

capacity for skeletal muscle regeneration, their potential effect when used for cardiac repair is 

unknown. Here we explored this application by transplanting both MDSCs and a population of 

myoblasts into the hearts of adult SCID mice injured by acute myocardial infarction. Our 

primary objectives were to determine if these 2 myogenic cell subpopulations, MDSCs and 

myoblasts, would exhibit differential abilities to engraft and improve cardiac function. We also 

assessed each cell types’ ability to adopt a cardiac phenotype, express a gap junction protein, and 

promote angiogenesis after implantation. 

3.2 RESULTS 

3.2.1 MDSCs are Less Committed to the Myogenic Lineage than Myoblasts 

Because satellite cells and myoblasts are the classic myogenic population used in many basic and 

clinical research studies focused on cardiac repair, we compared their capacity for cardiac repair 

with that of MDSCs. The population of myoblasts used for these experiments expressed both 

Pax7 [147] and desmin, which are both myogenic cell markers. In contrast, the MDSC 

population displayed low expression of both Pax7 and desmin (Figure 3.1A). These results 

indicate that the MDSCs exhibited less commitment to the myogenic lineage than did myoblasts.  
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3.2.2 MDSCs Generate Larger Grafts than Myoblasts after Implantation 

We transplanted the same number of myoblasts and MDSCs into the border zone and the central 

portion of the infarct of adult male SCID mice immediately after myocardial infarction. We then 

analyzed the extent of cell engraftment and the cardiac function in the cell-treated groups 

(myoblasts, n=22 mice; MDSCs, n=17) and the control group (PBS only, n=16). We counted the 

nLacZ[+] cells in serial sections of the infarcted hearts of mice sacrificed at different time points 

after cell implantation (Figure 3.1B, C, and Appendix B). Comparisons at all time points 

revealed that the MDSC-treated group contained significantly more nLacZ[+] cells than the 

myoblast-treated group (P<0.01). Observations 1 week after treatment revealed that the 

myoblast-injected hearts contained a relatively low number of nLacZ[+] cells when compared 

with the MDSC-injected hearts. Our examination of MDSC-injected hearts at subsequent time 

points revealed persistent grafts containing high, stable numbers of nLacZ[+] cells. In contrast, 

the myocardium of myoblast-injected hearts contained very small grafts comprising only a few 

nLacZ[+] cells at time points subsequent to 1 week after implantation. 

On the basis of these data, we estimate that 50.0 ± 11.8%, 59.0 ± 33.3%, 45.1 ± 12.0%, 

and 25.2 ± 12.7% of the original number of injected MDSCs (3×105) remained 1, 2, 6, and 12 

weeks after implantation, respectively. In contrast, only 4.7 ± 4.6%, 0.06 ± 0.04%, 0.13 ± 0.19%, 

and 0.01 ± 0.01% of the original number of injected myoblasts remained 1, 2, 6, and 12 weeks 

after implantation, respectively. 
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Figure 3.1: MDSCs display superior engraftment in infarcted hearts when compared with myoblasts.  
(a) Multipotent muscle-derived stem cells (MDSCs) are less committed to the myogenic lineage than are myoblasts. 
Characterization of MDSCs and myoblasts by immunocytochemistry revealed a low level of Pax7 and desmin 
expression in the MDSC population and a high level of Pax7 and desmin expression in the myoblast population. 
These results suggest that MDSCs are progenitor cells that are less committed to the myogenic lineage than are 
myoblasts. (b) MDSCs showed excellent engraftment at all time points after implantation in the infarcted hearts, as 
indicated by the presence of numerous nLacZ[+] (blue) myocytes (first column). Although some nLacZ[+] cells 
were visible in the myoblast-injected hearts 1 week after implantation, we observed only a very few nLacZ[+] 
myocytes in the border zone of the graft or within the host myocardium 2, 6, and 12 weeks after implantation 
(second column). Inset panels are representative images of the infarcted hearts viewed at low-power magnification. 
Scale bars on insets, 1 mm; scale bars at high-power magnification, 100 μm. (c) Quantification of the nLacZ[+] cells 
in both the myoblast- and MDSC-injected hearts revealed significantly more nLacZ[+] cells in the MDSC-injected 
hearts than in the myoblast-injected hearts at all time points. (* P<0.01, MDSC vs. myoblast at each time point) 
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3.2.3 MDSCs Improve Cardiac Function More Effectively than Myoblasts 

In the MDSC-injected hearts examined 12 weeks after implantation, the engrafted nLacZ[+] 

donor cells populated primarily the border zone of the infarct and the epicardial side of the 

infarcted left ventricular free wall (Figure 3.2A, B); very few donor cells were present in these 

areas within the myoblast-injected hearts (Figure 3.2C, D). To compare the effects of both donor 

cell populations on left ventricle (LV) remodeling and function, we performed echocardiography 

2, 6, and 12 weeks after infarction.  

As assessed by LV end diastolic diameter (EDD), progressive LV cavity enlargement 

occurred in the hearts injected with PBS (control group), and modest enlargement occurred in the 

myoblast group over time (Figure 3.2E and Appendix B). In contrast, no progressive dilatation of 

the LV occurred in the MDSC group; the dimensions of the LV cavity remained constant 

throughout the entire study period (Figure 3.2E and Appendix B; MDSC vs. PBS at 6 and 12 

weeks, P<0.05; MDSC vs. myoblast at 6 and 12 weeks, P<0.05). 

We also assessed systolic function in terms of fractional area change (FAC) (Figure 3.2E 

and Appendix B). Both cell treatment groups showed significantly better systolic function 

relative to that of the PBS group at all time points (myoblast vs. PBS, P<0.01; MDSC vs. PBS , 

P<0.01). Furthermore, FAC in the MDSC group was significantly preserved during the entire 

study period compared to FAC in the myoblast group (P<0.01). Thus, implanted MDSCs appear 

to have attenuated both ventricular dilatation and dysfunction after acute myocardial infarction 

more effectively than did myoblasts. 
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Figure 3.2: MDSCs prevent remodeling and improve cardiac function more effectively than myoblasts.  
(a–d) Representative hearts 12 weeks after cell implantation. (a) In this representative section of an MDSC-injected 
heart, numerous nLacZ[+] myocytes are distributed throughout the border zone and the LV free wall regions; in 
contrast, (c) very few nLacZ[+] (blue) cells and poor engraftment are evident in the infarcted LV free wall of this 
representative section of a myoblast-injected heart. (b, d) Using serial sections from these same hearts, we 
performed multi-label immunofluorescent stainings for cardiac troponin I (cTnI) (red), fast skeletal myosin heavy 
chain (fast sk. MHC) (green), and DAPI (nuclear staining) (blue). (b) We detected numerous fast sk. MHC[+] 
(green) myocytes in the border zone and free wall regions of the MDSC-injected hearts, but (d) none were evident in 
corresponding regions of the myoblast-injected hearts. Scale bar, 500 μm. (e) Implantation of MDSCs attenuated LV 
remodeling and improved cardiac function after acute myocardial infarction. Only MDSC injection significantly 
inhibited the progressive enlargement of EDD (∗ P<0.05 MDSC vs. myoblast at 6 and 12 wks, † P<0.05 MDSC vs. 
PBS at 6 and 12 wks, † P<0.05 myoblast vs. PBS at 12 wks). At all time points, FAC was significantly higher in the 
cell-injected hearts (MDSC and myoblast groups) than in the PBS-injected hearts († P<0.01, MDSC and myoblast 
groups vs. PBS group). In comparison with the myoblast group, the MDSC group exhibited significantly improved 
function at all time points (∗ P<0.01, MDSC group vs. myoblast group). 
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3.2.4 Both MDSCs and Myoblasts Acquired a Cardiac Phenotype 

We determined the phenotype of MDSCs and myoblasts after implantation into the infarcted 

hearts. Most of the MDSCs and myoblasts that survived implantation into the heart differentiated 

toward a skeletal muscle lineage (i.e., they expressed fast skeletal myosin heavy chain [fast sk. 

MHC]); however, some of the injected cells located at the graft-host myocardium border 

expressed cardiac Troponin I (cTnI) (Figure 3.3A). We counted many nLacZ[+]/cTnI[+] cells in 

the MDSC-implanted hearts (Figure 3.3B and Appendix B). In contrast, the myoblast-implanted 

hearts contained a significantly smaller number of donor-derived cells expressing cTnI (Figure 

3.3B and Appendix B). These cells also were located in the border zone or within the host 

myocardium. 

3.2.5 Expression of a Hybrid Cardiac and Skeletal Muscle Phenotype.  

We next investigated if the donor-derived cells expressing a cardiac phenotype in both the 

MDSC- and the myoblast-implanted hearts displayed a hybrid cardiac and skeletal muscle 

phenotype (i.e., fast sk. MHC[+]/cTnI[+]) or a cardiac-only phenotype (i.e., fast sk. MHC[-

]/cTnI[+]). We observed donor cells that expressed either a cardiac-only phenotype (Figure 3.3A, 

C) or a hybrid phenotype in both the MDSC- (Figure 3.3A, C) and myoblast-injected hearts (not 

illustrated). Fewer than half of the nLacZ[+]/cTnI[+] cells in the MDSC-implanted hearts existed 

in a hybrid state (at 2 weeks, P<0.01), whereas more than half of the nLacZ[+]/cTnI[+] cells in 

the myoblast-implanted hearts existed in a hybrid state (Figure 3.3C and Appendix B). 
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Figure 3.3: Donor cells within the injured myocardium adopt a cardiac phenotype.  
(a) Representative cells exhibiting a cardiac only or hybrid phenotype—found within the MDSC-injected hearts—
that expressed cTnI (immunofluorescent staining; red) and LacZ (blue) with or without the expression of fast sk. 
MHC (green). (b) Quantification of cells expressing both nLacZ and cTnI in the myoblast- and MDSC-injected 
hearts at each time point. The MDSC-implanted hearts contained significantly more nLacZ[+]/cTnI[+] cells at all 
time points than the myoblast-implanted hearts (* P<0.01 MDSC vs myoblast at 2 and 12 wks, † P <0.05 MDSC vs. 
myoblast at 6 wks). (c) Quantification of the nLacZ[+] (donor-labeled) cells exhibiting a hybrid cardiac and skeletal 
muscle phenotype or a cardiac-only phenotype in myoblast- and MDSC-injected hearts at each time point. There 
was a significant difference between the number of hybrid phenotype cells and the number of cardiac-only 
phenotype cells in the MDSC-implanted hearts at the 2-week time point (* P<0.01 hybrid phenotype vs. cardiac-
only phenotype at 2 wks). The number of cell exhibiting a cardiac-only phenotype in the MDSC-implanted hearts 
significantly decreased over time († P<0.01 MDSC group ‘cardiac-only phenotype’ at 6 and 12 wks vs. MDSC 
group ‘cardiac-only phenotype’ at 2 wks). 
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3.2.6 Size of Donor-derived Cells that Acquired a Cardiac Phenotype.  

We also analyzed the size of the myoblasts and MDSCs that expressed a cardiac phenotype. The 

diameter of myoblasts that expressed a hybrid phenotype was 18.8 ± 5.6 µm, and the diameter of 

myoblasts that expressed a cardiac-only phenotype was 18.7 ± 4.8 µm. Likewise, the diameter of 

MDSCs that expressed a hybrid phenotype was 19.0 ± 4.5 µm, and the diameter of MDSCs that 

expressed a cardiac-only phenotype was 18.2 ± 5.3 µm. We did not observe a significant 

difference in the size of the nLacZ-positive donor cells that expressed cardiac markers in the 

MDSC-injected hearts and the size of those in the myoblast-injected hearts. In addition, we did 

not observe a significant difference in the size of the donor cells that expressed a cardiac-only 

phenotype and the size of those that expressed a hybrid phenotype. Moreover, the size of the 

donor-derived myocytes that expressed a cardiac phenotype in both the myoblast-injected hearts 

and the MDSC-injected hearts was not significantly different from the size of native 

cardiomyocytes (17.9 ± 3.6 µm). 

3.2.7 Donor Cells Acquire a Cardiac Phenotype through Fusion.  

We also performed sex-mismatched transplantation experiments involving the implantation of 

female donor cells into male recipient mice. To determine if the donor cells adopted a cardiac 

phenotype through fusion, we counted the nLacZ[+]/cTnI[+] cells that contained a nucleus 

bearing a Y-chromosome (Y-chromosome[+]) or lacked one (Y-chromosome[-]) (Figure 3.4A). 

We examined 345 nLacZ[+]/cTnI[+] cells in the MDSC group and 42 nLacZ[+]/cTnI[+] cells in 

the myoblast group. In the MDSC group, 148 of the nLacZ[+]/cTnI[+] cells contained a Y-

chromosome[+] nucleus; in the myoblast group, 19 of the nLacZ[+]/cTnI[+] cells contained a Y-
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chromosome[+] nucleus (Figure 3.4B). These results suggest that some donor cells (in both 

MDSC- and myoblast-injected hearts) adopted a cardiac phenotype via fusion with host 

cardiomyocytes. 

 

 

Figure 3.4: Donor cells fusion with host cardiomyocytes.  
Fluorescent in situ hybridization with a Y-chromosome probe was used to determine the presence of donor nuclei 
within the cells expressing a cardiac-specific marker. (a) Shown in the top row is a representative cell, found within 
the MDSC-injected hearts, that expressed cTnI (immunofluorescent staining; green) and contained both an nLacZ[+] 
nucleus (brightfield; blue, arrow) and a Y-chromosome–bearing nucleus (immunofluorescent staining; red, 
arrowhead). Shown in the bottom row is a representative cell that expressed cTnI (immunofluorescent staining; 
green) and contained an nLacZ[+] nucleus (brightfield; blue) but no Y-chromosome–bearing nucleus 
(immunofluorescent staining; red). Scale bar, 20 μm. (b) Quantification of the nLacZ[+] (donor-labeled) cells that 
expressed cTnI and contained a Y-chromosome–bearing nucleus (Y-chromosome[+]) or lacked one (Y-
chromosome[-]) in both the myoblast- and MDSC-injected hearts. 

3.2.8 Donor Cells Express the Gap Junction Protein Connexin43 

We also investigated whether the implanted cells expressed the gap junction protein connexin43, 

one of the molecular components involved in intercellular electrical communication by 

cardiomyocytes. In the MDSC- (Figure 3.5) and the myoblast-implanted hearts (data not shown), 

no donor-derived cells within the graft that were negative for cTnI expressed connexin43. 

However, approximately 50% of the implanted MDSCs that adopted a cardiac or hybrid 
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phenotype (cTnI[+]) expressed connexin43 (Figure 3.5A, B). We evaluated all myoblast-

implanted hearts and found only 3 donor-derived cells that expressed connexin43 (data not 

shown), a result likely attributable to the overall poor engraftment of the implanted myoblasts.  

 

 

Figure 3.5: Half of the donor cells that acquire a cardiac phenotype express connexin43.  
(a) Multi-label staining for cTnI (red), connexin43 (green), and fast sk. MHC (gray) shows that most of the graft 
(fast sk. MHC[+]/cTnI[-] region) was negative for connexin43. (b) However, some nLacZ[+] (donor-labeled) cells 
that exhibited either a hybrid phenotype or a cardiac-only phenotype and were located at the periphery of the graft 
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co-expressed connexin43 (green, see arrows). Scale bar, 20 μm. (c) The percentage of implanted MDSCs that 
expressed cTnI and colocalized with connexin43 at each time point (mean ± SD). 

 

3.2.9 Induction of Neoangiogenesis by the Implanted Cells 

To investigate the mechanism underlying the cardiac functional improvement, we assessed 

capillary density in the infarct region of hearts injected with PBS, myoblasts, or MDSCs. 

Capillary density in both the myoblast group and the MDSC group was significantly greater at 

all time points than capillary density in the PBS group (myoblast vs. PBS, P<0.01 at 2 and 12 

weeks, P<0.05 at 6 weeks; MDSC vs. PBS, P<0.01 at 2, 6, and 12 weeks) (Figure 3.6A, B, and 

Appendix B). Capillary density in the PBS group and the myoblast group decreased significantly 

over time (2 weeks vs. 6 and 12 week, P<0.05 in both groups) (Figure 3.6A, B, and Appendix 

B). In contrast, capillary density in the MDSC group increased significantly over time (2 weeks 

vs. 6 and 12 weeks, P<0.01). Furthermore, capillary density in the MDSC group at 6 and 12 

weeks was significantly higher than that in the myoblast group (P<0.01) (Figure 3.6A, B, and 

Appendix B). 

3.2.10 Differentiation of MDSC into New Vasculature. 

To investigate if the injected cells promoted angiogenesis by differentiating toward endothelial 

cells, we analyzed the donor cells’ expression of the endothelial cell marker CD31. We counted 

the nLacZ[+]/CD31[+] cells in each heart and found that 0.25 ± 0.03% of the nLacZ[+] cells in 

MDSC-injected hearts expressed CD31 (Figure 3.6C), but no nLacZ[+] cells in the myoblast-

injected hearts expressed CD31. These results indicate that more than 99.7% of capillaries in the 
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infarct zone in MDSC-injected hearts were of host origin, and all capillaries in the infarct zone of 

the myoblast-injected hearts were of host origin. These findings suggest that muscle cell 

injection induced neoangiogenesis in the infarct zone; however, this angiogenesis was not 

primarily due to donor cell differentiation into endothelial cells. 

 

 

Figure 3.6: Analysis of neoangiogenesis within the infarcted hearts.  
(a) Representative images of capillary density, as determined by CD31 immunostaining of the infarct regions within 
PBS-, myoblast-, and MDSC-injected hearts 6 weeks after implantation. Scale bar, 100 μm. (b) Both myoblast- and 
MDSC-injected hearts exhibited significantly greater capillary density than PBS-injected hearts at all time points (* 
P<0.01, † P<0.05). Furthermore, MDSC-injected hearts exhibited significantly greater capillary density than did 
myoblast-injected hearts 6 and 12 weeks after implantation (‡ P<0.01). (c) Representative images of the 
colocalization of nLacZ[+] (donor-labeled) nuclei (blue) and CD31 (brown) in small capillaries (left panel, 
arrowhead) and vessels (right panel) of the MDSC-injected hearts indicate that few donor cells adopted an 
endothelial cell phenotype. Scale bar, 50 μm. 
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3.2.11 Donor Cells Express Vascular Endothelial Growth Factor (VEGF) 

To further characterize the mechanism underlying the observed enhancement of angiogenesis in 

the infarct zone, we investigated whether the implanted cells expressed VEGF. As expected on 

the basis of prior findings, we did not detect VEGF expression in the normal myocardium [148] 

or in the myofibers of normal tibialis anterior skeletal muscle [149]. Our examination of the 

PBS-injected hearts 3 days after infarction revealed low VEGF immunoreactivity, but only in 

endothelial cells lining the small vessels in the infarct region and not in cardiomyocytes (data not 

shown) [148]. Immunohistochemistry revealed VEGF expression (red) by the donor-derived 

cells co-expressing LacZ (blue) and fast sk. MHC (green) in both myoblast- and MDSC-injected 

hearts (Figure 3.7A). Our examination of MDSC-injected hearts from 1 to 12 weeks after cell 

implantation revealed VEGF expression (green) by many donor cells within the grafts but not by 

host cardiomyocytes (Figure 3.7B). Our examination of myoblast-injected hearts from 1 to 12 

weeks after cell implantation revealed VEGF-positive signals only in the donor cells at the 1-, 2-, 

and 6-week time point; we observed no VEGF expression 12 weeks after implantation (Figure 

3.7B). In addition, very few of these VEGF-positive donor-derived cells were visible 2 and 6 

weeks after cell implantation, because the total number of engrafted cells decreased over time in 

the myoblast-injected hearts (as described earlier). Thus the injection of MDSCs led to 

significantly more neoangiogenesis (CD31 staining, red) in the infarct region than did the 

injection of myoblasts, and it is plausible that the persistent VEGF expression (green) by the 

implanted MDSCs contributed to this promotion of angiogenesis. 
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Figure 3.7: Transplanted cells express VEGF in the infarct.  
(a) Shown are representative nLacZ[+] cells (blue), found within the MDSC- and myoblast-injected hearts, that 
expressed both VEGF (red) and fast sk. MHC (green). Scale bar, 20 μm. (b) Representative pictures of VEGF 
expression (green) and angiogenesis (CD31 staining, red) by the implanted muscle cells. One week after 
implantation, the donor cells in the infarct region of myoblast- and MDSC-injected hearts expressed VEGF; 
however, few capillaries were visible within the graft at this time point. We observed no donor cells expressing 
VEGF in myoblast-injected hearts 12 weeks after implantation. In contrast, observation of the MDSC-injected hearts 
at the same time point (12 weeks after implantation) revealed persistent grafts that exhibited VEGF expression 
(green staining) and a greater capillary density (red staining). 

3.3 DISCUSSION 

This study generated several key findings: (a) In comparison with transplanted myoblasts, 

transplanted MDSCs exhibited superior engraftment and persistence within injured hearts 

potentially due to their ability to resist stresses associated with ischemic myocardium; (b) 

Injected MDSCs attenuated LV remodeling and improved cardiac function after acute 
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myocardial infarction more effectively than did injected myoblasts; (c) MDSCs induced more 

angiogenesis in the infarct zone than did myoblasts. These results indicate that the 

transplantation of MDSCs rather than myoblasts could optimize the benefits of myogenic cell 

transplantation in the heart. 

3.3.1 Cell Engraftment and Persistence 

Several studies [11] have demonstrated that a distressingly high percentage of cells die after 

transplantation into the heart; observations of such behavior by myoblasts (satellite cells) [12, 59, 

61], cardiomyocytes [150], haematopoietic stem cells [73, 78], and mesenchymal stem cells [66, 

68] are well documented. Our results indicate that MDSCs can more effectively overcome the 

hurdle of cell death after implantation in infarcted hearts than can myoblasts.  

The degree to which MDSCs and myoblasts display myogenic commitment may also 

affect their regeneration capabilities in vivo. Research has shown that muscle-specific gene 

expression by myogenic precursor cells promotes cell cycle arrest and progression toward 

terminal skeletal muscle differentiation [151]. Our in vitro studies indicate that myoblasts under 

normal growth culture conditions exhibit a significantly longer division time than MDSCs (data 

not shown). We also have previously demonstrated that myogenic progenitor cells that display 

less commitment to the myogenic lineage have a significantly higher regeneration capacity after 

transplantation into skeletal muscle of mdx mice than do cells that exhibit stronger myogenic 

commitment [113, 152]. On the basis of these related findings, we hypothesize that, in 

comparison with MDSCs, the myoblasts used in the current study exhibited lower proliferation 

in vitro and poorer regeneration in vivo due to the myoblasts’ higher expression of myogenic-
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specific genes, which may induce premature cell cycle withdrawal and limit their regenerative 

potential.  

Although they have observed inconsistent rates of engraftment [61], numerous research 

groups have shown that transplanted myoblasts/satellite cells generate grafts of skeletal muscle 

in the heart. These findings are at odds with our results, which show numerous donor myoblasts 

1 week after implantation in the heart but only a very small number of surviving myoblasts 2, 6, 

and 12 weeks after implantation. There are at least 2 possible explanations for this apparent 

discrepancy between our results and those reported by other investigators. 

The first possible explanation involves the timing of cell injection after injury to the 

heart. We injected both cell types immediately after ligation of the coronary artery. The acute 

myocardial infarction model used in our study produces a more severe environment for 

implanted cells than does the chronic model of myocardial infarction used in many animal 

studies and clinical trials focused on cardiac repair. Researchers using the chronic model usually 

wait at least 1 week after injury before injecting the cells. The increased severity associated with 

the acute model might explain why the myoblasts in our study exhibited lower levels of 

engraftment than observed in other studies [8, 46, 61, 153].  

Secondly, our study involved the use of a relatively pure population of myoblasts (98.0% 

Pax7[+], 97.1% desmin[+]) that we isolated via the modified preplate technique. Most other 

researchers working in this area have transplanted heterogeneous myoblast populations. As 

mentioned previously, these heterogeneous populations may contain a subpopulation, like 

MDSCs, that exhibits stem cell–like characteristics and is potentially responsible for the majority 

of muscle regeneration observed after cell implantation in skeletal muscle [103]. The purified, 

 55 



mononucleated myoblast population used in our study may have been depleted of any such stem 

cell–like subpopulation. 

3.3.2 Adoption of a Cardiac Phenotype 

Most of the implanted MDSCs and myoblasts differentiated into skeletal muscle cells within the 

infarct. However, at the border between the graft and host myocardium, we observed a small 

percentage of implanted cells that acquired a cardiac phenotype. In this study, the presence of (a) 

donor cells expressing a hybrid cardiac and skeletal muscle phenotype and (b) donor cells 

containing a Y-chromosome–bearing nucleus indicate that some of the donor cells acquired a 

cardiac phenotype via fusion with host cardiomyocytes. Our findings are in agreement with those 

of other researchers who have recently reported a low level of fusion of transplanted C2C12 

myogenic cells [48] and primary culture myoblasts [51] with host cardiomyocytes. Although 

some donor cells may have acquired a cardiac phenotype through differentiation, this study was 

not designed to determine whether MDSCs and myoblasts differentiated into cardiomyocytes. 

Our future studies will address this issue by incorporating techniques such as the Cre-Lox 

system. 

3.3.3 Functional Improvement 

The injection of either population of cells improved the function of the infarcted hearts when 

compared with PBS injection. However, the injection of MDSCs attenuated LV remodeling and 

improved the systolic function more than did the injection of myoblasts. Although both 

myoblasts and MDSCs acquired a cardiac phenotype, the incidence was not high and is not likely 
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to be the reason for the functional improvement. Aside from the presence of connexin43 in only 

those donor cells that adopted a cardiac phenotype, the majority of the graft did not express 

connexin43, which suggests an electrical disconnect between most of the engrafted cells and the 

host myocardium [51, 140]. Thus, it is unlikely that a significant number of donor cells directly 

participated in the formation of functional syncytium with the host myocardium [38]. Other 

researchers have hypothesized that engrafted myocytes may respond to the intrinsic mechanical 

stretch encountered during diastole with a passive mechanical contraction and thereby may 

attenuate ventricular dilatation and prevent scar thinning [61, 92, 93, 153]. 

Functional improvement and attenuation of LV dilatation may be dependent on the size 

of the graft. The larger grafts within the MDSC-injected hearts correlated with greater 

improvements in cardiac function and attenuation of LV dimensions than observed in the 

satellite cell–injected hearts, which contained extremely small grafts at all time points during 

functional assessment. Our observations are in agreement with those reported in a study by 

Tambara et al. [111], which showed that larger graft sizes correlated with greater improvements 

in cardiac function and a reversal in LV remodeling after myoblast transplantation into rat hearts 

exhibiting chronic infarction. However, Tambara et al. [111] found that the generation of a large 

graft in the rat model of chronic infarction required a massive dose of myoblasts (5×107); lower 

doses (5×106 or 5×105) produced very small grafts. Thus the results reported by Tambara et al. 

[111] also reflect the high engraftment variability often associated with conventional myoblast 

transplantation in the heart, especially when different numbers of cells are injected. 
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3.3.4 Neovascularization Elicited by Cell Transplantation 

The finding that the injection of myoblasts limited LV dilatation and improved cardiac function 

despite extremely poor engraftment of the cells indicates that the development of large grafts 

cannot fully account for the functional improvements observed in our study. Again, this finding 

closely parallels those of Tambara et al., which showed that even very small grafts generated by 

implanted myoblasts attenuated LV remodeling [111].  

Many previous studies have proposed the expression of certain growth factors by 

implanted cells as a possible mechanism for functional improvement [11, 12, 38, 57] and it has 

been previously demonstrated that myogenic cells expressed VEGF after acute ischemia in 

skeletal muscle [154, 155]. Indeed, we found that the grafts in both myoblast- and MDSC-

injected hearts expressed VEGF, which is likely to have induced neoangiogenesis within the 

infarct zone. This expression of VEGF could explain the higher capillary density observed in the 

infarct zone of the cell-injected hearts when compared with the infarct zone in PBS-injected 

hearts. Even though all the donor myoblasts died within 2 weeks after injection, the presence and 

expression of VEGF 1 week after injection may have contributed to the higher capillary density 

observed in the infarct zone at later time points (2, 6, and 12 weeks after implantation) upon 

comparison of the myoblast-injected hearts with the control (PBS-injected) hearts. Thus, the 

mechanism by which myoblast-injected hearts elicited an improvement in cardiac function likely 

involved the expression of VEGF and possibly other growth factors that induced 

neoangiogenesis within the infarct zone. In comparison with the myoblast-injected hearts, the 

MDSC-injected hearts exhibited a higher capillary density in the infarct zone, probably due to 

the presence of large grafts expressing VEGF at all time points after transplantation. This 

enhanced angiogenesis in the infarct zone was likely another major contributor to the functional 
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improvement and attenuation of LV dimensions observed in the MDSC-injected hearts when 

compared with myoblast- and PBS-injected hearts. 

3.4 CONCLUSIONS 

In conclusion, this study demonstrates that MDSCs and myoblast progenitors from skeletal 

muscle display differential abilities for cardiac repair. When compared with transplanted 

myoblasts, transplanted MDSCs elicited significantly greater improvements in the function of 

infarcted hearts. This finding is due in part to the MDSCs’ ability to generate larger and more 

persistent grafts that expressed VEGF, which likely promoted a higher level of angiogenesis in 

the infarct zones. Our findings suggest that the identification and use of MDSC-like myogenic 

subpopulations in human skeletal muscle would significantly aid efforts to enhance the efficacy 

of skeletal muscle–derived cell transplantation for human cardiac repair [11]. 

3.5 MATERIAL AND METHODS 

3.5.1 Animals 

The Institutional Animal Care and Use Committee, Children’s Hospital of Pittsburgh, approved 

the animal and surgical procedures performed in this study (Protocol no. 7/03). MDSCs and 

myoblasts were isolated from the skeletal muscle of female neonatal (3–5-day-old) wild-type 

mice (C57BL/6J; Jackson Laboratory, Bar Harbor, Maine) [113]. Coronary ligation and cell 
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transplantation into infarcted hearts were performed in SCID mice (C57BL/6J-Prkdcscid/SzJ; 

Jackson Laboratory). 

3.5.2 Isolation, Characterization, and Expansion of MDSCs and Myoblasts 

MDSCs (‘LTP’ fraction) and myoblasts (‘PP2’ fraction) were isolated via the modified preplate 

technique [98, 113, 114]. MDSCs were cultured in proliferation medium, which contained 

Dulbecco’s modified Eagles medium (DMEM), 10% fetal bovine serum, 10% horse serum, 1% 

penicillin/streptomycin, and 0.5% chick embryo extract [113]. Myoblasts were cultured in 

proliferation media supplemented with basic FGF (6 ng/mL; R&D Systems, Minneapolis, 

Minnesota). Antibodies specific for Pax7 (Developmental Studies Hybridoma Bank, Iowa City, 

Iowa) and desmin (Sigma, St. Louis, Missouri) were used as myogenic lineage–specific markers 

[113]. All Pax7[+] cells or desmin[+] cells were counted in both cell populations. 

3.5.3 Cell Transduction with the nLacZ Reporter Gene 

To track the cells after implantation into the heart, both cell populations were genetically 

engineered to express the nLacZ reporter gene. Cells were transduced with the retroviral vector 

MFG-NB containing a modified LacZ gene (nls-LacZ) (gift from Dr. P. Robbins), which 

includes a nuclear-localization sequence. 
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3.5.4 Myocardial Infarction and Cell Transplantation 

We anesthetized the mice during the surgical procedure with 1.0–1.5% isoflurane (Abbott 

Laboratories, North Chicago, Illinois) in 100% O2 gas. Myocardial infarction was induced via 

ligation of the left anterior descending coronary artery 2 mm from the tip of the normally 

positioned left auricle. Immediately after ligation, a 30 μl solution containing 3x105 MDSCs or 

myoblasts in PBS was injected into the anterior and lateral aspects of the contracting wall 

bordering the infarct and into the center of the infarct (10 μl per region). In control mice, 30 μl of 

PBS was injected into the same locations (10 μl per region) after infarction. The investigator was 

blinded regarding the contents of the injected solutions (i.e., PBS only, myoblasts, or MDSCs). 

3.5.5 Histology and Immunohistochemistry 

Mice were sacrificed and their hearts were harvested, frozen in 2-methylbutane precooled in 

liquid nitrogen, and serially cryosectioned (from the apex to the base of each heart) into sections 

5–10 μm thick. Previously described techniques were used to stain sections for both nLacZ and 

eosin [113]. Stainings for cardiac- and skeletal-specific markers, donor-derived cell markers, 

connexin43, CD31, and VEGF were performed according to the multi-label 

immunohistochemical staining protocols described in Appendix D. Nuclei were revealed with 

4,6'-diamidino-2-phenylindole (DAPI) stain (100 ng/ml; Sigma). All fluorescent and brightfield 

microscopy was performed using either a Nikon Eclipse E800 microscope equipped with a 

Retiga EXi digital camera (Q Imaging, Burnaby, Canada) or a Leica DMIRB microscope 

equipped with a Retiga 1300 digital camera (Q Imaging, Burnaby, Canada). Images were 

acquired with Northern Eclipse software (v. 6.0; Empix Imaging, Inc., Cheektowaga, New York) 
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for both microscope setups. The nLacZ[+]/cTnI[+] cells and donor cells that expressed a cardiac-

only or hybrid skeletal-cardiac phenotype were counted in the myoblast-injected hearts and 

MDSC-injected hearts (n=3 mice at 2, 6, and 12 weeks after cell implantation). The size of 

myocytes was analyzed using NIH image software, as previously described [66]. 

3.5.6 Estimate of nLacZ[+] Cells in Hearts after Infarction 

Sections were obtained from MDSC-treated mice and myoblast-treated mice (n=3 hearts per time 

point 1, 2, 6, and 12 weeks after cell implantation). nLacZ[+] cells were counted within serial 

sections (10 μm in thickness) cut from the apex to the base of the infarcted hearts. Because the 

serial sections were obtained every 100 μm, an estimate of the total number of nLacZ[+] cells per 

heart was made by multiplying the number of nLacZ[+] cells counted in all serial sections by a 

factor of 10; this method of estimation has been used in other studies [73].  

3.5.7 Echocardiography 

Echocardiography was performed by a blinded investigator using a Sequoia C256 system 

(Acuson, Mountain View, California) equipped with a 13 MHz linear-array transducer (15L8). 

Mice were anesthetized with isoflurane gas (3% isoflurane for 1 minute induction and 1.25–1.5% 

isoflurane for maintenance) and restrained in the supine position. Echocardiography was performed 

15 minutes after isoflurance induction was begun on each mouse. Although we are aware that 

isoflurane gas may have a slight variable cardiodepressant effect, a recent report indicates that 

echocardiographic assessment of cardiac function in mice anesthetized with isoflurane gas was 

comparable to that in non-anesthetized conscious mice [156]. Two-dimensional images were 
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obtained at the mid-papillary muscle level. EDD was measured from at least 6 consecutive beats 

using the M-mode tracing. FAC was calculated as: FAC (%) = [(EDA − ESA) ÷ EDA] × 100. 

Both end-systolic area (ESA) and end-diastolic area (EDA) were determined from short-axis 

images of the LV.  

3.5.8 Mouse Y-chromosome Fluorescence In Situ Hybridization 

A mouse Y-chromosome–specific probe labeled with digoxigenin (gift from Dr. R. Stanyon) and 

a hybridization mixture were denatured at 75 °C for 10 min and allowed to re-anneal for 60–90 

min at 37 °C. This mixture was applied for 18–24 hrs at 37 °C. The hybridized Y-chromosome–

specific probe was detected fluorescently by incubating the sections with sheep anti-digoxigenin 

FAB fragments coupled with Rhodamine (Roche, Basel, Switzerland) for 45 min at 37 °C. We 

measured the number of nLacZ[+]/cTnI[+] cells that contained a nucleus bearing a Y-

chromosome or lacked one in the MDSC group (n=6 hearts; 3–5 sections per heart) and satellite 

cell group (n=9 hearts; 9–20 sections per heart). 

3.5.9 Analysis of Angiogenesis 

The CD31[+] vessels in the entire infarcted area were counted in hearts injected with PBS (n=3 

hearts per time point 2, 6, and 12 weeks after injection), myoblasts (n=3 hearts per time point), 

and MDSCs (n=3 hearts per time point) by a blinded investigator. Capillary density was 

expressed as the number of CD31[+] structures per mm2, as previously described [157]. 
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3.5.10 Statistical Analysis 

The cell quantity, cell diameter, cardiac function, capillary density, and apoptosis data are 

presented in the graphs as mean ± standard deviation. One-way ANOVA was used for the cell 

diameter comparisons. Statistical differences in the number of cells, cardiac function, capillary 

density, and apoptosis data were determined by two-way ANOVA. If statistical differences were 

observed, post-hoc analysis was performed with a Student-Newman-Keuls multiple comparison 

test. 
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4.0  TRANSPLANTED MDSCS IMPROVE CARDIAC FUNCTION AFTER 

MYOCARDIAL INFARCTION BY INDUCING NEOVASCULARIZATION OF 

ISCHEMIC MYOCARDIUM THROUGH THE SECRETION OF VEGF  

4.1 INTRODUCTION 

Cell therapy for ischemic hearts has resulted in improved cardiac performance after 

myocardial infarction (MI), despite the failure of most implanted cell types to extensively 

regenerate new myocardium [73]. Instead, improvements in cardiac performance after cell 

transplantation for myocardial infarct repair have been associated with enhanced 

neovascularization within ischemic myocardium [83, 158-160]. Furthermore, cell types that 

induced the greatest level of revascularization of ischemic myocardium also demonstrated the 

greatest improvement in cardiac function [83] (and refer to section 3.0). We have previously 

shown that MDSCs improved cardiac function more effectively than committed skeletal 

myoblasts when injected into hearts after MI (see section 3.0). This difference was partially 

attributed to the ability of MDSCs to induce more neovascularization within the infarct than 

myoblasts (see section 3.2.9 and Figure 3.6). Only a rare few donor-derived cells incorporated 

into new blood vessels, indicating that host-derived cells comprised the new vasculature (see 

section 3.2.10 and Figure 3.6). Taken together, these results led us to hypothesize that 
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transplanted MDSCs are stimulated by the milieu of ischemic myocardium to induce 

neovascularization through the release of angiogenic factors. 

Yet, it remains unknown how transplanted cells contribute to revascularization and how 

this affects cardiac function. Because vascular endothelial growth factor (VEGF) is a potent 

angiogenic factor, we postulated, in this final study, that transplanted MDSCs induce therapeutic 

angiogenesis through their secretion of VEGF. Our prior results indicated that transplanted 

MDSCs express VEGF after injection into the myocardium (see section 3.2.11 and Figure 3.7). 

To further investigate the role of transplanted cell–secreted VEGF, we employed a gain- or loss-

of-function approach using skeletal muscle–derived stem cells (MDSC) engineered to express 

the angiogenic factor VEGF or the anti-angiogenic factor soluble Flt1, a VEGF-specific 

antagonist. We report here that intramyocardial transplantation of VEGF-expressing and control 

MDSCs after MI induced angiogenesis and improved cardiac function compared with the 

injection of control saline. However, these beneficial effects were abolished when transplanted 

MDSCs expressed soluble Flt1, despite successful engraftment of the cells.  

4.2 RESULTS 

4.2.1 Hypoxia and Cyclic Stretch Stimulate VEGF Secretion from MDSCs 

A potent activator of an angiogenic response from cells is the microenvironment [161]. Indeed, 

the milieu of ischemic myocardium after MI likely offers a variety of stimuli that can activate an 

angiogenic response of injected cells, including but not limited to hypoxia, nutrient-deprivation 

and cyclic load. A well-known initiator of angiogenesis is hypoxia, which upregulates VEGF 
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[161, 162]. To determine whether MDSCs generate an angiogenic response to hypoxia in vitro, 

we cultured MDSCs in hypoxia (2.5% O2) for 24 hours and measured their secretion of VEGF in 

the cell culture supernatant. As expected, MDSCs displayed a 6-fold increase in VEGF secretion 

when cultured under hypoxia (2.5% O2) with normal proliferation culture medium (PM) when 

compared to normoxia and PM (Figure 4.1a and Appendix C), suggesting that MDSCs are 

induced by hypoxia to secrete VEGF. Furthermore, when the cells were cultured in serum-free 

medium (SF), VEGF expression by MDSCs was increased 9-fold by hypoxia when compared to 

normoxia and PM, indicating that a low-nutrient condition enhances the effect of hypoxia 

(Figure 4.1a and Appendix C). Since the myocardium is subjected to continuous cyclic load, we 

subjected MDSCs to cyclic stretch in vitro to determine whether mechanical forces stimulate a 

similar response as hypoxia. We observed from these experiments a significant increase (2-fold) 

in the level of secreted VEGF when compared to the non-stretch control at 10 and 24 hours 

(Figure 4.1b and Appendix C). Although cyclic stretch does induce a VEGF response from 

MDSCs, hypoxia appears to be the strongest initiator of VEGF expression by MDSCs. In 

addition, we have determined that the conditioned medium from MDSCs exposed to cyclic 

stretch and hypoxia stimulates the proliferation of mouse coronary artery endothelial cells in 

vitro (data not shown), indicating that MDSCs secrete biologically active factors. Indeed, these 

in vitro results corroborate with our previous in vivo results documenting that MDSCs expressed 

VEGF after injection into ischemic myocardium (see section 3.2.11 and Figure 3.7). These 

results suggest that MDSCs can elicit a strong angiogenic response based on their release of 

VEGF in response to hypoxic and mechanical stresses in vitro. 
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Figure 4.1: Hypoxia and cyclic stretch stimulate stem cells to secrete VEGF. 
(a) When exposed to hypoxic condition (2.5% O2), MDSCs up regulate their secretion of VEGF 6-fold in 
proliferation medium (PM) and 9-fold in serum-free (SF) culture medium when compared to cells cultured in 
normoxia (20% O2) and PM (vs. normoxia and PM or SF, *P < 0.05). MDSCs demonstrated the highest level of 
VEGF secretion when cultured under the combination of hypoxia and SF conditions. (b) When exposed to cyclic 
stretch, MDSCs increase their expression of VEGF 1.9- and 2-fold after exposure to cyclic stretch for 10 and 24 
hours, respectively (vs. non-stretch control, * P < 0.05). This data is also reported in tabular format in Appendix C. 
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4.2.2 In vivo Study Design 

On the basis of these findings in vitro and in vivo, we hypothesized that the secretion of 

VEGF by transplanted MDSCs, in response to the milieu of ischemic myocardium, is an 

important and primary factor through which the transplanted cells evoke angiogenesis and elicit 

improvements in cardiac function. To test this hypothesis, we employed a gain- and loss-of-

function approach to enhance and inhibit the potential therapeutic effects of MDSC-secreted 

VEGF in a mouse model of MI (Figure 4.2). We used MDSCs genetically engineered with a 

retrovirus containing the nuclear-localized LacZ (nLacZ) gene (MDSC-LacZ) as control MDSCs 

(Figure 4.2), which would secrete basal levels of VEGF after transplantation into ischemic 

myocardium. To inhibit the effect of this secreted VEGF, we genetically engineered MDSCs 

with a retrovirus containing the gene for the VEGF antagonist soluble Flt1 (sFlt-1) (MDSC-

FLT), which sequesters MDSC-secreted VEGF (Figure 4.2 and 4.3b). To enhance the effect of 

VEGF, we transduced MDSCs with a retrovirus containing the human VEGF165 gene (MDSC-

VEGF) to increase the amount of VEGF secreted by the transplanted cells (Figures 4.2 and 4.3a).  

Because the long-term unregulated overexpression of VEGF can induce deleterious in 

vivo side effects, including hemangiomas [163], we attempted to circumvent this concern by 

decreasing the dosage of VEGF that is delivered by the transplanted cells. We did this by 

diluting the MDSC-VEGF cells with MDSC-nLacZ cells at 2 different ratios (MDSC-

VEGF:total cells): 1:2 (‘MDSC-VEGF50’) and 1:4 (‘MDSC-VEGF25’). After doing this, we 

measured the level of human VEGF secretion in the MDSC-VEGF50 and MDSC-VEGF25 cell 

populations. We found that MDSC-VEGF25 secreted half as much VEGF than did the MDSC-

VEGF50 cell population (Figure 4.4), indicating that we can effectively control the dosage of 

VEGF by dilution of the MDSC-VEGF cells with MDSC-LacZ cells.  
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Figure 4.2: Experimental design to test the VEGF paracrine effect hypothesis 
 

 

Figure 4.3: Expression of human VEGF and human soluble Flt1 (sFlt) by transduced mouse MDSCs 
(a) As detected by a quantitative human VEGF–specific ELISA that does not cross-react with mouse VEGF, 
MDSCs that were genetically engineered to express the gene encoding human VEGF (MDSC-VEGF) secreted high 
levels of human VEGF protein (309 ng per 106

 MDSCs) into the cell culture supernatant over 24 hours, indicating 
successful retroviral transduction and transgene expression. As expected, expression of VEGF protein was not 
detected in the control MDSC-LacZ or MDSC-FLT cell populations. (b) MDSCs engineered to express human sFlt1 
secreted 175 pg of sFlt1 protein per 106 cells over 24 hours as detected by a quantitative human sFlt1–specific 
ELISA that does not cross-react with mouse sFlt1, indicating successful retroviral transduction and transgene 
expression. The control MDSC-LacZ cells and the MDSC-VEGF cells did not express human sFlt transgene.   
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Figure 4.4: Level of human VEGF secretion in the MDSC-VEGF50 and MDSC-VEGF25 cells 
As measured by quantitative human VEGF–specific ELISA that does not cross-react with mouse VEGF, the MDSC-
VEGF50 cell population secreted twice as much human VEGF as did the MDSC-VEGF25 cell population after 24 
hours of culture. 

4.2.3 Secretion of VEGF from MDSCs Induces Neovascularization 

To assess the level of angiogenesis induced within the infarct 2, 6, and 12 weeks after cell 

transplantation, we performed immunofluorescent staining for CD31 (PECAM), a marker for 

blood vessels, and measured the number of CD31-positive capillary structures within the infarct . 

Comparison of the PBS- and MDSC-FLT-injected hearts with the VEGF-treated hearts revealed 

that VEGF overexpression in the MDSC-VEGF25 and MDSC-VEGF50 groups enhanced the 

number of capillaries within the infarcts at all time points (Figure 4.5a and Appendix C). Despite 

the ability of MDSC-VEGF50 cells to secrete more VEGF than the MDSC-VEGF25 group 

(Figure 4.4), the finding that MDSC-VEGF50 group did not promote a significantly higher level 

of neovascularization suggests that a saturated level of VEGF was achieved in these hearts 

(Figure 4.5a and Appendix C). In contrast, the VEGF antagonist sFlt-1 inhibited the ability of 

transplanted cells to induce significantly more angiogenesis than the PBS-injected hearts at all 
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time points (Figure 4.5a and Appendix C). There was a trend that MDSC-FLT injected hearts 

displayed slightly more angiogenesis than PBS-injected hearts 6 and 12 weeks after MI, 

indicating that sFlt1 could not block all transplanted cell–induced angiogenesis (Figure 4.5a and 

Appendix C). Although this finding was not statistically significant, it does suggest either that 

MDSCs might secrete other factors with limited angiogenic potential or that sFlt1 does not 

completely sequester all donor cell-secreted VEGF; however, these results still overwhelmingly 

suggest that transplanted MDSCs induce angiogenesis primarily through the secretion of VEGF. 

Control MDSC-LacZ-injected hearts also exhibited more angiogenesis than did PBS- and 

MDSC-FLT-injected hearts; however, as expected, there was less angiogenesis in the control 

MDSC-LacZ-injected hearts than in either of the VEGF-injected hearts (MDSC-VEGF25 and 

MDSC-VEGF50) at all time points (Figure 4.5a and Appendix C). Taken together, these results 

suggest that the secretion of VEGF from transplanted MDSCs is critical for neoangiogenesis to 

occur within ischemic myocardium.  
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Figure 4.5: Donor cell–induced neovascularization is VEGF-dependent. 
(a) The number of blood vessels in the infarct, identified by CD31 immunostain, was highest in the MDSC-LacZ, 
MDSC-VEGF25, MDSC-VEGF50 groups and significantly more than the PBS- or MDSC-FLT-injected hearts (* P 
< 0.01 vs. PBS, † P < 0.01 vs. MDSC-FLT). The hearts injected with MDSC expressing the VEGF antagonist sFlt 
(MDSC-FLT) contained a lower number of capillaries, which was comparable to the level observed in the control 
PBS-injected hearts. This data is also reported in tabular format in Appendix C. (b) Unregulated overexpression of 
VEGF resulted in the potential formation of hemangiomas, a mass of unorganized endothelial cells, as observed in 
the CD31 immunostain (white), in the MDSC-VEGF50 injected hearts at 12 weeks. However, these abnormal 
formations were only observed in the MDSC-VEGF50–injected hearts only at 12 weeks but not at earlier time-
points. In addition, these findings were not observed in hearts transplanted with stem cells expressing lower levels of 
the VEGF transgene (MDSC-VEGF25 group) or control MDSC-LacZ, which all displayed normal spatially 
organized capillaries at all time-points. 
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Our results indicate that VEGF has a beneficial effect on angiogenesis in the heart; 

however, its biological effects are dose-dependent [163, 164]. Indeed, at the highest VEGF 

dosage (MDSC-VEGF50 group), we observed the formation of hemangioma-like structures in 

hearts injected with MDSC-VEGF50 only at 12 weeks after MI and not at prior time points. 

However, at lower doses, we observed normal morphology and spatial organization of blood 

vessels within the myocardial infarct and did not notice the development of any hemagioma-like 

structures in the MDSC-VEGF25- and MDSC-LacZ–injected hearts at all time-points (Figure 

4.5b). These results further confirm earlier findings [163] where continuously high local 

concentrations of VEGF for long periods of time induced hemangiomas.  

4.2.4 Effect of VEGF and sFlt1 on the Transplantation Capacity of MDSCs 

To generate an index of cell engraftment, we performed immunofluorescent staining for the 

skeletal muscle-specific marker fast skeletal myosin heavy chain (fast sk. MHC). Our prior 

studies have shown that the vast majority of MDSCs transplanted into the heart differentiate into 

skeletal myocytes that express this skeletal muscle–specific marker, and only a rare few donor-

derived cells acquired a cardiac or endothelial phenotype (see sections 2.0 and 3.0). In this study, 

we also observed that regions of fast sk. MHC reactivity within the heart colocalized with nLacZ 

(data not shown), another marker for the injected cells. Results from fast sk. MHC 

immunostaining demonstrate that sFlt-1 had no effect on the engraftment of MDSC-FLT cells in 

comparison to control MDSC-LacZ (Table 4.1). VEGF overexpression had no effect on the 

engraftment of MDSC-VEGF25 cells but had an adverse effect on the engraftment of MDSC-

VEGF50 group at the 6- and 12-week time points compared to MDSC-LacZ (Table 4.1). These 
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results suggest that the levels of sFlt-1 and VEGF transgene expression in the MDSC-sFlt-1 and 

MDSC-VEGF25 groups did not elicit a negative effect on cell engraftment; however, 

unregulated, long-term, elevated levels of VEGF overexpression in the MDSC-VEGF50 group 

had decreased donor cell engraftment, potentially caused by VEGF toxicity or by the formation 

of hemangiomas (Table 4.1). 

 

Table 4.1: Fast sk. MHC graft area (mm2) 
 2 weeks 6 weeks 12 weeks 

MDSC-LacZ 2.610 ± 0.733 3.035 ± 0.666 2.549 ± 0.779 
MDSC-FLT 3.006 ± 0.427 2.993 ± 0.778 2.837 ± 0.813 

MDSC-VEGF25 3.050 ± 1.143 2.013 ± 0.853 2.125 ± 1.420 
MDSC-VEGF50 4.002 ± 0.305 1.465 ± 0.574* 0.889 ± 0.195* 

* P < 0.05 vs. 2 week MDSC-VEGF50 

4.2.5 Evaluation of Cardiac Function by Echocardiography 

To determine whether the gain- and loss-of-function of VEGF affects cardiac 

performance after MI, we performed echocardiography to measure percent fractional shortening 

(FS), an index of cardiac contractility. As shown in Figure 4.6, hearts injected with MDSCs 

engineered to express either LacZ (control, MDSC-LacZ group) or VEGF (MDSC-VEGF25 and 

MDSCs-VEGF50 groups) showed better cardiac contractility than did control PBS-injected 

hearts. However, 12 weeks after MI, hearts in the MDSC-VEGF50 group displayed significantly 

reduced cardiac function (Figure 4.6), perhaps due to deleterious side effects evoked from the 

formation of hemangiomas (Figure 4.5b), as previously described [163]. Despite this finding, 

uninhibited expression of VEGF by the transplanted cells resulted in enhanced cardiac 

performance when compared to control (Figure 4.6). In contrast, hearts injected with MDSCs 

expressing sFlt1 displayed significantly reduced systolic function (FS) when compared with 
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hearts injected with LacZ and VEGF-expressing MDSCs (MDSC-LacZ, MDSC-VEGF25, and 

MDSC-VEGF50 groups) (Figure 4.6). However, comparison of the PBS- and MDSC-FLT-

injected hearts revealed no significant difference in FS at any of the tested time points, despite 

the capacity of the MDSC-FLT cells to engraft to the same extent as control MDSC-LacZ cells 

(Figure 4.6). Taken together, these results suggest that an improvement in cardiac function 

elicited by transplanted MDSCs is VEGF-dependent and corresponds with enhanced 

vascularization of the infarct. 
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§ 

Figure 4.6: Assessment of cardiac function 
(a) Representative echocardiographic M-mode images of left ventricles for each group. End-systolic dimensions 
(ESD) and end-diastolic dimensions (EDD) were measured as indicated in each image to estimate percent fractional 
shortening (FS). (b) FS, an index of cardiac contractility, was measured at 2, 6, and 12 weeks after infarction. 
Injection of MDSC-LacZ, MDSC-VEGF25 and MDSC-VEGF50 significantly improved cardiac function (* P < 
0.01 compared with PBS injection, † P < 0.01 compared with MDSC-FLT injection). At 12 weeks after infarction, 
the MDSC-VEGF50-injected hearts displayed signifantly reduced cardiac contractility when compared to the 
MDSC-LacZ- and MDSC-VEGF25-injected hearts (§ P<0.05 MDSC-VEGF50 group vs. MDSC-LacZ and MDSC-
VEGF25 groups at 12 weeks). 
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4.3 DISCUSSION 

These data have important implications for cardiac cell therapy, especially since numerous 

clinical trials based on autologous skeletal muscle– [13, 14, 19-21, 36, 44, 130, 131], circulating 

blood–[9], and bone marrow–derived [90, 165] progenitor cells have been initiated without a 

clear understanding of the mechanism(s) underlying therapeutic benefit. Our results here 

demonstrate that MDSCs possess a potent capacity for therapeutic angiogenesis based on their 

ability to secrete VEGF, likely in response to the hypoxic and mechanical stresses that 

accompany the ischemic milieu of the heart after MI. In addition, this enhanced 

neovascularization of ischemic myocardium may have a considerable effect on improving 

cardiac function after MI by bringing blood supply to the myocardium at risk and protecting 

against cardiomyocyte death and adverse remodeling [83]. This will be further investigated in 

future studies. 

4.4 CONCLUSIONS 

In conclusion, our findings suggest that cell-secreted VEGF is critical for inducing therapeutic 

angiogenesis and functional improvements after myocardial ischemia. These results offer new 

insights into the mechanism by which cell therapy elicits myocardial infarct repair.    
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4.5 MATERIALS AND METHODS 

4.5.1 Cell Culture and Transduction with Retroviral Vectors 

Murine skeletal muscle–derived stem cells were isolated and cultured as previously described by 

our laboratory [113]. Construction of retroviral vectors containing genes encoding human VEGF, 

human sFlt-1, or bacterial nLacZ was previously described by our laboratory [166]. These cells 

were transduced separately by the retroviral vectors as previously described [166]. After 

expansion of transduced cells, cell culture supernatant was assayed for the level of VEGF and 

sFlt-1 transgene expression by ELISA (R&D Systems, Minneapolis, Minnesota), which were 

performed according to manufacturer’s instructions. 

4.5.2 In vitro Stimulation of MDSCs with Hypoxia and Cyclic Stretch  

To assess the level of VEGF secretion from MDSCs under conditions of stress, we separately 

exposed stem cells to cyclic stretch and hypoxia. For hypoxia, MDSCs were plated onto a 6 well 

plate coated with collagen type I and cultured in proliferation medium (DMEM, 10% fetal 

bovine serum, 10% horse serum, 1% penicillin/streptomycin, 0.5% chicken embryo extract) until 

the cells reached ~80% confluence. Nutrient withdrawal was created by replacing the 

proliferation medium with serum-free DMEM supplemented with 0.1% bovine serum albumin 

(Sigma, St. Louis, Missouri) for 24 hours. Hypoxic conditions were induced by culturing the 

cells for 24 hours at 37 °C in an incubator (Heraeus) with an atmosphere of 5% CO2 and 95% N2 

and a controlled O2 level of 2.5%. Cyclic stretch was employed with a Flexercell Strain Unit 

(Flexcell International, Export, Pennsylvania). MDSCs were seeded on a Bioflex culture plate 
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coated with collagen type I and grown to ~80% confluence. The cells were then subjected to a 

10% average surface elongation at a rate of 30 cycles/min for a period of 24 hours. After the 

completion of all experiments, the cell culture supernatant was collected, flash frozen in liquid 

N2 and stored at -80 °C freezer until assayed for mouse VEGF by ELISA (R&D Systems). In all 

conditions, the attached cells were collected and counted using a hemacytometer.  

4.5.3 Myocardial Infarction and Cell Transplantation 

All animal experiments and surgerical procedures were performed under the approval from The 

Institutional Animal Care and Use Committee, Children’s Hospital of Pittsburgh (Protocol no. 

7/03). Acute myocardial infarction was induced in 56 NOD-SCID mice (male, 16 weeks of age, 

25–30 grams, NOD.CB17-PrkdcSCID/J, The Jackson Laboratory, Bar Harbor, Maine), as 

previously described . Immediately after ligation, 3×105 cells were transplanted directly into the 

ischemic region, as previously described (see section 3.5.4). The investigators were blinded as to 

the contents of the injected solutions: PBS only (n = 11 mice), MDSC-LacZ (n = 11), MDSC-

sFlt-1 (n = 12), MDSC-VEGF25 (n = 11), or MDSC-VEGF50 (n = 11).  

4.5.4 Echocardiography 

Echocardiography was performed 2, 6, and 12 weeks after cell transplantation by a blinded 

investigator, as previously described (see section 3.5.7). Two-dimensional images were obtained 

at the mid-papillary muscle level. EDD was measured from at least 6 consecutive beats using the 

M-mode tracing. Fractional shortening (FS), an index of cardiac contractility, was calculated as 
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FS (%) = [(EDD − ESD) ÷ EDD] × 100. Both end-systolic dimensions (ESD) and end-diastolic 

dimensions (EDD) were determined from short-axis images of the LV. 

4.5.5 Tissue Processing and Immunohistochemical Stainings 

Mice were sacrificed and their hearts were harvested, frozen in 2-methylbutane precooled in 

liquid nitrogen, and serially cryosectioned (from the apex to the base of each heart) into sections 

7 μm thick. Immunostaining protocols can be found in detail in Appendix D. We performed 

immunostaining for fast skeletal myosin heavy chain (fast sk. MHC) using a mouse anti-fast sk. 

MHC antibody (1:400, MY-32 clone, Sigma), as previously described (see sections 2.0 and 3.0). 

We also performed immunostaining for capillaries using a rat anti-mouse CD31 antibody (1:100, 

BD Pharmingen) as previously described [166]. To measure infarct vascularization and cell 

engraftment, digital images of CD31 and fast sk. MHC fluorescence, respectively, in high power 

fields (HPF) (×20 objective magnification) were acquired throughout the infarct of each heart. 

We counted the CD31[+] vessels and measured fast sk. MHC[+] area in the images obtained 

from each group (n = 3 hearts per group per time point [2, 6, and 12 weeks after injection]).  

4.5.6 Image Analysis  

All fluorescent and brightfield microscopy was performed using a Nikon Eclipse E800 microscope 

equipped with a Retiga EXi digital camera (Q Imaging, Burnaby, Canada). Images were acquired with 

Northern Eclipse software (v. 6.0; Empix Imaging, Inc., Cheektowaga, New York). Measurements on 

images were performed with ImageJ software (v. 1.32j, National Institutes of Health).  
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4.5.7 Statistical Analysis 

All measured data is presented as mean ± standard error (SE). Statistical differences in the data 

were determined using a two-way ANOVA. If statistical difference was observed, post-hoc 

analysis was performed using the Tukey multiple comparison test. 
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5.0  CONCLUSIONS 

The findings that we have generated have strong implications given that clinical trials based on 

skeletal myoblasts have been initiated without a clear understanding of a) the biology of skeletal 

muscle progenitors for cardiac repair and b) the mechanism by which cell transplantation 

provides therapeutic benefit. We show here that skeletal muscle contains a stem cell population 

(MDSCs) that is superior to committed skeletal myoblasts in their capacity for cardiac cell 

transplantation, and future work to identify such populations in human skeletal muscle is 

warranted. In addition, we have extensively investigated the mechanism underlying the 

therapeutic benefit of cardiac cell transplantation. We have shown that MDSCs do not regenerate 

de novo myocardial cells after injection into uninjured (section 2.0) and ischemic (section 3.0) 

hearts, except for the presence of a rare few donor cells located at the graft-host myocardium 

border (sections 2.0 and 3.0). Despite this lack of extensive regeneration, we still found that 

transplanted MDSCs could still effectively repair injured hearts after myocardial infarction 

(section 3.0). These findings led us to discover that the paracrine effects of transplanted cell–

secreted VEGF accounts for the neovascularization and the improvements in cardiac function 

that are elicted by intramyocardial cell transplantation (section 4.0). Thus we hypothesize that 

cell transplantation likely provides therapeutic benefit through the paracrine effects of 

transplanted cell–secreted VEGF rather than the direct differentiation of transplanted cells into 
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new myocardium. Overall, we believe that this research has contributed significant findings that 

will help to improve cell-based therapies for cardiac repair. 

5.1 FUTURE DIRECTIONS 

5.1.1 Identification of Muscle Stem Cells from Human Skeletal Muscle 

While our work has given us insight into the biology and therapeutic benefit of mouse MDSC 

transplantatation for cardiac repair, a logical progression of this research would be to identify 

and isolate a MDSC-like cell population from human skeletal muscle. We could easily evaluate a 

variety of populations of human skeletal muscle–derived cells for cardiac repair in our 

established small animal models of myocardial infarction. The identification of a human cell 

population with properties similar to mouse MDSCs would greatly enhance the efficacy of 

myoblast transplantation for cardiac repair, since it has been reported in clinical trials that most 

transplanted human myoblasts rapidly die after injection into the heart [11]. 

5.1.2 Comparision of Different Adult Stem Cell Types for Cardiac Repair 

Although MDSCs appear to be an effective cell type for cardiac repair, it would be interesting to 

compare MDSCs to other adult stem cell populations (i.e., bone marrow– and circulating blood–

derived stem and progenitor cells) and determine which cell type offers the greatest therapeutic 

potential. If a differential therapeutic effect is observed between different cell types, then it will 
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be important to determine whether a relationship exists between cardiac function and the 

engraftment and angiogenic capacity of the transplanted cells. 

5.1.3 Cell Therapy for Chronic Models of Ischemic Cardiomyopathy 

We have performed this work using a model of acute MI. However, chronic ischemic 

cardiomyopathy would represent a significant patient population that could benefit from cell 

therapy [7]. Therefore, future studies should investigate cardiac cell transplantation based on 

MDSCs in chronic models of myocardial ischemia. In addition, we should incorporate the 

autologous cell transplantation model and use wild-type and non-immunodeficient mice in future 

studies. The use of wild-type mice rather than SCID or immune-compromised animal models 

will allow us to investigate the host immune response after autologous cell transplantation in the 

heart and its potential effect on cell based therapies. 

5.1.4 Alternatives to Cell-based Therapies 

We have shown evidence that neovascularization of ischemic myocardium could be the major 

mechanism by which cardiac cell transplantation provides therapeutic benefit. On the basis of 

this finding, it would be reasonable to investigate whether the delivery of angiogenic factors by 

other means could be just as effective as cell transplantation. Gene therapy would be an attractive 

approach to deliver angiogenic genes to the ischemic myocardium. Additionally, the delivery of 

angiogenic proteins in combination with injectable biomaterials would be another novel therapy 

for ischemic myocardium.  
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APPENDIX A 

SUPPLEMENTAL DATA IN TABULAR FORMAT FROM FOR SECTION 2.0 

Table A.1: Frequency of donor cells that expressed a hybrid cardiac and skeletal phenotype in each heart  p

Time-Point  Mouse 

Total 
nLacZ[+], 
cTnI[+] 

nLacZ[+], 
cTnI[+], 

fskMHC[+] 

nLacZ[+], 
cTnI[+], 

fskMHC[-] 
Percent 
Hybrid 

1 135 66 69 49% 
2 7 7 0 100%
3 20 9 11 47%

2 weeks 
 
 

Total 162 82 80 51% 
4 183 98 85 54%
5 44 26 18 59%
6 108 63 45 58%

4 weeks  
 
 

Total 335 187 148 56% 
7 91 65 26 71%
8 35 15 20 43%
9 82 61 21 74%

8 weeks  
 
 

Total 208 141 67 68% 
12 weeks 10 40 20 20 50%  
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Table A.2: Frequency of Fusion Events in each MDSC-injected Heart. 

Time-point Mouse  

Total 
nLacZ[+], 
cTnI[+] 

nLacZ[+], 
cTnI[+],   

Y-chrom.[+]

nLacZ[+], 
cTnI[+],    

Y-chrom.[-] 
Percent  

Y-chrom.[+]
1 15 4 11 27% 
2 N/A N/A N/A N/A 

2 weeks 

3 9 3 6 33% 
 Total 24 7 17 29% 

4 18 4 14 29% 
5 6 3 3 50% 

4 weeks 

6 23 7 16 30% 
 Total 47 14 33 30% 

7 18 12 6 67% 
8 4 1 3 25% 

8 weeks 

9 32 16 16 50% 
 Total 54 29 25 54%  
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APPENDIX B 

SUPPLEMENTAL DATA IN TABULAR FORM FOR SECTION 3.0 

Table B.1: The number of nLacZ[+] cells (mean ± SD) 
 1 week 2 weeks 6 weeks 12 weeks 

MDSC 14992±3529* 17697±9988* 13544±3592* 7555±3797* 

myoblast 1402±1376 18±12 38±58 4±4 

* P<0.01 MDSC vs. myoblast 

 

 

Table B.2: Echocardiographic left ventricular function (mean ± SD) 
LVEDD (mm) FAC (%)  

2 weeks 6 weeks 12 weeks 2 weeks 6 weeks 12 weeks 
MDSC 4.8±0.4 4.6±0.4*† 4.6±0.6*† 33.0±4.3 ¶§ 31.1±3.8 ¶§ 28.4±4.0 ¶§ 
myoblast 4.6±0.4 5.0±0.5 5.2±0.6* 29.8±6.6 ¶ 27.7±4.4 ¶ 23.6±3.0 ¶ 
PBS 4.6±0.4 5.1±0.5 5.7±0.5 23.8±2.6 19.1±7.8 15.9±5.0 

* P <0.05 vs. PBS, † P <0.05 vs. myoblast, ¶ P<0.01 vs. PBS, § P<0.01 vs. myoblast 
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Table B.3: The number of nLacZ[+] and cTnI[+] cells (mean ± SD) 
 2 weeks 6 weeks 12 weeks 

MDSC 446±74* 92±5 † 108±43* 

myoblast 5±8 13±19 2±3 

* P<0.01 vs. myoblast, † P<0.05 vs. myoblast 

 

 

Table B.4: The number of donor-derived cells that adopted a cardiac phenotype (mean ± SD) 
 

2 weeks 6 weeks 12 weeks 

hybrid 86±9 31±12 53±29 
MDSC 

cardiac-only 360±81* 61±16 † 55±23 † 

hybrid 4±5 9±14 2±2 
myoblast 

cardiac-only 1±2 4±6 1±1 

* P<0.01 vs. hybrid, † P<0.01 vs. 2 week 

 

 

Table B.5: Capillary density (structures/mm2) (mean ± SD) 
 2 weeks 6 weeks 12 weeks 

MDSC 335±40 * 440±79 *‡¶ 430±65 *‡¶ 

myoblast 297±36 * 234±38 †# 253±27 *# 

PBS 241±29 185±32 # 183±26 # 

* P<0.01 vs. PBS, † P<0.05 vs. PBS, ‡ P<0.01 vs. myoblast 
¶ P<0.01 vs. 2 week, # P<0.05 vs. 2 week 
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APPENDIX C 

SUPPLEMENTAL DATA IN TABULAR FORM FOR SECTION 4.0 

Table C.1: Secretion of mouse VEGF (pg/106 cells) from MDSCs in response to cyclic stretch (mean ± SE) 

 1 hour 4 hours 10 hours 24 hours 

Non-stretch 24 ± 1 55 ± 8 318 ± 20 539 ± 19 

Cyclic Stretch 18 ± 2 61 ± 3 605 ± 67* 1071 ± 58* 

* P < 0.05 versus non-stretch control 

 

 

 
Table C.2: Secretion of mouse VEGF (pg/106 cells/24 hrs) from MDSCs in response to hypoxia (2.5% O2) 

(mean ± SE) 

 Proliferation Medium Serum-free Medium 

Normoxia 79 ± 9 134 ± 3 

Hypoxia 505 ± 47* 727 ± 68* 

* P < 0.05 versus normoxia 
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Table C.3: CD31+ capillaries per HPF (×200) within infarct 

 2 weeks 6 weeks 12 weeks 

PBS 81 ± 8 43 ± 5 24 ± 1 

MDSC-FLT 76 ± 6 66 ± 20 48 ± 10 

MDSC-LacZ 126 ± 22*† 117 ± 4*† 113 ± 6*† 

MDSC-VEGF25 175 ± 26*† 151 ± 11*† 194 ± 22*† 

MDSC-VEGF50 206 ± 16*† 193 ± 20*† 148 ± 24*† 

* P < 0.01 vs. PBS, † P < 0.01 vs. MDSC-FLT 
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APPENDIX D 

STEP BY STEP IMMUNOHISTOCHEMISTRY STAINING PROTOCOLS 

Table D.1: Immunohistochemistry Staining Protocols, Part 1 

Multi-Label 
Stain 

Cardiac α-MHC 
/Dystrophin 

LacZ/ 
Cardiac α-MHC/  

Dystrophin 

 
LacZ/ 

Cardiac Troponin I/ 
Fast Skeletal MHC 

 

LacZ/ 
Cardiac Troponin I/ 
Y-chromosome FISH 

 
Fixation 

Cold Acetone 
(2 min.; Sigma) 

2% Formaldehyde 
(2 min.; Sigma) 

2% Formaldehyde 
(2 min.; Sigma) 

 Cold 4% Formalin 
(5 min.; Sigma) 

 
Histological 

Stain 
N/A X-Gal Solution 

(37 °C, Overnight) 
X-Gal Solution 

(37 °C, Overnight) 
X-Gal Solution  

(37 °C, Overnight) 

 
Blocking 
Reagents 

 

Mouse IgG Blocking Reagent 
(60 min.; MOM Kit, Vector) 

Mouse IgG Blocking Reagent 
(60 min.; MOM Kit, Vector) 

10% Rabbit Serum (RS) 
(60 min.; Vector) 

10% Rabbit Serum (RS) 
(60 min.; Vector) 

1° Mouse Anti–α-MHC (ATCC) 
 (1:2 in MOM Diluent; 30 min.) 

Mouse Anti–α-MHC (ATCC) 
(1:2 in MOM Diluent; 30 min.) 

Goat Anti–cTnI (Scripps) 
(1:25,000 in 2.5% RS; 2 hrs.) 

Goat Anti-cTnI (Scripps) 
(1:25,000 in 2.5% RS; 2 hrs.) 

2° Anti–Mouse IgG-biotinylated  
(10 min.; MOM Kit, Vector) 

Anti–Mouse IgG-biotinylated  
(10 min.; MOM Kit, Vector) 

Anti–Goat IgG-Cy3 (Sigma) 
(1:100 in 2.5% RS; 60 min.) 

 
Anti-Goat IgG-biotinylated 
(1:150 in 2.5% RS, 60 min.; 

Vector) 

 
3° 

Streptavidin-Cy3 (Sigma) 
(1:200 in PBS; 10 minutes) 

Streptavidin-Cy3 (Sigma) 
(1:200 in PBS; 10 min.) 

Mouse IgG Blocking Reagent 
(60 min., MOM Kit;Vector) 

 
Streptavidin, Oregon 

Green™, 
488 Conjugate 

(1:500; 10 min.) 
(Molecular Probes) 

 

4° 
Rabbit Anti–Dystrophin 

(1:1,000 in 2.5% HS; Overnight) 
(Gift from T. Partridge) 

Rabbit Anti–Dystrophin 
(1:1,000 in 2.5% HS; Overnight)  

(Gift from T. Partridge) 

 
Mouse Anti–Fast Skeletal MHC 

(1:400 in MOM Diluent;  
30 min.) 
(Sigma) 

 

Mouse  
Y-chromosome FISH 

5° Anti–Rabbit IgG-FITC 
(1:100 in PBS; 90 min.; Sigma) 

Anti–Rabbit IgG-FITC 
(1:100 in PBS; 90 min.; Sigma) 

Anti–Mouse IgG-biotinylated 
(10 min.; MOM Kit, Vector)  

6°   

 
Streptavidin, Oregon Green™, 

488 Conjugate 
(1:1,000; 10 min.)  
(Molecular Probes) 
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Table D.2: Immunohistochemistry Staining Protocols, Part 2 

Multi-Label 
Stain 

nLacZ/ 
Cardiac 

Troponin I/ 
Y-Chromosome 

FISH 

 
nLacZ/ 

Connexin43/ 
Cardiac Troponin I/ 
Fast Skeletal MHC 

 

CD31 
 

nLacZ / CD31 
 

 
nLacZ/ 
VEGF/ 

Fast Skeletal MHC 
 

 
VEGF / CD31 

Fixation  Cold 4% Formalin 
(5 min; Sigma) 

4% Paraformaldehyde 
(5 min; Sigma) 

4% Paraformaldehyde 
(5 min; Sigma) 

4% Paraformaldehyde 
(5 min; Sigma) 

4% Paraformaldehyde 
(5 min; Sigma) 

Cold Acetone 
(2 min; Sigma) 

Histological 
Stain 

X-Gal Solution  
(37 °C, Overnight) 

X-Gal Solution 
(37 °C, Overnight) N/A X-Gal Solution 

(37 °C, Overnight) 
X-Gal Solution 

(37 °C, Overnight) N/A 

Blocking 
Reagents 

10% Rabbit Serum 
(RS) 

(60 min; Vector) 

10% Donkey Serum (DS) 
(60 min; Jackson Immuno 

Research) 

10% DS 
(60 min; Jackson 

Immuno Research) 

5% RS 
(30 min; 

VECTASTAIN; Vector) 

10% DS 
(60 min; Jackson Immuno 

Research) 

10% DS 
(60 min; Jackson Immuno 

Research) 

1° 
Goat Anti-cTnI  

(1:25,000 in 2.5% 
RS; 2 hrs; Scripps) 

Rabbit Anti-Mouse 
Connexin43 

(4 μg/ml in 2.5% DS; 
Overnight at 4 ºC; Chemicon) 

Rat Anti-Mouse CD31 
 (1:100 in 2.5% DS; 30 
min; BD Pharmingen) 

Rat Anti-Mouse CD31 
(1:100 in 1.5% RS; 30 
min; BD Pharmingen) 

Goat Anti-Mouse VEGF 
 (1:100 in 2.5% DS; 

Overnight at 4 ºC; Santa 
Cruz) 

Goat Anti-Mouse VEGF  
(1:100 in 2.5% DS; 2 hrs; 

Santa Cruz) 

2° 

 
Anti-Goat IgG-

Biotinylated (1:150 
in 2.5% RS; 60 min; 

Vector) 

Anti-Rabbit IgG-Alexa Fluor 
488  

(1:200 in 2.5% DS; 60 min; 
Molecular Probes) 

Anti-Rat IgG-Alexa 
Fluor 555 

(1:200 in 2.5% DS; 60 
min; Molecular Probes) 

Anti-Rat IgG-
Biotinylated 

(1:200 in 1.5% RS; 30 
min; VECTASTAIN; 

Vector) 

Anti-Goat IgG-Alexa Fluor 
555  

(1:200 in 2.5% DS; 60 min; 
Molecular Probes) 

Anti-Goat IgG-Alexa Fluor 
488 

(1:200 in 2.5% DS; 60 min; 
Molecular Probes) 

 
3° 

 
Streptavidin, Oregon 

Green™, 
488 Conjugate 
(1:500; 10 min; 

Molecular Probes) 

Goat Anti-cTnI 
(1:25,000 in 2.5% DS; 2 hrs; 

Scripps) 
 

VECTASTAIN ABC 
Reagent 
(30 min; 

VECTASTAIN; Vector) 

Mouse IgG Blocking Reagent 
(60 min; MOM Kit; Vector) 

Rat Anti-Mouse CD31 
(1:100 in 2.5% DS; 30 min; 

BD Pharmingen) 

4° Y-Chromosome 
FISH 

Anti-Goat IgG-Alexa Fluor 
555 

(1:200 in 2.5% DS; 60 min; 
Molecular Probes) 

  
DAB Substrate for 

Peroxidase 
(1 min; Vector) 

Mouse Anti-Fast Skeletal 
MHC 

(1:400 in MOM Diluent;  
30 min; Sigma) 

Anti-Rat IgG-Alexa Fluor 
555 

(1:200 in 2.5% DS; 60 min; 
Molecular Probes) 

5° 
 

Mouse IgG Blocking Reagent 
(60 min; MOM Kit; Vector) 

  
 

Anti-Mouse IgG-Alexa Fluor 
488 

(1:200 in MOM Diluent;  
60 min; Molecular Probes) 

 
 

6° 
 Mouse Anti-Fast Skeletal 

MHC 
(1:400 in MOM Diluent;  

30 min; Sigma) 
    

7° 
 Anti-Mouse IgG-Alexa Fluor 

647 
(1:200 in MOM Diluent;  

60 min; Molecular Probes) 
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