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ABSTRACT 

 

Duchenne muscular dystrophy (DMD) is a severe X-linked recessive disorder 

characterised by widespread muscle fibre necrosis followed by the replacement of 

muscle with connective and adipose tissue.  The pathology of DMD is attributable to 

the absence of dystrophin, which is a structural protein essential for the stability of 

muscle.  Myoblast transplantation is a cell-mediated gene replacement approach that 

utilises the natural repair mechanism of skeletal muscle to achieve dystrophin 

expression within muscle fibres with the aim of producing a significant clinical 

improvement in muscle strength.  However, the efficacy of this approach has been 

limited by the poor survival rate of the injected myoblasts.  Efforts to improve the 

efficacy of myoblast transplantation have focussed on immunological rejection and 

the low levels of donor myoblast migration within the recipient muscle.  Additional 

research has also aimed to identify a more appropriate donor cell population and 

optimise the delivery of the donor cells.  Therefore, the research presented within 

this thesis aimed to improve the in vivo survival of donor myoblasts by reviewing 

basic parameters of the myoblast transplantation procedure such as the use of 

immunodeficient mice, the number of cells transplanted and the induction of 

regeneration prior to transplantation.  Attempts were also made to isolate satellite 

cells and myofibres for immediate transplantation and cultured myoblasts were 

transplanted adhered to artificial supports. 

 

The research presented in Chapter 4 investigated some potential causes of donor 

myoblast death following intramuscular transplantation.  The effect of the immune 

system, the effect of variations in the number and density of the cells injected and 

attempts to improve the incorporation of donor myoblasts into the injection 

environment were all considered.  These experiments indicated that the immune 

response was unlikely to play a major role in the early donor myoblast death 

observed in our syngeneic immunocompetent mouse model.  However, 

improvements in donor cell survival one week following transplantation were 

observed when fewer cells were transplanted and higher volumes were used for the 

injection.  Despite the improvement in early cell survival, there was a continued 

decrease in donor cell survival one month following transplantation.  It was 

hypothesised that isolated satellite cells may engraft more effectively into the 



 

v 

transplantation environment and that the survival of transplanted cells might be 

better in a particular subset of the transplanted population. 

 

A recent study described the isolation and transplantation of a satellite cell 

population that was characterised as small, agranular cells that expressed CD34 but 

lacked expression of CD45 and Sca-1.  Therefore, the survival of FACS purified 

satellite cells following intramuscular transplantation was investigated with the 

expectation of improved cell survival one month following transplantation.  

However, the research presented in Chapter 5 suggested that the use of CD34 alone 

was not specific enough to identify an appropriate donor cell population for 

intramuscular transplantation. 

 

Satellite cells transplanted on myofibres are subject to lower levels of stress 

throughout the isolation procedure and have the additional benefit of being 

transplanted with a supporting structure.  Therefore, the transplantation of satellite 

cells on myofibres was investigated in Chapter 6 with the expectation of improved 

incorporation of the donor cells within the recipient muscle, which would be 

reflected by higher levels of donor cell survival one month following transplantation.  

The use of support structures for transplantation was investigated further with the use 

of Cytodex microcarriers.  While the results from the transplantation of isolated 

myofibres were unclear, the transplantation of donor myoblasts cultured on Cytodex 

microcarriers appeared to promote the persistence of the donor cells within the 

muscle. 

 

The poor survival of donor myoblasts following intramuscular transplantation needs 

to be addressed for the full efficacy of myoblast transplantation to be realised.  

Therefore, the research presented within this thesis investigated a number of factors 

pertinent to the in vivo survival of donor myoblasts.  In particular, the delivery of the 

donor cells appeared to play an important role, with improved donor myoblast 

survival observed when fewer cells were transplanted and with the use of support 

structures.  The transplantation of cells with supporting structures is an interesting 

approach that requires further experimentation, particularly the investigation of 

different scaffold materials and structures, and further efforts to improve the 

migration of the donor cells or identify a more suitable donor cell should continue 

before myoblast transplantation could be considered for the treatment of DMD. 
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1.1. SKELETAL MUSCLE AND MUSCULAR DYSTROPHY 

 

Skeletal muscle accounts for almost half of the average human’s body mass and is 

primarily responsible for mediating locomotion, posture and breathing (Charge and 

Rudnicki, 2004; Grefte et al., 2007).  Although skeletal muscle is highly regenerative 

in response to injury, conditions such as the muscular dystrophies that affect the 

stability of the muscle can lead to the eventual breakdown of muscle as these 

regenerative capacities become exhausted (McNally and Pytel, 2007). 

 

1.1.1. Skeletal muscle regeneration 

 

The basic cellular units of skeletal muscle are the muscle fibres (myofibres), which 

are multinucleated cells that contain complex systems of intracellular membranes 

and contractile proteins.  Individual myofibres are surrounded by a layer of 

connective tissue and grouped into various bundles to form an entire muscle 

(Jarvinen et al., 2005).  Following muscle injury, both degeneration and regeneration 

is observed culminating in the repair of the damaged tissue, in addition to 

revascularisation and reinnervation (Grounds, 1991; Jarvinen et al., 2005). 

 

1.1.1.1. Satellite cells 

 

While the majority of myonuclei (greater than 95%) are terminally differentiated and 

post-mitotic, a population of quiescent myogenic progenitor cells, known as satellite 

cells, are located under the basal lamina of myofibres, distinct from the sarcolemma 

(as shown in Figure 1.1A; Mauro, 1961; Schultz et al., 1978).  When muscle is 

actively growing, or in response to injury, satellite cells are activated and proliferate, 

producing muscle precursor cells (myoblasts), which can then fuse with each other to 

form myotubes, or fuse with damaged segments within the muscle to facilitate repair 

of muscle (Figure 1.1B; Snow, 1978; Lipton and Schultz, 1979; Darr and Schultz, 

1987).  The percentage of myonuclei that belong to satellite cells varies among 

species and muscle type but it has been demonstrated that satellite cells account for 

30% of myonuclei in neonatal rodents but only 4% in adult mice, with the additional 

observation of further decline in aged mice (Gibson and Schultz, 1983; 

Bockhold et al., 1998; Fukada et al., 2004).  Although other cell types such as bone  
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Figure 1.1  Skeletal muscle structure and regeneration.  As shown above (A), 
satellite cells are distinct from the sarcolemma unlike myonuclei.  Satellite cells can 
also be distinguished from myonuclei by their low cytoplasmic content and high 
levels of heterochromatin (A; scale bar represents 1 μm).  Following activation, 
satellite cells along the myofibre proliferate and migrate towards the site of injury 
where they can fuse with damaged areas of the myofibre or fuse with other 
myoblasts to form new myofibres (B; adapted from Hawke and Garry, 2001). 
 

A 

B 
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marrow-derived cells and interstitial cells are capable of contributing myonuclei, the 

primary source of myonuclei for muscle growth and repair are the satellite cells 

(Sherwood et al., 2004; Price et al., 2007).  Once activated, the division of satellite 

cells can occur in either a symmetric fashion, producing two daughter satellite cells, 

or asymmetrically, producing one satellite cell and one myoblast (Zammit et al., 

2004).  The orientation of dividing satellite cells within their niche has been shown 

to greatly influence the outcome of satellite cell division where symmetric division is 

more likely when the two daughter satellite cells continue to be associated with the 

basal lamina and asymmetric division is more likely when a satellite cell divides in 

an apical-basal orientation where one daughter cell remains associated with the basal 

lamina while the other daughter cell is pushed towards the myofibre sarcoplasm to 

begin differentiation (Kuang et al., 2007). 

 

1.1.1.2. Molecular control and progression of regeneration 

 

In undamaged adult muscle satellite cells are largely quiescent and transcriptionally 

silent but they are thought to maintain their myogenic lineage identity through the 

expression of the paired-box transcription factors Pax3 and Pax7 (Seale et al., 2000; 

Relaix et al., 2005; Fukada et al., 2007).  In adult mice satellite cells of the limb 

muscles generally express Pax7, while Pax3 is expressed in satellite cells of specific 

muscle groups such as the diaphragm (Pownall et al., 2002; Kuang et al., 2006; 

Zammit et al., 2006).  Quiescent satellite cells have also been shown to express a 

number of receptors such as c-met, syndecan-3, syndecan-4 and CXCR4, which can 

activate signal transduction pathways to initiate activation and proliferation 

(Cornelison et al., 2001; Ratajczak et al., 2003; Dhawan and Rando, 2005).  One of 

the main factors implicated in the activation of satellite cells is hepatocyte growth 

factor, which is present in an inactive form within the extracellular matrix of muscle 

and subsequently released following muscle damage (Jennische et al., 1993; 

Tatsumi et al., 1998).  However, there are a number of additional factors present in 

muscle that are released in this manner such as insulin-like growth factors, fibroblast 

growth factors and stromal cell-derived factor-1, which all may influence the 

activation, proliferation and migration of satellite cells (Lefaucheur and Sebille, 

1995; Kastner et al., 2000; Griffin et al., 2010). 
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Once activated, transcripts of the myogenic regulatory factors Myf5 and MyoD are 

first present in satellite cells within 24 hours (Cornelison and Wold, 1997; 

Cooper et al., 1999).  Myf5 has been suggested to play a role in satellite cell 

self-renewal and proliferation while MyoD expression is thought to initiate myogenic 

differentiation in satellite cells (Ustanina et al., 2007; White et al., 2000).  The 

increased expression of myogenin and MRF4 contributes to direct myoblasts towards 

terminal differentiation followed by exit from the cell cycle, mediated by the 

increased expression of cell cycle arrest proteins such as p21 (McCroskery et al., 

2003; Charge and Rudnicki, 2004; Gayraud-Morel et al., 2007).  The fusion of these 

myoblasts with each other and regions of broken muscle has been suggested to 

involve the expression of m-cadherin (Irintchev et al., 1994; Zeschnigk et al., 1995).  

These new myofibres and repaired sections of muscle grow to the appropriate size 

while a subset of activated muscle precursor cells re-enter quiescence to replenish the 

satellite cell pool (Charge and Rudnicki, 2004; Kuang et al., 2007). 

 

1.1.2. Muscular dystrophy 

 

The muscular dystrophies are a group of skeletal muscle disorders involving defects 

in a range of structural proteins within the muscle and are characterised by the 

widespread presence of necrotic and regenerating myofibres.  The severity of each 

type of muscular dystrophy varies widely although early-onset muscular dystrophies 

tend to be associated with a more profound loss of muscle function (McNally and 

Pytel, 2007).  One of the most common dystrophic conditions, Duchenne muscular 

dystrophy (DMD), is a severe X-linked recessive disorder with an incidence 

approaching 1 in 3500 live male births (Emery, 1991).  The pathology of DMD is 

attributable to the absence of functional dystrophin, which is a structural protein 

essential for the stability of muscle (Hoffman et al., 1987). 

 

1.1.2.1. Dystrophin 

 

The DMD gene was first localised to the Xp21 region of the X chromosome and 

subsequently discovered following the identification of a patient showing a visible 

deletion in this region suffering from a number of X-linked disorders, including 

DMD (Davies et al., 1983; Monaco et al., 1987; Blake et al., 2002).  Currently, the 
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DMD gene is one of the largest genes known to exist in humans, spanning 

approximately 2.5 Mb of genomic sequence and is composed of 79 exons 

(Roberts et al., 1993).  The large size of this gene makes it particularly susceptible to 

random mutation and it has been suggested that approximately one third of all DMD 

cases arise without any prior family history of the disorder (Moser, 1984).  The 

427 kDa protein product of the Duchenne muscular dystrophy locus was named 

dystrophin because its absence causes dystrophy (Hoffman et al., 1987).  Dystrophin 

is clearly detected in skeletal and cardiac muscle (and to a lesser extent in smooth 

muscle) of normal individuals but is not present in muscle biopsies from DMD 

afflicted individuals (Hoffman et al., 1987). 

 

The dystrophin molecule consists of four domains: an actin-binding domain at the 

amino terminus, a central rod domain, a cysteine-rich domain and the carboxyl 

terminal domain.  As can be seen in Figure 1.2, the dystrophin molecule links the 

intracellular cytoskeleton of the muscle fibre to the dystroglycan complex located in 

the muscle fibre membrane (Roberts, 2001).  It is thought that the flexibility of the 

central rod domain of the dystrophin molecule is one of the major components 

contributing to the stability of the muscle fibre membrane during contraction and 

relaxation.  Premature stop codons in the dystrophin gene may occur due to point 

mutations or through deletions or insertions that cause the reading frame to be 

disrupted, leading to the synthesis of a non-functional dystrophin protein, as 

observed in DMD (Moser, 1984).  However, deletions within the rod domain that do 

not disrupt the reading frame are associated with Becker muscular dystrophy, which 

is a milder form of DMD (Koenig et al., 1988; Winnard et al., 1993).  Furthermore, 

gene replacement experiments have suggested that as few as four spectrin repeats 

(out of 24) in the rod domain are necessary to provide some protection against 

muscle damage (Harper et al., 2002). 

 

1.1.2.2. Clinical progression of Duchenne muscular dystrophy 

 

Individuals afflicted with DMD present as clinically normal at birth although 

necrotic and degenerating muscle fibres can be seen in postnatal biopsies prior to the 

observation of muscle weakness (Blake et al., 2002).  Due to the delayed onset of 

visible muscle weakness, DMD generally remains undiagnosed until early childhood, 

at the age of about four or five, when muscle weakness is initially observed relative  
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Figure 1.2 Structure of the dystrophin-glycoprotein complex. Dystrophin provides 
myofibre membrane stability as part of a complex, which includes dystroglycans, 
sarcoglycans, dystrobrevin and the syntrophins.  The flexibility of the central rod 
domain allows the cytoskeletal actin to be closely associated with the sarcolemma 
without causing damage during contraction and relaxation of the muscle (adapted 
from Roberts, 2001). 
 



  Chapter One: Literature Review 

   8 

to other children (Bushby et al., 1999).  In dystrophic muscle, the myofibre 

membranes are more susceptible to disruption during activity.  This leads to 

continued muscle fibre necrosis and regeneration, which is accompanied by the 

gradual replacement of muscle fibres with connective and adipose tissue as the 

regenerative capacity of the muscle is exhausted (Figure 1.3; McNally and Pytel, 

2007).  The infiltration of connective and adipose tissue leads to decreased limb and 

muscle strength and, ultimately, wheelchair dependence by about 12 years of age 

(Hoffman et al., 1987).  Additional cardiac or respiratory complications such as 

intercostal muscle weakness or cardiac dysfunction arise and in untreated patients 

can lead to death in the early twenties (Blake et al., 2002).  However, the 

combination of corticosteroid treatment with various physical therapies has led to 

some improvement in quality of life with a number of patients able to survive into 

their forties (Jeppesen et al., 2003; Moxley et al., 2005). 

 

1.1.2.3. Therapies and treatment 

 

Corticosteroids, such as deflazacort and prednisone, are currently the most 

commonly used treatment for DMD (Moxley et al., 2005).  These corticosteroids are 

able to slow the progression of DMD by stabilising muscle strength and function and 

it has been estimated that corticosteroid use can prolong ambulation for 

approximately one year.  However, corticosteroids are associated with a range of side 

effects such as weight gain, the development of a cushingoid facial appearance, 

hypertension and, in some cases, cataracts (Moxley et al., 2005).  The use of physical 

therapy and night ventilation has greatly increased the life expectancy of patients 

with DMD although quality of life issues remain (Jeppesen et al., 2003; 

Bushby et al., 2010). 

 

1.1.2.3.1. Experimental approaches 

 

Full-length copies of a functional dystrophin gene can be introduced into muscle via 

cell transplantation, which occurs in myoblast transplantation and is explained in 

greater detail in Section 1.2.  However, the current direction of DMD therapeutic 

research is mainly focussed on a number of gene therapy approaches that aim to 

induce the expression of functional dystrophin or related molecules within skeletal  
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Figure 1.3  Normal and dystrophic muscle histology.  The histology of normal 
skeletal muscle is shown above under low magnification (A) and high magnification 
(B) while the histology of skeletal muscle from two related DMD patients is shown at 
age seven (C) and age nine (D).  The muscles of the DMD patients demonstrate 
regions of myofibre necrosis with large areas of adipose and connective tissue 
infiltration as well as high variability in myofibre size (McNally and Pytel, 2007). 
 

A B 

C D 



  Chapter One: Literature Review 

   10 

muscle (van Deutekom and van Ommen, 2003; Guglieri and Bushby, 2010; 

Miyago-Suzuki and Takeda, 2010).  Knowledge of the somewhat redundant nature 

of the spectrin repeats within the central rod region of the dystrophin molecule, 

demonstrated by the relatively mild condition that can occur in Becker muscular 

dystrophy patients where a truncated dystrophin protein is expressed, has been 

applied to the use of modified viral vectors and the induction of exon skipping. 

 

The direct introduction of the full-length dystrophin gene has previously been limited 

by the large size of dystrophin cDNA (over 14 kb) and the large amount of muscle to 

be treated.  As the packaging capacity of most recombinant adeno-associated viral 

vectors (rAAVs) is generally only 5 kb, mini- or micro-dystrophins that encode for a 

functional, truncated dystrophin protein have been constructed (Harper et al., 2002).  

The mini- and micro-dystrophin rAAV constructs can be delivered intramuscularly 

and intravenously and induced the production of the encoded dystrophin protein 

within recipient muscles in both mice and nonhuman primates (Watchko et al., 2002; 

Yoshimura et al., 2004; Rodino-Klapac et al., 2010).  The repair of the defective 

dystrophin gene at the mRNA level can be mediated by the use of antisense 

oligonucleotides or morpholinos, where exon skipping is specifically induced to 

correct frame shift mutations that would normally cause a premature stop codon.  

The intramuscular and systemic administration of these substances in dystrophic 

mice, dogs and humans has been shown to lead to the production of a truncated, but 

functional, dystrophin protein (Alter et al., 2006; Fletcher et al., 2006; van 

Deutekom et al., 2007; Kinali et al., 2009; Yokota et al., 2009). 

 

The therapeutic potential of substances that mediate the read-through of premature 

stop codons was originally demonstrated in mdx mice treated with high doses of the 

aminoglycoside antibiotic, gentamycin (Barton-Davis et al., 1999).  However, due to 

the toxicity of gentamycin at high doses, high throughput screening for alternative 

compounds was initiated, leading to the identification of the compound PTC124 

(Finkel, 2010).  PTC124 (now known as Ataluren) selectively induced the 

read-through of premature stop codons, leading to the expression of dystrophin in 

mdx mice following treatment (Welch et al., 2007).  Another approach that has been 

investigated is the upregulation of utrophin, which is a gene homologous to 

dystrophin that is expressed during muscle development.  The increased expression 
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of utrophin in mdx mice has been shown to reduce both the dystrophic pathology and 

symptoms of the treated muscles (Krag et al., 2004; Sonnemann et al., 2009) 

 

1.1.2.4. Animal models of X-linked recessive muscular dystrophy 

 

Dystrophin deficient mice, dogs and cats have all been identified and while the 

animal model with the most similar pathology to DMD is the golden retriever dog 

model of muscular dystrophy (Valentine et al., 1990), the mdx mouse is the most 

widely used animal model to study dystrophin mutations.  Trials in the golden 

retriever dog model would only be likely to proceed after promising results in the 

mdx mouse model (Blake et al., 2002). 

 

1.1.2.4.1. The mdx mouse 

 

The mdx mouse arose due to a spontaneous mutation in an inbred C57BL/10 colony 

that was discovered due to elevated serum levels of muscle enzymes such as creatine 

kinase (Bulfield et al., 1984).  The X-linked nature of the mdx disorder as well as the 

degenerative and persistent myopathy seen in the mdx mouse is similar to DMD, 

however relative to the human disorder, the symptoms of the mdx disorder are 

relatively mild and have a belated onset (Bulfield et al., 1984; Sicinski et al., 1989).  

Central nucleation of muscle fibres is seen in both DMD and the mdx disorder, 

indicating that skeletal muscle regeneration is occurring.  However, it is thought that 

mice have a greater capacity for skeletal muscle regeneration due to their longer 

telomeres (in comparison to humans), which would account for the relatively mild 

mdx phenotype (Sacco et al., 2010).  Despite the mild symptoms and belated onset of 

the mdx disorder, it remains the most practical animal model for DMD (Bridges, 

1986; Pastoret and Sebille, 1993). 

 

1.2. MYOBLAST TRANSPLANTATION 

 

The transplantation of cultured muscle precursor cells (myoblasts) was first 

suggested as a potential therapy for DMD by Partridge and colleagues when it was 

shown that the injection of myoblasts carrying a functional dystrophin gene into 

dystrophic muscle of mdx mice could lead to the synthesis of dystrophin within 
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muscle fibres (Partridge et al., 1989).  This cell-mediated gene replacement approach 

utilises the natural repair mechanism of skeletal muscle to achieve dystrophin 

expression within muscle fibres.  The aim of myoblast transplantation is to restore 

dystrophin expression within muscle to a level sufficient to produce a significant 

clinical improvement in muscle strength although the efficacy of this approach 

remains limited by the poor survival rate of the injected myoblasts (Bosio et al., 

2004; Sammels et al., 2004; Asakura et al., 2007; Bouchentouf et al., 2007). 

 

1.2.1. Principles of myoblast transplantation 

 

The natural repair mechanism of skeletal muscle is utilised in myoblast 

transplantation to bring about the production of dystrophin within muscle.  The 

success of myoblast transplantation depends on the transplanted cells proliferating 

and fusing with damaged recipient myofibres following transplantation so that they 

can initiate the production and correct localisation of the dystrophin protein.  It is 

also essential for the long-term effectiveness of this approach that at least some of 

the donor cells incorporate into the recipient muscle within the satellite cell niche so 

that donor myonuclei continue to be present throughout multiple rounds of 

regeneration. 

 

Donor myoblast fusion into recipient muscle was originally demonstrated through 

myoblast transplantation between donor and recipient mice that were each 

homozygous for different alleles of glucose-6-phosphate isomerase.  The observation 

of hybrid (heterodimer) isomerase indicated that the donor myoblasts had fused with 

recipient muscle fibres to form mosaic myofibres that contained myonuclei and gene 

products from both the donor and the recipient (Partridge et al., 1978).  The 

transplantation of donor cells that express proteins such as β-galactosidase or GFP 

has also clearly demonstrated and confirmed this principle (Figure 1.4; Skuk et al., 

2003; Xu et al., 2010).  It has also been well established that once donor myoblasts 

have been incorporated into the muscle, dystrophin can be synthesised within muscle 

and is properly located to the muscle fibre membrane (Figure 1.4; Partridge et al., 

1989; Brussee et al., 1998; Skuk et al., 2004).  The incorporation of donor myoblasts 

into the satellite cell position has been more difficult to determine.  However, 

visualisation of donor cells in conjunction with identification of the basal lamina has 

indicated that a proportion of transplanted myoblasts will integrate as satellite cells  
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Figure 1.4  Myoblast transplantation, mosaic myofibres and the production of 
dystrophin within recipient muscle.  When donor myoblasts are transplanted into 
skeletal muscle they are able fuse with damaged areas to produce myofibres that 
contain both donor- and recipient-derived myonuclei, which can then contribute to 
the production of proteins within these mosaic myofibres (A).  The formation of 
hybrid myofibres is clearly demonstrated by the transplantation of donor myoblasts 
that express β-galactosidase.  In recipient muscle where the donor cells have been 
completely rejected, there is no detectable expression of β-galactosidase (B).  
However, in recipient muscle where the donor cells have fused with host myofibres 
variable production of β-galactosidase is measured for each myofibre, dependent on 
the proportion of myonuclei that are donor-derived (C).  The fusion of donor 
myoblasts with recipient muscle also permits the expression of other donor-derived 
proteins such as dystrophin.  Comparison of dystrophin expression in the muscles of 
a DMD patient that had been transplanted with non-dystrophic donor myoblasts (E, 
F) with muscle that had not received donor myoblasts (D) demonstrates the 
potential of myoblast transplantation (adapted from Rando and Blau, 1994; 
Skuk et al., 2004). 
 

Myoblast transplantation Donor nuclei Host nuclei 

Mosaic muscle fibre A 

C 

D E F 

B 



  Chapter One: Literature Review 

   14 

although it remains unclear what proportion of the transplanted cells will undergo 

this fate (Skuk et al., 2004; Skuk et al., 2010). 

 

1.2.2. Clinical trials 

 

Following the promising MTT results initially observed in the mdx mouse, clinical 

trials of myoblast transplantation began in the early 1990s amid criticisms that there 

was not enough evidence to support trials in humans (Cho, 1994).  Donor myoblasts 

were prepared from muscle biopsies of healthy parents or siblings that were cultured 

extensively to generate sufficient numbers of donor myoblasts.  The DMD patients in 

the trials were often already receiving corticosteroids as part of their condition 

management and additional immunosuppression in the form of cyclophosphamide or 

cyclosporine was also included in a number of cases (Law et al., 1990; Karpati et al., 

1993; Mendell et al., 1995; Miller et al., 1997).  The trials indicated that myoblast 

transplantation was safe, with no evidence of local or systemic complications 

(Law et al., 1990).  However, the majority of the trials were unable to demonstrate 

clear improvements in muscle strength or dystrophin production and the clinical 

trials were subsequently suspended (Gussoni et al., 1992; Huard et al., 1992; 

Karpati et al., 1993; Tremblay et al., 1993; Mendell et al., 1995; Miller et al., 1997).  

More recent trials have indicated that donor myoblasts may need to be delivered via 

a series of closely spaced injections (100 injections/cm2) for improvements in muscle 

strength or dystrophin production to be observed (Skuk et al., 2006; Skuk et al., 

2007a).  In spite of this, many aspects contributing to the relative failure of the 

clinical trials continue to be investigated in the mdx mouse model. 

 

1.2.3. Donor cell survival 

 

Following the limited success in the earlier clinical trials, it was suggested that the 

poor survival and migration of the injected myoblasts was one of the major limiting 

factors of myoblast transplantation.  A number of studies have since demonstrated 

that there is a significant decrease in the number of donor myoblasts remaining 

within the muscle during the first few days following transplantation that is not 

recovered at later time points (shown in Figure 1.5; Bosio et al., 2004; 

Sammels et al., 2004; Asakura et al., 2007).  Donor myoblast survival following  
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Figure 1.5  The survival of donor myoblasts following myoblast transplantation.  
Female mdx mice were transplanted intramuscularly with 5 x 105 male donor 
myoblasts and samples were collected at the indicated time periods following 
transplantation.  The amount of male DNA was expressed as a percentage of the T0 
control, which represents the amount of male DNA detectable at the time of 
injection.  A significant loss of donor myoblasts is observed within the first 24 hours 
following transplantation, which is then followed by further decreases in the 
percentage of donor cells remaining within the muscle.  The data presented here 
was derived via the combination of previously published results from our laboratory 
(Bosio et al., 2004; Lee-Pullen et al., 2004; Sammels et al., 2004). 
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myoblast transplantation can be quantified by transplanting donor myoblasts labelled 

with β-galactosidase or radiolabel (Skuk et al., 2003).  However, the research 

presented in this thesis utilises Y chromosome analysis, which can be done by 

southern blotting or quantitative (real time) PCR. 

 

1.2.3.1. Y chromosome detection of donor cell populations 

 

In this system of quantifying donor myoblast survival, male donor myoblasts are 

injected into female host mdx mice, permitting the survival of donor myoblasts to be 

tracked via the Y chromosome through the use of quantitative PCR with 

Y chromosome specific primers (Byrne et al., 2002; Bosio et al., 2004).  By using 

Y chromosome specific quantitative PCR, both the survival and proliferation of 

transplanted donor myoblasts can be measured.  The measurement of donor myoblast 

survival through measurement of the Y chromosome was developed in the Beilharz 

laboratory where the research presented in this thesis was undertaken (Grounds et al., 

1991; Bosio et al., 2004). 

 

1.3. FACTORS INFLUENCING DONOR MYOBLAST SURVIVAL 

 

Efforts to improve the efficacy of myoblast transplantation have focussed on 

immunological rejection and the low levels of donor myoblast migration within the 

recipient muscle.  Additional research has also aimed to identify a more appropriate 

donor cell population and optimise the delivery of the donor cells (Skuk and 

Tremblay, 2003; Cao et al., 2005). 

 

1.3.1. Immunological rejection 

 

Immunological rejection was initially investigated as the primary cause of the 

apparent rejection of the donor myoblasts throughout the clinical trials because the 

presence of donor cells and the muscle damage caused by the injection are both 

sufficient to trigger the influx of immune cells to the site (Skuk et al., 2002a; 

Skuk et al., 2003).  Specifically, the substantial loss of donor cells within the first 

week following transplantation suggested that the early immune response was critical 

(Figure 1.5; Bosio et al., 2004; Sammels et al., 2004; Asakura et al., 2007; 



  Chapter One: Literature Review 

   17 

Bouchentouf et al., 2007).  Studies investigating immune cell infiltration following 

the intramuscular transplantation of donor myoblasts have indicated that peak 

infiltration of neutrophils occurs 24 hours following transplantation.  This is then 

followed by the recruitment of a stable population of macrophages that persisted in 

the muscle throughout the following week during the period of observation 

(Skuk et al., 2003).  However, it has also been suggested that macrophages do not 

infiltrate the injection site when syngeneic cells are transplanted (Guerette et al., 

1995; Irintchev et al., 1995).  This would agree with previous findings in our model 

of syngeneic donor myoblast transplantation, where the depletion of specific cell 

populations of the innate immune system (neutrophils, macrophages and natural 

killer cells) did not lead to improved donor cell survival (Sammels et al., 2004). 

 

The infiltration of CD4+ and CD8+ T cells has also been observed following the 

transplantation of donor myoblasts, although this does not occur until one week 

following transplantation (Skuk et al., 2003; Guerette et al., 1995; Irintchev et al., 

1995; Boulanger et al., 1997).  The production of antibodies against the donor cells 

and the donor-derived dystrophin molecules has also been observed (Guerette et al., 

1995; Vilquin et al., 1995b).  For this reason, other research groups frequently make 

use of immunodeficient mouse models in their investigations of myoblast 

transplantation and it has been suggested that transplantation outcomes may be 

improved in these models (Huard et al., 1994).  Additionally, it has been 

demonstrated that transplantation outcomes are improved in mice treated with 

immunosuppressants such as tacrolimus (Camirand et al., 2001; Pavlath et al., 1994; 

Vilquin et al., 1995a; Skuk et al., 2002b).  However, while immunological rejection 

can contribute to the poor survival of donor myoblasts, these responses can be 

adequately subdued. 

 

1.3.2. Migration and fusion 

 

Following the clinical trials, it was demonstrated that donor myoblasts do not 

migrate throughout the muscle as was originally expected but instead remain within 

0.1 mm to 0.5 mm of the injection trajectory in undamaged muscle (Fan et al., 

1996b; Lafreniere et al., 2009).  However, it has also been shown that transplanted 

myoblasts are able to migrate further throughout the muscle of dystrophic mice than 

they are through undamaged muscle (Smythe et al., 2000; Silva-Barbosa et al., 
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2008).  Further investigations that induced muscle damage through the use of 

substances such as notexin indicated that the incorporation of donor cells could be 

improved in this manner (Skuk et al., 1999).  Similarly, the migration and production 

of donor-derived myofibres was improved when myoblasts were transplanted into 

muscle that had been damaged via irradiation, cryodamage or forced exercise 

(Wernig et al., 2000; Bouchentouf et al., 2006; Silva-Barbosa et al., 2008).  The 

damage of muscle prior to transplantation via the administration of substances such 

as notexin or cardiotoxin, as well as irradiation, has been frequently used during 

investigations into myoblast transplantation (Skuk et al., 1999; Collins et al., 2007). 

 

A number of studies have also attempted to improve the migration and incorporation 

of donor myoblasts by increasing the expression of certain soluble factors at the 

transplantation site.  While the increased expression of growth factors may be 

achieved by inducing the donor cells or recipient muscle to produce them (via 

transfection), these factors may also be included in the injection solution.  Some of 

the soluble factors that have been investigated and found to improve the migration of 

donor myoblasts include laminin-111 and matrix metalloproteinases 

(Goudenege et al., 2010; Wang et al., 2009; Morgan et al., 2010).  Additionally, 

hepatocyte growth factor, fibroblast growth factor, insulin-like growth factor-1 and 

platelet-derived growth factor have all been shown to increase the migration of 

satellite cells and the proliferation of transplanted myoblasts (Siegel et al., 2009; 

Yanagiuchi et al., 2009). 

 

1.3.3. Myogenic donor cell sources 

 

Although cultured myoblasts have been the typical donor cell population throughout 

investigations of myoblast transplantation, a number of other cell types from various 

muscle and non-muscle sources have been investigated for their use in the treatment 

of muscular dystrophies (Skuk and Tremblay, 2003; Peault et al., 2007; Price et al., 

2007).  Apart from the ability to proliferate within muscle and fuse with existing 

muscle to produce functional dystrophin protein, the ideal donor cell population 

should also be able to incorporate into the satellite cell position and be involved in 

multiple occurrences of regeneration, have some migratory ability or able to be 

delivered systemically and be easily obtainable.  Some of the alternative donor cell 

sources are reviewed below. 
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1.3.3.1. Isolated satellite cells 

 

While the myoblast isolation procedure has been refined over the years since the 

clinical trials, there are still concerns that myoblasts lose some of their regenerative 

capacity during culture.  In particular, the majority of cultured myoblasts express 

MyoD, which indicates they are committed myogenic progenitors and may have 

reduced capacity to integrate into muscle within the satellite cell niche (Lee et al., 

2000; Asakura et al., 2001).  Satellite cells have always been the ideal donor cell 

population, but the difficulty in isolating pure populations in the numbers necessary 

for transplantation have meant that these cells have never been considered a viable 

option.  However, the production of transgenic mice that have a GFP reporter linked 

to the Pax3 gene has allowed the potential of this cell population to be properly 

investigated (Relaix et al., 2005).  When satellite cells were isolated from the 

diaphragm muscle of these mice and transplanted intramuscularly into dystrophic 

mice, high levels of dystrophin expression were observed within the recipient 

muscle.  Additionally, the GFP expressing donor cells could be isolated from the 

recipient muscle one month later, indicating that the donor cells had incorporated 

into the satellite cell niche (Montarras et al., 2005). 

 

While this original study relied on the use of transgenic donor mice, further research 

has indicated that cell surface molecules such as CD34, CXCR4, α7 integrin and β1 

integrin can also be used to isolate satellite cell populations (Montarras et al., 2005; 

Cerletti et al., 2008; Sacco et al., 2008).  However, one of these studies suggested 

that only a small proportion of the isolated satellite cells were responsible for the 

majority of donor cell incorporation and protein production that was observed 

(Sacco et al., 2008).  Therefore, further characterisation of satellite cell populations 

may indicate additional cell surface molecules that could be used to isolate highly 

regenerative donor cell populations from muscle. 

 

1.3.3.2. Bone marrow-derived cells 

 

The reconstitution of haematopoietic cells via the transplantation of bone marrow has 

been used to treat a variety of cancers and immune disorders for over 50 years 

(Copelan, 2006) and the observation of bone marrow-derived cells within skeletal 

muscle suggested the possibility of muscle repair via the reconstitution of bone 
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marrow (Ferrari et al., 1998; Sherwood et al., 2004).  The transplantation of either 

whole bone marrow or sub-populations, such as Hoechst dye-excluding side 

population cells, led to low levels of donor cell incorporation into muscle whether 

the cells were transplanted intramuscularly, intravenously or via bone marrow 

reconstitution (Ferrari et al., 1998; Gussoni et al., 1999; Gussoni et al., 2002).  

Additionally, the induction of muscle regeneration via cardiotoxin injury or exercise 

prior to transplantation led to an approximate 10-fold increase in the level of donor 

cell incorporation into muscle (Camargo et al., 2003; Corbel et al., 2003; 

Palermo et al., 2005).  However, it is unclear whether bone marrow is capable of 

producing committed muscle progenitor cells that can incorporate into the satellite 

cell position, or whether cells recruited from the circulation fuse directly into muscle 

during regeneration bypassing the muscle progenitor stage (LaBarge and Blau, 

2002). 

 

More recent research has identified a progenitor population characterised by 

expression of AC133+ that is present at low levels in human peripheral blood and is 

capable of differentiating into myogenic, haematopoietic and endothelial cell types 

when provided with the appropriate stimuli (Torrente et al., 2004).  Additionally, 

functional and histological studies have indicated that these cells could provide 

functional recovery of dystrophic muscle when transplanted via femoral artery 

(Torrente et al., 2004).  Therefore, the isolation of bone marrow-derived progenitors 

may represent a feasible approach for the repair of skeletal muscle, although 

reconstitution of the bone marrow is unlikely to be useful, but the introduction of 

cells via major arteries may provide sufficient opportunity for the cells to integrate. 

 

1.3.3.3. Vessel-associated cells 

 

Migratory ability is one of the major desirable qualities of a donor cell population for 

muscle repair, and progenitors expressing a combination of myogenic and 

endothelial characteristics have been identified.  These cells, termed 

mesoangioblasts, were originally observed in the dorsal aorta of embryonic mice and 

are capable of differentiating into most mesodermal tissues, hence the dual myogenic 

and endothelial characteristics (Minasi et al., 2002).  Similar cells have also been 

identified in the limb muscles of mice during the foetal stage of development and 

post-natally in three week old mice (Le Grand et al., 2004; Tamaki et al., 2002).  
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Isolated mesoangioblasts form clonal colonies resembling satellite cells, can form 

myotubes when exposed to differentiation media and express both myogenic and 

endothelial markers (De Angelis et al., 1999).  Transplantation experiments have 

demonstrated that mesoangioblasts delivered via femoral artery are able to engraft 

throughout the adjacent muscles, producing large areas of muscle with improved 

histology and donor-derived satellite cells, as well as producing functional 

improvement as measured by the specific tension of muscle (Sampaolesi et al., 

2003).  Significant recovery of muscle function has also been observed following the 

arterial delivery of mesoangioblasts into dystrophic dogs (Sampaolesi et al., 2006). 

 

Tracking of the mesoangioblasts in the mouse model has demonstrated that a small 

number of cells were able to migrate to muscles of the contralateral limb while a 

reasonable percentage of the transplanted cells end up in filter organs such as the 

liver, spleen and lungs (Sampaolesi et al., 2003; Galvez et al., 2006).  However, the 

migration of mesoangioblasts into muscle was significantly improved by pre-treating 

the donor cells with TNF-α and SDF-1 or by inducing expression of α4 integrin in 

the donor cells (Galvez et al., 2006).  It has recently been suggested that 

pericyte-derived cells isolated from interstitial tissues of adult skeletal muscle may 

be the adult equivalent to mesoangioblasts as they are also capable of integrating into 

skeletal muscle following transplantation via the femoral artery although functional 

improvement was less apparent (Dellavalle et al., 2007).  Therefore, the potential 

application of mesoangioblast cells appears promising, and further research to 

identify and characterise equivalent cells within adult tissue continues to improve the 

clinical potential of these cells. 

 

1.3.3.4. Embryonic stem cells 

 

Embryonic stem cells have been an exciting area of research for a number of years 

due to the myriad of potential applications these cells could have.  When provided 

with the appropriate growth factors, embryonic stem cells can differentiate along 

many lineages such as the adipogenic, chondrogenic, osteogenic or myogenic 

pathways (Barberi et al., 2005).  A number of studies have indicated that embryonic 

stem cells that have been induced towards myogenesis are able to fuse with recipient 

muscle following intramuscular transplantation where they produce donor-derived 

proteins such as dystrophin and integrate into the satellite cell niche 
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(Bhagavati et al., 2005; Darabi et al., 2008; Chang et al., 2009).  Considering the 

ethical concerns inherent in the use of embryonic stem cells, an alternative approach 

utilising induced pluripotent stem cells has been suggested.  These cells are derived 

from adult somatic cells but have similar properties to embryonic stem cells.  When 

induced pluripotent stem cells that have been induced towards myogenesis are 

transplanted intramuscularly they are also able to produce dystrophin-positive fibres 

and donor-derived satellite cells (Mizuno et al., 2010).  However, these types of cells 

must be carefully purified to ensure that tumourigenic cells are removed from the 

donor cell population prior to transplantation (Darabi et al., 2008). 

 

1.3.4. Donor cell delivery approaches 

 

In the majority of investigations into myoblast transplantation, the donor myoblasts 

have been delivered via an intramuscular injection into the recipient muscle.  

However, the myoblasts have never been observed to move very far within the 

muscle, with most reports indicating a movement of approximately 0.1-0.5 mm in 

the absence of severe muscle damage (Fan et al., 1996b; Lafreniere et al., 2009).  

Attempts at intra-arterial or intravenous delivery of donor myoblasts have also been 

relatively unsuccessful as the donor myoblasts lack the necessary extravasation 

properties that would allow them to cross the endothelial wall and move into the 

muscle (Torrente et al., 2001; Torrente et al., 2003; Dellavalle et al., 2007).  Other 

donor cell delivery methods include the transplantation of isolated myofibres or the 

transplantation of whole or sliced muscle grafts (Fan et al., 1996a; Collins et al., 

2005; Collins et al., 2007).  Transplanting donor cells in this manner does seem to 

lead to improved transplantation outcomes but it is unclear whether this is because 

the donor cells are delivered in a way that provides them with a support structure or 

because the isolation procedure leaves the donor cells relatively undisturbed. 

 

1.4. THESIS OBJECTIVES 

 

As demonstrated above, there are a number of factors that can affect the success of 

myoblast transplantation.  It is clear from Figure 1.5 that a large decrease in donor 

myoblast survival is observed within the first week following transplantation, which 

could be due to any one or combination of these factors.  However, the majority of 
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the previous research has focussed on the production of donor-derived 

(dystrophin-positive) fibres within the recipient tissue.  Therefore, the research 

presented within this thesis is focussed on improving in vivo survival of donor 

myoblasts via: 

 

 Reviewing basic parameters of the myoblast transplantation procedure such 

as the use of immunodeficient mice, optimising the number of cells 

transplanted and the induction of regeneration prior to transplantation. 

 

 Determining whether satellite cells isolated for their expression of CD34 

display improved survival in vivo. 

 

 Investigating the transplantation of donor cells on isolated myofibres and 

artificial supports. 
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2.1. EXPERIMENTAL ANIMALS 

 

Male C57BL/10Sn, female C57BL/10Snmdx (mdx) and female CB17.Prkdcscid (SCID) 

mice were obtained from the Animal Resource Centre, Murdoch.  All mice used 

throughout this project were between the ages of four and eight weeks.  The mice 

were specific pathogen-free and maintained under standard housing conditions and 

guidelines for the care and use of laboratory animals in the M Block Animal Facility 

at the QEII Medical Centre, Perth.  All animal experiments were performed with the 

approval of the Animal Ethics Committee of the University of Western Australia 

(Approval code: 05/100/161 and 09/100/842). 

 

2.2. PRIMERS 

 

The Y chromosome specific primers used to quantify donor myoblast survival during 

this project are based on the zfy1 sequence.  A 40 base pair region of the target gene 

is flanked by the sense (5’ TGGAGAGCCACAAGCTAACCA 3’) and antisense 

(5’ TCCCAGCATGAGAGAAAGATTCTTC 3’) primers to produce an 

81 nucleotide product, of which four copies are produced per male cell (Byrne et al., 

2002).  The forward and reverse primers were both reconstituted in TE buffer to a 

final concentration of 27 pmol/μl. 

 

2.3. TISSUE CULTURE MEDIA 

 

Primary Murine Myoblast and Isolated Myofibre Tissue Culture Media 

The primary murine myoblasts and isolated myofibres were cultured in F-10 nutrient 

media supplemented with 10% (v/v) of foetal calf serum (FCS), 10% (v/v) of horse 

serum, 0.5% (v/v) of chick embryo extract, 4 mM of L-glutamine, 100 IU/ml of 

penicillin, 100 μg/ml of streptomycin and 12.5 ng/ml of basic fibroblast growth 

factor. 

 

Primary Murine Fibroblast Tissue Culture Media 

The primary fibroblasts were maintained in minimal essential medium (MEM) 

supplemented with 10% (v/v) of FCS and 2 mM of L-glutamine. 
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2.4. SOLUTIONS AND BUFFERS 

 

All buffers and solutions were prepared in deionised distilled water unless otherwise 

stated and adjusted to the appropriate pH by the dropwise addition of HCl or NaOH.  

Reagents that required sterilising were either autoclaved at 121°C for 15 minutes or 

filtered through a micropore filter prior to storage. 

 

Buprenorphine Analgesic 

To make 12 ml 

 Prepare a bottle with 11 ml of water for injection. 

 Add 1 ml of buprenorphine (0.6 mg/ml). 

 Store at 4°C in a secure container. 

 

10 mM CaCl2 

To make 100 ml 

 Dissolve 110 mg of CaCl2 in 100 ml of ddH2O. 

 Sterilise by autoclaving. 

 

10-5 M Cardiotoxin 

To make 15 ml 

 Dissolve 1 mg of cardiotoxin in 15 ml of water for injection. 

 Aliquot and store at -20°C. 

 

Dulbecco’s Modified Eagle Medium (DMEM) 

To make 500 ml 

 Dissolve 5 g of DMEM powder and 1.85 g of NaHCO3 in 500 ml of ddH2O. 

 Adjust the pH to 7.1 (pH will rise approximately 0.3 following filtration). 

 Sterilise through a 0.2 μm filter and store at 4°C. 

 

DNase I 

To make 2.3 ml 

 Dissolve 23 mg of DNase I in 1.3 ml of 10 mM CaCl2 and 1 ml of ddH2O.

 Sterilise through a 0.2 μm filter and store at -20°C. 
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0.5 M EDTA 

To make 500 ml 

 Dissolve 73 g of EDTA in 500 ml of PBS with stirring. 

 Sterilise by autoclaving. 

 

FACS Buffer 

To make 100 ml 

 Dissolve 352 mg of NaN3 in 100 ml of PBS. 

 Sterilise by autoclaving. 

 Before use add 5 ml of FCS. 

 Store the solution at 4°C once FCS has been added. 

 

0.1% Gelatin 

To make 500 ml 

 Dissolve 500 mg of gelatin in 500 ml of ddH2O. 

 Sterilise by autoclaving and store at 4°C. 

 

Hank’s Balanced Salt Solution (HBSS) 

To make 500 ml 

 Dilute 50 ml of the 10× solution in 450 ml of ddH2O. 

 Adjust the pH to 7.1 (pH will rise approximately 0.3 following filtration). 

 Sterilise through a 0.2 μm filter and store at 4°C. 

 

Ketamine/Xylazine Anaesthetic 

To make 10 ml 

 Prepare a bottle with 8.5 ml of water for injection. 

 Add 1 ml of ketamine (100 mg/ml) and 500 μl of xylazine (20 mg/ml). 

 Store at 4°C in a secure container. 

 

L-Glutamine for Growth Media 

To make 250 ml 

 Dissolve 7.3 g of L-Glutamine in 250 ml of ddH2O with stirring. 

 Sterilise through a 0.45 μm filter and store at -20°C. 
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PBS 

To make 1 L 

 Dissolve 10 PBS tablets in 1 L of ddH2O. 

 Sterilise by autoclaving. 

 

Proteinase K Buffer 

To make 100 ml 

 Dissolve 605 mg of Tris and 110 mg of CaCl2 in 100 ml of ddH2O. 

 Sterilise by autoclaving. 

 

Sort Buffer 

To make 100 ml 

 Dissolve 29.2 mg of EDTA in 100 ml of PBS. 

 Sterilise by autoclaving. 

 Before use add 1 ml of FCS. 

 Store the solution at 4°C once FCS has been added. 

 

TE Buffer 

To make 100 ml 

 Add 1 ml of 1 M Tris and 200 μl of 0.5 M EDTA to 98.8 ml of ddH2O. 

 Adjust the pH to 8.0 and autoclave. 

 

1 M Tris 

To make 500 ml 

 Add 60.5 g of Tris to 500 ml of ddH2O. 

 Adjust the pH to 8.0 and autoclave. 

 

2.5. REAGENTS AND EQUIPMENT 

 

The reagents and equipment used during the course of research completed for this 

thesis are listed in the following tables (Table 2.1, 2.2, 2.3 and 2.4). 
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Table 2.1  Reagents. 
 

Reagent Supplier Product 
Number 

7-AAD Viability Staining Solution eBioscience 00-6993-50 

Calcium Chloride (CaCl2) BDH Chemicals 10070 

Cardiotoxin from Naja naja atra Sigma-Aldrich C3987 

Chicken Embryo Extract MP Biomedicals 2850145 

Collagenase Type I Invitrogen 17100-017 

Collagenase Type II Invitrogen 17101-015 

Cytodex Microcarrier Beads (Cytodex 3) Sigma-Aldrich C3275 

Dimethylsulphoxide (DMSO) Sigma-Aldrich D2650 

Dispase Invitrogen 17105-041 

DNase I Sigma-Aldrich D4527 

Dulbecco’s Modified Eagle Medium (DMEM) Invitrogen 31600-083 

Ethanol, Absolute Ajax Finechem 214-2.5L 

Ethylenediaminetetraacetic Acid (EDTA) BDH Chemicals 10093 

F-10 Nutrient Mixture Invitrogen 11550-043 

F-10 Nutrient Mixture with 25 mM HEPES Invitrogen 12390-035 

Foetal Calf Serum (FCS) Invitrogen 10099-141 

Gelatin BDH Chemicals 44045 

Gentamycin for Injection Pfizer - 

Hanks’ Balanced Salt Solution (HBSS) 10× Invitrogen 14185-052 

Horse Serum Invitrogen 16050-122 
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Table 2.1  Reagents (continued). 
 

Reagent Supplier Product 
Number 

Ilium Xylazil-20 (Xylazine) 20 mg/ml Troy Laboratories - 

IMag Buffer 10× BD 552362 

Ketamine Injection (Ketamine) 100 mg/ml Parnell 
Laboratories - 

L-Glutamine Sigma-Aldrich G3126-
100G 

Methanol Merck Chemicals 410232 

Minimal Essential Medium (MEM) Invitrogen 11090-081 

Penicillin-Streptomycin Invitrogen 15140-122 

Penthrox (Methoxyfluorane) 
Medical 

Developments 
Intl. 

- 

Percoll GE Healthcare 
Life Sciences 17-0891-01 

Phosphate Buffered Saline Dulbecco A Tablets Oxoid BR0014 

Proteinase K Ambion AM2544 

Recombinant Human FGF-basic Peprotech 100-18B 

RNase A Qiagen 19101 

Sodium Azide (NaN3) LabChem 201836 

Sodium Hydrogen Carbonate (NaHCO3) BDH Chemicals 10247 

Temegesic Injection (Buprenorphine) Reckitt Benckiser - 

Tris Invitrogen 15504-020 

Trypan Blue (0.4% solution) Sigma-Aldrich T8154 

Trypsin/EDTA (0.25% solution) Sigma-Aldrich T4049 

Water for Injection Pfizer - 
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Table 2.2  Antibodies. 
 

Antibody 
target Clone Conjugate Supplier Product 

Number 

CD34 RAM34 PE eBioscience 12-0341 

CD45 30-F11 FITC eBioscience 11-0451 

Sca-1 D7 APC eBioscience 17-5981 

PE E31-1459 Magnetic 
particles BD 557899 

Desmin 33 None BioGenex AM072-5M 
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Table 2.3  Kits. 
 

Kit Supplier Product 
Number 

Fluorescent DNA Quantitation Kit Bio-Rad 170-2480 

iTaq SYBR Green Supermix with ROX Bio-Rad 172-5851 

QIAamp DNA Mini Kit Qiagen 51306 

Ultra Streptavidin DAB Detection Kit Covance (Signet) SIG-32256 
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Table 2.4  Equipment. 
 

Equipment Supplier Product 
number 

Cell Strainer with 40 μm Nylon Mesh BD 352340 

Conical 
Centrifuge Tubes 

50 ml 
BD Falcon 

352098 

15 ml 352099 

Corning Roller Bottles Sigma-Aldrich CLS430851 

Culture Flasks 

225 cm2 

Nunc 

159934 

75 cm2 156499 

25 cm2 136196 

Cryovials Nunc 375418 

F96 MicroWell Plates (Black) Nunc 237105 

Filtration Units 

Acrodisc Syringe Filter         
(0.2 μm) 

PALL Life 
Sciences 

4612 

Acrodisc Syringe Filter 
(0.45 μm) 4614 

VacuCap 90 Filter Unit         
(0.2 μm) 4622 

IMagnet (Cell Separation Magnet) BD 552311 

Lab-Tek II Chamber Slide System (8 wells) Nunc 154534 
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Table 2.4  Equipment (continued). 
 

Equipment Supplier Product 
number 

LightCycler 480 Multiwell Plate (96 Wells) Roche 04729692001 

Multiwell Culture Dish (12 Wells) Nunc 150628 

Neubauer Chamber Hawksley - 

Petri Dishes 
100 mm × 15 mm 

BD Falcon 
351029 

50 mm × 9 mm 351006 

Round Bottom Tubes BD Falcon 352058 

Surgical Blades, Stainless No. 23 Paramount 
Surgimed - 

Syringes and 
Needles 

10cc Slip Tip Syringe 

Terumo 

SS-10S 

19G Hypodermic Needle NN-1925R 

26G Hypodermic Needle NN-2613R 

701RN 10 μl Syringe 
Hamilton 

7635-01 

701LT 10 μl Syringe 80301 

Insulin Syringe (0.5 ml, 
31G) BD 328468 
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3.1. PREPARATION OF PRIMARY CELLS 

3.1.1. Primary murine myoblast culture 

 

The male donor myoblasts used in this project were prepared following a variation of 

the protocol detailed in Gharaibeh et al. (2008).  Four male C57BL/10Sn mice (4-6 

weeks old) were anaesthetised by methoxyfluorane inhalation and euthanised by 

cervical dislocation before being submerged in a 70% ethanol bath.  All hind limb 

muscles (including the gluteal muscles) were removed by dissection while taking 

care to remove any fibrous and connective tissue from each muscle.  The muscles 

were placed in 40 ml of DMEM containing 20 μg/ml of gentamycin as they were 

dissected and then rinsed twice with unsupplemented DMEM before being finely 

minced in a Petri dish using scalpel blades. 

 

The minced tissue was placed in a 50 ml conical tube containing 20 ml of a 0.2% 

collagenase solution (Type I, prepared in HBSS with 10 μg/ml of DNase I) and 

incubated on a mixing wheel at 37°C for 1 hour.  The preparation was centrifuged at 

1000g for 5 minutes, the supernatant discarded and the pellet resuspended in 20 ml 

of dispase (2.4 U/ml, prepared in HBSS with 10 μg/ml of DNase I).  The 

enzyme-tissue solution was then incubated on a mixing wheel at 37°C for 45 minutes 

before being centrifuged again at 1000g for 5 minutes.  The supernatant was 

discarded and the pellet was resuspended in 10 ml of a 0.1% trypsin solution (diluted 

in PBS and containing 10 μg/ml of DNase I) before being incubated for 30 minutes 

on a mixing wheel at 37°C.  After centrifugation for 5 minutes at 1000g, the 

supernatant was discarded and the cell pellet was resuspended in 30 ml of 

supplemented F-10 nutrient media. 

 

Figure 3.1 details the pre-plating procedure used to isolate myogenic cells from the 

primary culture based on the time taken to adhere to the culture flask.  Later pre-plate 

cell populations (those that are slower to adhere) are characteristically enriched for 

myogenic cells Gharaibeh et al. (2008).  The cell suspension was transferred to a 

gelatin coated culture flask (75 cm2) and incubated at 37°C for 2 hours.  The cells 

that adhered to this culture flask were designated as pre-plate 1 (or PP1).  Following 

this 2 hour incubation, the culture supernatant was transferred to another gelatin 

coated flask (PP2) and incubated at 37°C for 24 hours.  This procedure of 

transferring the culture supernatant was continued at 24 hour intervals to generate the  
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Figure 3.1  Pre-plate procedure to purify primary culture for myoblasts. 
 

PP1 

PP2 

PP3 

PP4 

PP5 

PP6 

2 hours 

24 hours 

24 hours 

24 hours 

24 hours 

Following enzymatic digestion, 
the cell suspension is incubated 
for 2 hours. The cells that adhere 
to the flask during this time are 
termed pre-plate (PP)1. 

The culture supernatant 
(containing non-adhered 
cells) is transferred to a 
new flask and incubated 
for 24 hours.  Cells that 
adhere during this time 
are termed PP2. 

This procedure of transferring the culture supernatant is 
continued at 24 hour intervals to generate later pre-plate 
cultures. 
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PP3, PP4, PP5 and PP6 cultures (as well as later pre-plates).  The PP6 cultures were 

kept and expanded for use in this project. 

 

3.1.2. Primary murine fibroblast culture 

 

The adult murine fibroblasts used in this project were prepared using the protocol 

detailed above for the isolation of primary myoblasts except all associated 

connective tissue was included with the muscles during the procedure (as opposed to 

being removed prior to mincing).  The resulting cell suspension was then plated on 

an uncoated flask and incubated at 37°C for 1 hour before the culture supernatant 

was removed and replaced with supplemented F-10 nutrient media (the primary 

fibroblasts adhered to flask during this one hour incubation).  At the first passage the 

fibroblasts were transferred to gelatin-coated flasks and maintained in supplemented 

MEM. 

 

3.2. MAINTENANCE OF ADHERENT CELL LINES AND PRIMARY 

CULTURES 

 

Primary myoblasts and fibroblasts were used throughout the course of this project.  

The primary myoblasts were maintained in supplemented F-10 nutrient media and 

seeded at a density of 1.5 x 104 cells/cm2 onto gelatin-coated flasks.  The primary 

fibroblasts were maintained in supplemented MEM and seeded at a density of 5 x 103 

cells/cm2 onto gelatin-coated flasks. 

 

3.2.1. Gelatin coating of tissue culture flasks 

 

Tissue culture flasks were coated with 0.1% gelatin at 80 μl/cm2 and incubated 

overnight at 37°C.  Excess gelatin was removed from the flask immediately prior to 

use. 

 

3.2.2. Cell passage 

 

Cell cultures were maintained at 37°C with 5% CO2/95% air and the replacement of 

the culture media (15 ml in a 75 cm2 flask) every second day.  When cell confluence 
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reached about 70-80% the culture media was removed and the cells were rinsed in 

the flask once with 5 ml of PBS.  The cells were then harvested from the culture 

flask by the addition of 1 ml of 0.25% trypsin/EDTA.  After 1 to 2 minutes the 

trypsin was inactivated by the addition of an equal volume of FCS.  Viable cell 

counts were performed using a Neubauer chamber with trypan blue exclusion.  

Meanwhile the cells were centrifuged at 200g for 5 minutes and the supernatant was 

discarded.  The cells were resuspended in culture media and reseeded at the 

appropriate density. 

 

3.2.3. Cryopreservation of cells 

 

The cells were harvested from the culture flask and washed as described in 

Section 3.2.2.  The cell pellet was then resuspended in 90% supplemented culture 

media and 10% DMSO (at 3.5 x 106 cells/ml for the primary myoblasts and 1.2 x 106 

cells/ml for the primary fibroblasts) and 1 ml aliquots of this cell suspension were 

transferred into 1.8 ml cryovials which were slowly cooled in insulated containers to 

-80°C before being transferred to liquid nitrogen storage. 

 

3.2.4. Resuscitation of frozen cells 

 

After removal from -80°C storage the cells were thawed immediately in a 37°C 

waterbath.  The cell suspension was then transferred to a 15 ml conical tube 

containing 10 ml of culture media and centrifuged at 200g for 5 minutes.  The 

supernatant was discarded and the cell pellet was resuspended in the appropriate 

tissue culture media and transferred to a culture flask. 

 

3.3. ISOLATION AND ANALYSIS OF SATELLITE CELL POPULATIONS 

3.3.1. Preparation of muscle precursor cells from hind limb muscles 

 

Each male C57BL/10Sn mouse (4-6 weeks old) was anaesthetised by 

methoxyfluorane inhalation and euthanised by cervical dislocation before being 

submerged in a 70% ethanol bath.  All hind limb muscles (including the gluteal 

muscles) were removed by dissection while taking care to remove any fibrous and 

connective tissue from each muscle.  The muscles were placed in 20 ml of DMEM as 
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they were dissected and then finely minced in a Petri dish using scalpel blades.  The 

minced tissue was placed in a 15 ml conical tube containing 5 ml per mouse of a 

0.2% collagenase solution (Type I, prepared in DMEM) and incubated on a mixing 

wheel at 37°C for 1 hour.  The solution was then centrifuged at 400g for 15 minutes 

and the supernatant discarded before the pellet was resuspended in 10 ml of DMEM 

supplemented with 4 mM L-glutamine and 1% (v/v) Penicillin/Streptomycin.  This 

was repeated once and the pellet was resuspended in 10 ml of DMEM supplemented 

with 10% (v/v) horse serum, 4 mM L-glutamine and 1% (v/v) 

Penicillin/Streptomycin.  The cell suspension was then triturated for 5 minutes 

through a 19 G needle mounted on a 10 ml syringe before being filtered through 

40 μm nylon mesh to remove large debris and myofibres.  The filtered cell 

suspension was centrifuged for 15 minutes at 400g and the supernatant was discarded 

before the pellet was resuspended in FACS buffer or sorting buffer as required by the 

subsequent procedure. 

 

3.3.2. Staining of muscle precursor cells for isolation and analysis 

 

Single cell suspensions were prepared from hind limb muscle as described in 

Section 3.3.1, or cultured cells were detached from the culture surface by 

trypsinisation as described in Section 3.2.2.  The cells were then resuspended in 

100 μl of FACS buffer (the cells recovered from each mouse required 1 ml) and the 

appropriate fluorescently labelled antibodies were added at the concentrations 

indicated in Table 3.1.  The cells were then incubated for 20 minutes at 4°C.  

Following incubation, the samples were flooded with 1 ml of FACS buffer and 

centrifuged for 15 minutes at 400g.  The supernatant was discarded and the pellet 

was resuspended in 500 μl of FACS buffer before being centrifuged again for 

15 minutes at 400g.  Following the removal of the supernatant the pellet was 

resuspended in 100 μl (or 1 ml/mouse) of FACS buffer and 5 μl of 7-AAD was 

added for every 100 μl of solution.  The samples were incubated for 5 minutes at 

room temperature before the samples were flooded again with 1 ml of FACS buffer 

and centrifuged for 15 minutes at 400g.  The supernatant was discarded and the cells 

were resuspended in 500 μl of FACS buffer for analysis (cells that were being 

prepared for sorting were resuspended in sort buffer – sort buffer was also used in 

place of FACS buffer in all instances mentioned above). 
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Table 3.1  Volume and concentration of antibodies used for flow cytometry. 
 

Antibody Conjugate Reagent 
Concentration Volume/100 μμ l Final 

concentration 

CD34 PE 0.2 mg/ml 5 μl 10 μg/ml 

CD45 FITC 0.5 mg/ml 0.5 μl 2.5 μg/ml 

Sca-1 APC 0.2 mg/ml 0.25 μl 0.5 μg/ml 
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3.3.3. Acquisition and analysis of flow cytometry data 

 

Flow cytometric acquisition was carried out using a BD FACSCanto II with the use 

of BD Diva software at the Centre for Microscopy, Characterisation and Analysis 

and the data was analysed using FlowJo software from TreeStar Inc. 

 

3.3.4. Sorting of satellite cell populations 

3.3.4.1. Fluorescence activated cell sorting 

 

Dr Kathy Heel-Miller and Ms Tracey Lee-Pullen of the Centre for Microscopy, 

Characterisation and Analysis performed the sorting procedure using a 

BD FACSVantage cell sorter.  The cells were sorted into chilled, FCS coated 

collection tubes that contained 1 ml of FCS and transported back to the laboratory on 

ice to be prepared for culture as described in Section 3.2 or transplantation as 

described in Section 3.8. 

 

3.3.4.2. Immunomagnetic cell sorting 

 

The cells were positively selected for CD34 expression via the use of an anti-mouse 

CD34 antibody conjugated to phycoerythrin (PE) and anti-PE magnetic particles.  

The cells were labeled with the anti-mouse CD34 antibody as described above 

(Section 3.2.2) and resuspended in BD IMag buffer and centrifuged for 15 minutes at 

400g.  The supernatant was discarded and 50 μl of the magnetic particles were added 

for every 1 x 107 cells before the solution was incubated at 4°C for 30 minutes.  

Following the incubation, BD IMag buffer was added to a concentration of 2 x 107 

cells/ml and the cell suspension was transferred to a round bottom tube before being 

placed on the BD cell separation magnet for 8 minutes.  The supernatant was 

aspirated and the cells were resuspended in BD IMag buffer.  The process of 

incubating the cells on the magnet and aspirating the supernatant was repeated twice 

before the final preparation was resuspended in 500 μl of FACS buffer for analysis. 
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3.4. ISOLATION OF SINGLE FIBRES FROM THE FLEXOR DIGITORUM 

BREVIS MUSCLE 

3.4.1. Dissection of the flexor digitorum brevis muscle 

 

Single myofibres were prepared from the flexor digitorum brevis (FDB) muscle 

using the procedure detailed in Shefer and Yablonka-Reuveni (2005) with some 

variations as described in Ravenscroft et al., (2007).  The FDB muscles are located 

on the base of the hind feet with tendons connecting to the heel and reaching out to 

the digits at either end of the muscle.  The male C57BL/10Sn mice (4-6 weeks old) 

were anaesthetised by methoxyfluorane inhalation and euthanised by cervical 

dislocation before being submerged in a 70% ethanol bath.  The mouse was secured 

(facing upwards) to a dissecting board by pinning the forelimb diagonally across 

from the hind limb to be dissected before the skin around the top of the ankle was cut 

using a scalpel.  An incision was then made along the centre of the foot 

longitudinally and the skin was removed from each side of the foot by holding the 

skin with forceps while using the scalpel to carefully cut the connective tissue 

between the skin and muscle.  Following this procedure the skin was completely 

pulled back from the foot with the FDB muscle exposed on the back of the foot all 

the way to the tendons reaching the digits. 

 

The mouse was then turned over and the forelimb was pinned again in addition to the 

hindlimb, which was secured by the skin that was cut back from the foot.  The 

connective tissue on each side of the FDB was disrupted by running the tip of the 

scalpel blade along each side of the muscle.  Following this step the tip of a pair of 

rounded forceps was inserted between the muscle and the tendon lying underneath it.  

The FDB was gently lifted up with the forceps so that the scalpel blade could be 

gently placed in between with the blade facing the heel and then carefully cut the 

connective tissue underneath the muscle using the forceps to lift the muscle out of 

the way of the scalpel.  As much tendon as possible was released and then cut at the 

top using the scalpel blade before the process of cutting the connective tissue under 

the muscle was repeated, this time moving towards the digits and handling the 

muscle by the tendon that had just been cut.  When the tendons at the digits had been 

released they were also cut and the muscle was transferred to a warm dish of DMEM 

while the dissection was repeated for the other hind limb and any other mice. 
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3.4.2. Preparation of single muscle fibres from the flexor digitorum 

brevis muscle 

3.4.2.1. Original myofibre isolation procedure 

 

The original procedure was carried out as described in Shefer and Yablonka-Reuveni 

(2005).  The isolated FDB muscles were transferred to the well of a 12-well plate 

(two FDB muscles per well) containing 1 ml of 0.2% collagenase (Type II, prepared 

in HBSS) and incubated at 37°C for 90 minutes before being transferred to a Petri 

dish containing 8 ml of DMEM supplemented with 10% FCS, 4 mM L-glutamine 

and 1% (v/v) Penicillin/Streptomycin.  The muscles were viewed under a stereo 

dissecting microscope to identify the connective tissue, which was removed using 

fine-point forceps.  At this point all plastic Petri dishes, conical tubes and pipettes 

were coated with horse serum prior to use to prevent the fibres from adhering. 

 

The FDB muscles were transferred into a Petri dish containing 8 ml of the DMEM 

mixture and viewed under the stereo dissecting microscope.  While holding the 

muscle by the tendon any remaining connective tissue was removed and the muscle 

was divided into three parts by separating the lateral tendons from the central tendon 

and placed in a new dish containing 5 ml of supplemented DMEM mixture.  One pair 

of fine-forceps was used to hold each piece of muscle by its tendon while running 

another pair of fine-forceps along the tendon to gently release the myofibres.  Once 

all of the myofibres had been released the tendons were removed from the dish and 

the myofibre clumps were gently triturated with a P1000 pipette followed by a P200. 

 

Three 15 ml conical tubes were prepared, each containing 10 ml of DMEM with 

10% horse serum.  The myofibres were layered over the solution in the first tube and 

incubated at room temperature for 20 minutes after which the supernatant was 

aspirated leaving approximately 1.5 ml of liquid at the bottom of the tube.  This 

procedure was repeated twice to remove cells and fibre debris from the preparation 

before the myofibres were briefly centrifuged at 400g.  The supernatant was 

discarded and the myofibres were resuspended in PBS. 
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3.4.2.2. Alterations to the original protocol 

 

The protocol described in Ravenscroft et al., (2007) was also investigated for use in 

isolating FDB myofibres.  This procedure differed from that detailed above in 

Section 3.4.2.1 in that the enzyme solution was supplemented with 10% FCS and the 

muscles were incubated in DMEM containing 10% FCS, 4 mM L-glutamine, 

100 U/ml penicillin and 100 μg/ml streptomycin for 15 minutes before proceeding 

with trituration.  Additionally, the connective tissue was not removed with forceps, 

instead the myofibres were separated out following the enzyme incubation by 

triturating the muscle with a series of pipette tips as described above and the 

connective tissue (which had been reduced to single cells at this point) was discarded 

during the sedimentation of myofibres in DMEM with 10% horse serum. 

 

The use of FCS in the enzyme solution and the 15 minute “rest” period following 

digestion was also incorporated into the procedure detailed above in Section 3.4.2.1 

and has been referred to as the combined method in the relevant results chapter.  This 

combined method was further optimised by lengthening the enzyme incubation time 

to two hours which was performed as two separate one hour incubations which were 

each followed by the 15 minute “rest” period and removal of any easily detachable 

connective tissue.  The final centrifugation was also refined to 100g for 30 seconds 

as it was possible to sediment the myofibres under these conditions and the faster 

speed was found to negatively affect the viability of the myofibre preparation. 

 

3.4.2.3. Final myofibre isolation procedure 

 

The isolated FDB muscles were transferred to the well of a 12-well plate (two FDB 

muscles per well) containing 1 ml of 0.2% collagenase (Type II, prepared in HBSS 

with 10% FCS) and incubated at 37°C for 1 hour before being moved to another well 

containing DMEM supplemented with 10% FCS, 4 mM L-glutamine, 100 U/ml 

penicillin and 100 μg/ml streptomycin.  The muscles were then incubated at 37°C for 

15 minutes before being transferred to a Petri dish containing 8 ml of the 

supplemented DMEM mixture.  The muscles were viewed under a stereo dissecting 

microscope to identify the connective tissue, which was removed using fine-point 

forceps.  The muscles were then placed in another well with fresh collagenase 

solution and incubated for 1 hour at 37°C before being transferred to a well 
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containing the DMEM mixture for 15 minutes at 37°C.  At this point all plastic Petri 

dishes, conical tubes and pipettes were coated with horse serum prior to use to 

prevent the fibres from adhering. 

 

The FDB muscles were transferred into a Petri dish containing 8 ml of the DMEM 

mixture and viewed under the stereo dissecting microscope.  While holding the 

muscle by the tendon any remaining connective tissue was removed and the muscle 

was divided into three parts by separating the lateral tendons from the central tendon 

and placed in a new dish containing 5 ml of supplemented DMEM mixture.  One pair 

of fine-forceps was used to hold each piece of muscle by its tendon while running 

another pair of fine-forceps along the tendon to gently release the myofibres.  Once 

all of the myofibres had been released the tendons were removed from the dish and 

the myofibre clumps were gently triturated with a P1000 pipette followed by a P200. 

 

Three 15 ml conical tubes were prepared, each containing 10 ml of DMEM with 

10% horse serum.  The myofibres were layered over the solution in the first tube and 

incubated at room temperature for 20 minutes after which the supernatant was 

aspirated leaving approximately 1.5 ml of liquid at the bottom of the tube.  This 

procedure was repeated twice to remove cells and fibre debris from the preparation 

before the myofibres were centrifuged at 100g for 30 seconds.  The supernatant was 

discarded and the myofibres were resuspended in the appropriate solution for their 

next application (PBS for transplantation or supplemented F-10 nutrient media for 

culture). 

 

3.5. MICROCARRIER CULTURE 

3.5.1. Preparation of the Cytodex microcarriers 

 

Before use, 1 g of the microcarriers were hydrated in 100 ml of PBS for a minimum 

of three hours at room temperature.  The supernatant was discarded and the 

microcarriers were washed twice with 50 ml of PBS before being resuspended in 

50 ml of PBS and sterilised by autoclaving.  The microcarriers were stored at 4°C 

following sterilisation. 
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3.5.2. Culture of primary myoblasts on Cytodex microcarriers 

 

 Myoblasts were harvested from the culture flask and washed as described in 

Section 3.2.2 while viable cell counts were performed using a Neubauer chamber 

with trypan blue exclusion.  The required amount of Cytodex microcarriers were 

transferred to a conical tube and allowed to settle to the bottom of the tube.  Any 

excess PBS was removed from the microcarriers before the cell pellets were 

resuspended in the appropriate tissue culture media and transferred to the tube 

containing the microcarriers.  The stationary cultures were incubated at 37°C with 

5% CO2/95% air but the cultures that were incubated on the rolling apparatus or the 

Coulter mixer were prepared using F-10 nutrient media containing HEPES to 

provide adequate buffering in the absence of CO2 buffering. 

 

3.5.2.1. Roller bottle culture 

 

The roller bottle cultures contained 3 x 105 cells/ml with 1 g/L of Cytodex 

microcarriers in 100 ml of supplemented F-10 nutrient media (with HEPES).  This 

preparation was then incubated at 37°C for 30 minutes to allow the cells to adhere to 

the microcarriers before being transferred to the roller bottle apparatus at a speed of 

2 rpm. 

 

3.5.2.2. Assessment of different amounts of Cytodex microcarriers 

 

Three 50 ml conical tubes were prepared with 20 ml of supplemented F-10 nutrient 

media (with HEPES) in each and 2 x 105 cells/ml.  Cytodex microcarriers were 

added to these cultures at one of the following three concentrations: 1 g/L, 0.5 g/L or 

0.1 g/L; before being incubated at 37°C for 30 minutes while the cells adhered to the 

beads.  The cultures were then all transferred to a blood roller mixer, which rotated 

the cultures at a speed of 30 rpm. 

 

3.5.2.3. Optimisation of cell number 

 

Three 50 ml conical tubes were prepared with 20 ml of supplemented F-10 nutrient 

media (with HEPES) in each and 1 g/L of Cytodex microcarriers.  Myoblasts were 
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added to each of the cultures to a final concentration of 2 x 105 cells/ml, 1 x 105 

cells/ml or 5 x 104 cells/ml and these preparations were incubated at 37°C for 

30 minutes while the cells adhered to the beads.  The cultures were then all 

transferred to a blood roller mixer, which rotated the cultures at a speed of 30 rpm. 

 

3.5.2.4. Final Cytodex microcarrier procedure 

 

The procedure here is based upon the research detailed in Lippens and Cornelissen 

(2010) that indicated that high concentrations of cells and microcarriers could be 

incubated in stationary cultures.  A 50 mm Petri dish was prepared with 5 ml of 

supplemented F-10 nutrient media containing 2 x 106 cells/ml and 7 g/L of Cytodex 

microcarriers.  This preparation was then cultured at 37°C with 5% CO2/95% air.  

Each day the culture was split over two 50 mm dishes and supplemented F-10 

nutrient media added up to a total volume of 5 ml in each dish. 

 

3.5.3. Cell counting of myoblasts cultured on Cytodex microcarriers 

 

An aliquot of the appropriate culture was removed for cell counting (generally 1 ml 

of the 20 ml cultures or 500 μl of the 5 ml culture).  This aliquot was transferred to a 

15 ml conical tube and the microcarriers were allowed to settle to the bottom of the 

tube before the supernatant was discarded.  The pellet, containing myoblasts adhered 

to microcarriers was resuspended in 5 ml of PBS before the microcarriers were 

allowed to settle to the bottom of the tube again.  The supernatant was discarded and 

1 ml of trypsin was added to the cell/microcarrier preparation before being agitated 

on a mixing wheel for 2 minutes.  An equal amount of FCS was then added to these 

cultures and the cells were centrifuged at 200g for 5 minutes.  The supernatant was 

discarded and the cells were resuspended in 100 μl of PBS before viable cell counts 

were performed using a Neubauer chamber with trypan blue exclusion. 

 

3.6. MICROSCOPIC ANALYSIS OF CELLS AND MYOFIBRES 

3.6.1. Fusion assays and desmin immunohistochemistry 

 

The myogenic potential of the primary murine myoblast culture and isolated satellite 
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cells was determined by performing fusion assays and staining for desmin, which is 

an intermediate filament protein present in striated (skeletal and cardiac) and smooth 

muscle. The cells were harvested from the culture flask and washed as described in 

Section 3.2.2 while viable cell counts were performed using a Neubauer chamber 

with trypan blue exclusion.  The cell pellets were resuspended in tissue culture media 

at a concentration of 1 x 104 cells/ml and 500 μl aliquots were transferred to each 

well of a gelatin coated 8 well chamber slide.  Following 24 hours of incubation at 

37°C with 5% CO2/95% air the culture media was removed and replaced with 

differentiation media (DMEM with 2% horse serum and 4mM L-glutamine).  The 

cells were then cultured for three days with differentiation media at 37°C with 

5% CO2/95% air.  Following this, the culture media was removed and the cells were 

rinsed twice with PBS before being fixed with ice-cold methanol for 2 minutes.  The 

expression of desmin was then visualised using the Signet Ultra Streptavidin 

Detection System in conjunction with a primary desmin antibody according to 

manufacturer instructions for the staining of frozen tissue specimens. 

 

3.6.2. Microscopy 

 

Photographs of myoblasts and myofibres were taken when required using a Nikon 

DXM1200F digital camera mounted on a Nikon Eclipse TE2000-U inverted 

microscope and Nikon ACT-1 software was used to process the data. 

 

3.7. ADMINISTRATION OF CARDIOTOXIN TO TIBIALIS ANTERIOR 

MUSCLES 

 

The administration of cardiotoxin to skeletal muscle was performed as described in 

Vignaud et al. (2007).  The female mdx mice (6-8 weeks old) were anaesthetised by 

an intraperitoneal injection (10 μl/g body weight) of ketamine/xylazine (100 mg/kg 

and 10 mg/kg respectively) before the lower hind limbs were shaved and swabbed 

with 70% ethanol.  An insulin syringe was used to deliver 40 μl (the approximate 

volume of the muscle) of a 10-5 M solution of cardiotoxin to the tibialis anterior (TA) 

muscle.  The mice were also given a subcutaneous injection of 0.05 mg/kg of 

buprenorphine along their flank and monitored during their recovery from the 

anaesthetic. 



  Chapter Three: Experimental Procedures 

   50 

3.8. INTRAMUSCULAR TRANSPLANTATION 

3.8.1. Preparation of donor cells or myofibres for transplantation 

 

All cells and myofibres used for transplantation were washed twice with PBS while 

viable cell counts were performed using a Neubauer chamber with trypan blue 

exclusion (two viable cell counts were performed for each preparation to ensure 

accuracy).  After the final wash, the cell/myofibre pellet was resuspended in the 

appropriate volume of PBS so that a 5 μl injection would deliver the required 

number of cells and kept on ice until they were transplanted. 

 

3.8.2. Intramuscular transplantation 

 

The female mdx mice (6-8 weeks old) were anaesthetised by an intraperitoneal 

injection (10 μl/g body weight) of ketamine/xylazine (100 mg/kg and 10 mg/kg 

respectively).  The lower hind limbs were shaved and swabbed with 70% ethanol 

before the required volume (5 μl unless otherwise stated) of the cell preparation was 

injected longitudinally into the TA muscle using a 10 μl Hamilton syringe and 29 G 

needle (myoblasts transplanted on microcarriers were delivered into the muscle using 

a 26 G needle).  The needle was retracted slowly to ensure the entire volume was 

delivered.  Immediately following this, the Time 0 (T0) control mice were euthanised 

by cervical dislocation and their TA muscles were removed by dissection, placed in 

1.5 ml eppendorf tubes and frozen in liquid nitrogen.  The samples were stored at 

-80°C until DNA extraction.  At the appropriate time points the remaining recipient 

mice were anaesthetised by methoxyfluorane inhalation, euthanised by cervical 

dislocation and their TA muscles were removed and stored as described above. 

 

3.9. QUANTIFICATION OF DONOR CELL SURVIVAL 

 

In this system of quantifying transplantation outcomes, male donor cells are injected 

into female host mice, permitting the survival of donor cells to be tracked via the 

Y chromosome through the use of quantitative PCR with Y chromosome specific 

primers (as detailed in Section 2.2 and Bosio et al., 2004). 
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3.9.1. Extraction of DNA from muscle 

 

The muscles were all weighed prior to the extraction of DNA, which was performed 

using a Qiagen QIAamp DNA Mini Kit according to the manufacturer instructions 

including the use of RNase A to ensure that RNA-free genomic DNA was purified.  

The DNA was eluted from the column in two centrifugations, each following a 

5 minute incubation of the columns with 100 μl of Buffer AE at 65°C, to give a 

200 μl final volume of eluted DNA. 

 

3.9.2. Fluorescent DNA quantitation 

 

DNA extraction efficiency was standardised using a Biorad Fluorescent DNA 

Quantitation Kit according to manufacturer instructions.  The assay was performed 

using a BMG Laboratories POLARstar OPTIMA multifunctional plate reader in 

fluorescence mode with a 355 nm excitation filter and a 460 nm emission filter. 

 

3.9.3. Y chromosome-specific quantitative PCR 

 

The extracted DNA was analysed by Y chromosome specific real time quantitative 

PCR as described in Byrne et al. (2002) and Bosio et al. (2004) using a Roche 

LightCycler 480 Real-Time PCR System and associated software.  Amplification 

reactions were performed using the Biorad iTaq SYBR Green Supermix with ROX 

and Y chromosome specific Zfy-forward and Zfy-reverse primers (Byrne et al., 

2002) with the reagent volumes and cycling conditions as detailed in Table 3.2.  

Samples were analysed against male DNA standards during the PCR and specificity 

was determined by the assessment of dissociation curves for each sample.  The T0 

control was used to establish 100% donor myoblast survival as it represents the 

amount of male DNA detectable at the time of injection. 

 

3.10. STATISTICAL ANALYSIS 

 

All data were expressed as mean values with associated standard error of the mean 

(mean ± SEM) and plotted as bar graphs, unless stated otherwise.  Statistical 

significance was evaluated by the Microsoft Excel Data Analysis Tool Pack using  
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Table 3.2  Y chromosome-specific quantitative PCR sample preparation and cycling 
conditions. 
 

Component Volume per reaction 

SYBR Green 25 μl 

Zfy Forward Primer 0.55 μl 

Zfy Reverse Primer 1.7 μl 

ddH2O 18.75 μl 

Sample DNA 4 μl 

 

Stage Cycles Temperature Time 

Initial denaturation 1 95°C 6 minutes 

Amplification 45     

     - denaturation   94°C 15 seconds 

     - annealing   58°C 20 seconds 

     - elongation   60°C 35 seconds 
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the two-tailed t-test assuming unequal variance of the mean.  Differences between 

treatment groups were considered statistically significant with a p-value of less than 

0.05. 
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4.1. INTRODUCTION 

 

The intramuscular transplantation of donor myoblasts has long been investigated as a 

potential treatment for the replacement of dystrophin or other defective proteins 

within muscle (Partridge et al., 1989; Wallace et al., 2008).  However, one of the 

major limitations of the efficacy of this approach is the poor survival of the cells 

following transplantation and their subsequent clearance from the muscle 

(Sammels et al., 2004; Bouchentouf et al., 2007).  For transplanted myoblasts to 

effectively contribute to the replacement of defective proteins they need to 

incorporate into the muscle, which is not possible if the myoblasts are lost from the 

muscle within weeks of being injected. 

 

During prior investigations into the survival of transplanted myoblasts our laboratory 

has injected 5 x 105 cells into each TA muscle as the standard procedure.  The 

transplantation of this many cells was based on the previous research of 

Partridge et al. (1989), Asselin et al. (1995) and Qu et al. (1998), which involved the 

intramuscular transplantation of between 5 x 105 and 4 x 106 donor myoblasts.  In all 

of our previous experimentation, the transplantation of 5 x 105 cells was followed by 

a significant decrease in the percentage of donor cells surviving during the first week 

following transplantation, until nearly all of the cells had been cleared from the 

muscle (Bosio et al., 2004; Sammels et al., 2004).  Similar results have been 

obtained by other groups where the percentage of donor myoblasts remaining 

following the intramuscular transplantation of 1 x 106 cultured donor myoblasts was 

20% four days later and 2% one week post-transplantation (Bouchentouf et al., 2007; 

Asakura et al., 2007 respectively). 

 

The role of the immune system is an important factor to consider when poor 

outcomes are observed following the transplantation of cells, tissues or organs.  

Previous research within our laboratory had found no improvement in donor 

myoblast survival following the depletion of cells of the innate immune system, 

specifically neutrophils, macrophages and natural killer cells (Sammels et al., 2004).  

However, the role of the adaptive immune system in our transplantation model 

remained unclear.  Many previous myoblast transplantation experiments have been 

conducted in immunodeficient mice whereas our laboratory uses an 

immunocompetent recipient mouse and transplants syngeneic donor cells 
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(C57BL/10Sn donor cells are transplanted into the muscles of recipient mdx mice 

with a C57BL/10Sn background).  In this thesis, to confirm whether or not T and B 

cells were involved in the poor survival of donor myoblasts, an experiment was 

conducted using immunodeficient (SCID) mice. 

 

Although much of the research into transplantation is focussed on the immunological 

rejection of grafts, there are a number of other reasons that transplanted tissues or 

organs may fail to persist in the host.  The restriction of blood flow to cells, tissues or 

organs of the body, known as ischemia, can lead to an inadequate supply of oxygen 

and other nutrients resulting in the necrosis of affected cells.  Recent research in 

non-human primates has shown that the intramuscular transplantation of myoblasts 

can lead to the formation of donor cell masses, which were larger in size when more 

cells were transplanted.  It was found that cells in the centre of these injection masses 

exhibited central ischemia when sampled 24 hours post-transplantation, and the 

proportion of transplanted cells displaying necrosis increased as larger numbers of 

cells were transplanted (Skuk et al., 2007b).  From this data, it was hypothesised that 

donor cell survival could be improved by optimising the delivery of the myoblasts 

into the muscle.  Therefore, experiments were conducted in this thesis to investigate 

transplantation outcomes following the transplantation of fewer cells.  Additional 

experimentation where different volumes of liquid were used to deliver the 

myoblasts was also carried out to determine what effect the cell density of the 

injection would have on survival. 

 

Another important factor in the success of myoblast transplantation is the 

engraftment of donor cells into the host muscle environment.  While this is important 

for the full efficacy of this approach to be realised, it was hypothesised that the 

incorporation of donor cells would also have an effect on the long-term survival of 

the transplanted cells.  In this thesis, these notions were examined by transplanting 

fibroblasts intramuscularly to determine the level of donor cell survival that would be 

observed for a cell type unlikely to properly engraft into the muscle.  Myoblast 

transplantation was also performed in muscle that had been treated with cardiotoxin 

to induce regeneration prior to the injection of donor cells.  Cardiotoxin is frequently 

used in myoblast transplantation experiments for this reason and previous research 

has indicated that prior muscle damage can improve the incorporation of transplanted 

donor cells leading to the production of more donor-derived fibres (Collins et al., 
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2007; Silva-Barbosa et al., 2008).  Therefore, it was hypothesised that higher levels 

of donor myoblast survival would be observed in muscle that had been pre-treated 

with cardiotoxin. 

 

This chapter presents an investigation into some potential causes of donor myoblast 

death following intramuscular transplantation.  Specifically, the effect of the immune 

system, the effect of variations in the number and density of the cells injected and 

attempts to improve the incorporation of donor myoblasts into the injection 

environment. 

 

4.2. RESULTS 

4.2.1. The survival of donor myoblasts is not improved when 

transplanted into immunodeficient mice 

 

To assess the role of T and B cells in the rejection of donor myoblasts, the survival of 

donor myoblasts in immunodeficient (SCID) mice was compared to the survival of 

donor myoblasts in immunocompetent (mdx) mice.  The SCID mice used in this 

study (CB17.Prkdcscid) have a defect in early T cell development where thymocytes 

are arrested in the non-functional CD4-CD8- phenotype and the absence of functional 

B cells means they are unable to produce antibodies (Bosma and Carroll, 1991).  

Male donor myoblasts from C57BL/10Sn mice were transplanted into the TA 

muscles of female mdx and SCID mice at a concentration of 5 x 105 cells/5 μl.  

Samples were collected immediately following transplantation (T0) and 24 hours, 72 

hours, one week, two weeks and one month post-transplantation.  The TA muscles 

were prepared and analysed as described in Section 3.9, and the amount of male 

DNA was expressed as a percentage of the relevant T0 control. 

 

As shown in Figure 4.1, the survival of donor myoblasts following transplantation 

conformed to the general trend we have previously observed over many years of 

experimentation in our laboratory (Sammels et al., 2004; Bosio et al., 2004).  By 24 

hours following transplantation the percentage of donor myoblast survival was 

28.6% ± 3.9 when transplanted into mdx mice and 36.0% ± 3.1 when transplanted 

into SCID mice (p = 0.174). A significant difference in donor cell survival was seen 

72 hours post-transplantation (13.6% ± 2.1 for mdx mice compared to 8.0% ± 0.8 for  
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Figure 4.1  The survival of donor myoblasts is not improved when transplanted into 
immunodeficient mice.  Female mdx and SCID mice were transplanted 
intramuscularly with 5 x 105 male donor myoblasts and samples were taken at the 
indicated periods after transplantation.  The amount of male DNA was expressed as 
a percentage of the T0 control, which represents the amount of male DNA 
detectable at the time of injection.  Each data point shows the mean ± SEM (n = 6 
for each group). 
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SCID mice; p = 0.048) but this did not continue at later time points.  One week 

following transplantation the amount of donor cells surviving had fallen to 

6.0% ± 0.9 in mdx mice and 4.9% ± 0.5 in SCID mice (p = 0.329).  Two weeks 

post-transplantation donor myoblast survival was 2.9% ± 0.6 and 4.8% ± 0.9 for mdx 

and SCID mice respectively (p = 0.101).  Similarly, by one month only 2.0% ± 0.6 of 

the donor myoblasts were detectable in mdx mice and 4.4% ± 1.3 of the donor 

myoblasts were detectable in SCID mice (p = 0.125).  Therefore, the use of the SCID 

mouse as transplantation recipients did not improve donor myoblast survival.  This 

suggested that the observed massive donor cell loss was not due to the effects of T 

and B cells. 

 

4.2.2. Donor cell survival at one week is improved when fewer 

myoblasts are transplanted 

 

Given the adaptive immune system did not appear to be involved in the death of 

donor myoblasts following transplantation and that our previous research had shown 

no involvement of innate immune cells (Sammels et al., 2004), other aspects of the 

transplantation procedure itself were investigated.  During previous investigations 

into the survival of transplanted myoblasts our laboratory has injected 5 x 105 

cells/5 μl into each TA muscle as the standard procedure.  As seen in Figure 4.1, the 

transplantation of this many cells was followed by a significant decrease in the 

percentage of donor cells survival, until the majority of the cells had been cleared 

from the muscle.  To determine whether the injection of fewer cells would improve 

donor cell survival, male donor myoblasts from C57BL/10Sn mice were transplanted 

into the TA muscles of female mdx mice at concentrations of 1 x 106 cells/5 μl, 

1 x 105 cells/5 μl, 1 x 104 cells/5 μl or 1 x 103 cells/5 μl.  Samples were collected 

immediately following transplantation (T0) and one week post-transplantation.  The 

TA muscles were prepared and analysed as described in Section 3.9, and the amount 

of male DNA was expressed as a percentage of the relevant T0 control. 

 

The trend illustrated in Figure 4.2 indicated that the transplantation of fewer cells 

was associated with an increase in donor cell survival one week post-transplantation.  

When 1 x 106 myoblasts were transplanted, donor cell survival at one week was 

17.0% ± 0.8.  Similarly, the transplantation of 1 x 105 myoblasts was followed by the  
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Figure 4.2  Donor cell survival at one week is improved when fewer myoblasts are 
transplanted.  Female mdx mice were transplanted intramuscularly with the 
indicated number of male donor myoblasts and samples were taken at T0 and one 
week following transplantation (T1wk).  The amount of male DNA for each group 
was expressed as a percentage of the relevant T0 control, which represents the 
amount of male DNA detectable at the time of injection.  Each data point shows the 
mean ± SEM (n = 6 and 5 for the 106 groups; n = 10 and 9 for the 105 groups (from 
two independent experiments); n = 20 and 18 for the 104 groups (from four 
independent experiments); n = 14 and 13 for the 103 groups (from three 
independent experiments)). 
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survival of 21.6% ± 1.9 of the donor cells at one week.  However, 66.2% ± 10.7 of 

donor cells were detectable one week after 1 x 104 cells were transplanted.  The trend 

of increased survival with the injection of fewer cells continued with the injection of 

1 x 103 myoblasts where donor cell survival of 160% ± 28.5 was observed one week 

post-transplantation (p < 0.001 when compared to all other T1wk groups).  The 

detection of donor myoblast survival exceeding 100% indicated that the myoblasts 

had proliferated during this time period.  These data suggest a general trend towards 

improved survival when fewer cells were transplanted. 

 

4.2.3. There is some loss of donor cells one month following the 

transplantation of fewer myoblasts 

 

To investigate whether the improved donor cell survival seen with the injection of 

fewer cells would continue at later time points, male donor myoblasts from 

C57BL/10Sn mice prepared at a concentration of either 1 x 104 cells/5 μl or 1 x 103 

cells/5 μl were transplanted into the TA muscles of female mdx mice.  Samples were 

collected immediately following transplantation (T0) as well as one month 

post-transplantation.  The TA muscles were prepared and analysed as described in 

Section 3.9, and the amount of male DNA was expressed as a percentage of the 

relevant T0 control. 

 

The survival of the donor myoblasts one month following transplantation did not 

appear to differ for the two amounts of cells (as shown in Figure 4.3) in contrast to 

the results obtained at one week post-transplantation (Figure 4.2).  When 1 x 104 

myoblasts were transplanted, donor cell survival at one month was 33.6% ± 5.8.  

Similarly, donor cell survival one month following transplantation was 44.0% ± 6.9 

when 1 x 103 myoblasts were injected (p = 0.263).  However, it should be noted that 

the level of donor myoblast survival observed one month following the 

transplantation of either 1 x 104 or 1 x 103 cells was much higher than that following 

the transplantation of 5 x 105 myoblasts (2.0% ± 0.6, Figure 4.1, p < 0.001).  This 

indicated that the long-term survival of the transplanted cells was partly affected by 

the number of cells initially injected but that other factors may influence the ability 

of the transplanted cells to persist in the muscle. 
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Figure 4.3  Donor cell survival is observed to decrease one month following the 
transplantation of fewer myoblasts.  Female mdx mice were transplanted 
intramuscularly with the indicated number of male donor myoblasts and samples 
were taken at T0 and one month (T1mth) following transplantation.  The amount of 
male DNA for each group was expressed as a percentage of the relevant T0 control, 
which represents the amount of male DNA detectable at the time of injection.  Each 
data point shows the mean ± SEM (n = 10 and 12 for the 104 groups (from two 
independent experiments); and n = 10 and 11 for the 103 groups (from two 
independent experiments)). 
 

          1 x 104                                                1 x 103 

Number of cells transplanted 

P
er

ce
n

ta
g

e 
d

o
n

o
r 

ce
ll

 s
u

rv
iv

al
 



 Chapter Four: Experimental Review of Myoblast Transplantation in mdx Mice 

   63 

4.2.4. The survival of transplanted myoblasts at one week is reduced 

when the density of the cell injection is increased 

 

The previous sections investigating the survival of donor myoblasts when different 

numbers of cells were transplanted were all carried out using a volume of 5 μl, so it 

was possible that the decreased cell density of the injection contributed to the 

improved donor cell survival seen at one week post-transplantation when fewer cells 

were transplanted.  To determine whether this was the case, 1 x 104 male donor 

myoblasts from C57BL/10Sn mice were transplanted into the TA muscles of female 

mdx mice in a volume of 5 μl, 2.5 μl or 1 μl of PBS.  Samples were collected 

immediately following transplantation (T0) and one week post-transplantation.  The 

TA muscles were prepared and analysed as described in Section 3.9, and the amount 

of male DNA was expressed as a percentage of the relevant T0 control. 

 

A decrease in donor cell survival was observed one week post-transplantation when 

higher density cell preparations were transplanted (Figure 4.4).  When the donor 

myoblasts were transplanted in a volume of 5 μl, 71.0% ± 14.3 of the cells were 

detectable at one week post-transplantation.  In contrast, donor cell survival one 

week following transplantation was 31.6% ± 4.5 (p = 0.013) when the myoblasts 

were transplanted in an injection volume of 2.5 μl and 20.9% ± 3.5 (p = 0.003) when 

transplanted in an injection volume of 1 μl (the difference between the survival of 

cells transplanted in either 2.5 μl or 1 μl was not significant (p = 0.526)).  This 

indicated that the density of the cell injection was a factor in the improved donor cell 

survival seen one week following transplantation when fewer cells were injected. 

 

4.2.5. Transplanted myoblasts display better long term survival than 

fibroblasts in the muscle environment 

 

Following transplantation, the percentage of donor myoblasts remaining in the 

muscle slowly decreased as shown in Figure 4.3, suggesting that the donor myoblasts 

may not have incorporated effectively into the muscle.  To determine whether the 

observed cell loss was specific to the myoblasts or a general effect of the time 

required for the clearance of cells injected intramuscularly, primary fibroblasts were 

transplanted and their survival compared to that of primary myoblasts.  The TA  
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Figure 4.4  The survival of transplanted myoblasts at one week is reduced when the 
density of the cell injection is increased.  Female mdx mice were transplanted 
intramuscularly with 1 x 104 male donor myoblasts delivered in 5 μl, 2.5 μl or 1 μl of 
PBS and samples were taken at T0 and one week following transplantation (T1wk).  
The amount of male DNA for each group was expressed as a percentage of the 
relevant T0 control, which represents the amount of male DNA detectable at the 
time of injection.  Each data point shows the mean ± SEM (n = 14 and 13 for the 
5 μl groups (from three independent experiments); n = 10 for both of the 2.5 μl 
groups (from two independent experiments); and n = 12 and 8 for the 1 μl groups 
(from two independent experiments)). 
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muscles of female mdx mice were transplanted with either primary fibroblasts or 

primary myoblasts (1 x 104 cells/5 μl) from male C57BL/10Sn mice.  Samples were 

collected immediately following transplantation (T0) as well as one week and one 

month post-transplantation.  The TA muscles were prepared and analysed as 

described in Section 3.9, and the amount of male DNA was expressed as a 

percentage of the relevant T0 control. 

 

As shown in Figure 4.5, the clearance of primary fibroblasts from the muscle 

environment occurred more rapidly than that of primary myoblasts.  One week 

following transplantation the survival of donor myoblasts was significantly higher, 

69.8% ± 7.6 compared with the survival of the transplanted fibroblasts, 48.1% ± 5.8 

(p = 0.027).  The survival of donor myoblasts one month following transplantation 

was 33.6% ± 5.8 while the one month survival of the transplanted fibroblasts was 

significantly lower at 1.0% ± 0.3 (p < 0.001).  This indicated that the tissue type of 

the transplanted cells and their ability to incorporate into the muscle environment 

might be an important factor affecting their survival. 

 

4.2.6. Cardiotoxin induced muscle damage does not improve the 

survival of transplanted myoblasts following transplantation 

 

Cardiotoxin is frequently used to induce regeneration within the muscle before the 

intramuscular transplantation of cells (Charge and Rudnicki, 2004; Cerletti et al., 

2008).  To investigate whether the survival of donor myoblasts could be improved in 

actively regenerating muscle, female mdx mice in treated groups received an 

injection equal to the approximate volume of the muscle (40 μl) of a 10-5 M solution 

of cardiotoxin into each TA muscle at one or seven days prior to transplantation.  

Male donor myoblasts from C57BL/10Sn mice were transplanted into the TA 

muscles of treated and untreated female mdx at a concentration of 1 x 104 cells/5 μl.  

Samples were collected immediately following transplantation (T0) as well as one 

week and one month post-transplantation.  The TA muscles were prepared and 

analysed as described in Section 3.9, and the amount of male DNA was expressed as 

a percentage of the T0 control. 

 

Neither of the cardiotoxin treatment regimes improved the survival of donor 

myoblasts one week following transplantation and in some cases led to a decrease in  
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Figure 4.5  Transplanted myoblasts display better long-term survival than 
fibroblasts in the muscle environment.  Female mdx mice were transplanted 
intramuscularly with 1 x 104 male donor cells (either primary myoblasts or primary 
fibroblasts) and samples were collected at the indicated times post transplantation. 
The amount of male DNA was expressed as a percentage of the relevant T0 control, 
which represents the amount of male DNA detectable at the time of injection.  Each 
data point shows the mean ± SEM (n = 30 and 29 for the T0 and T1wk myoblast 
groups (from six independent experiments); n = 12 for the T1mth myoblast group 
(from two independent experiments); n = 18 for the T0 and T1wk fibroblast groups 
(from three independent experiments); and n = 5 for the T1mth fibroblast group). 
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survival (as shown in Figure 4.6).  The survival of donor myoblasts one week 

following transplantation was 75.8% ± 9.9 in the untreated control group of mice.  

Similarly, mice in the group that received the cardiotoxin treatment one day before 

transplantation had 69.4% ± 23.5 donor cell survival at one week 

post-transplantation (p = 0.764).  However, when mice were treated with cardiotoxin 

seven days before transplantation, donor cell survival at one week 

post-transplantation was significantly lower than the untreated control (22.4% ± 5.3; 

p = 0.018).  The survival of donor myoblasts was also not improved in cardiotoxin 

treated muscle one month following transplantation (as shown in Figure 4.7).  The 

survival of donor myoblasts one month following transplantation was 14.0% ± 2.8 in 

the untreated control group of mice and 25.9% ± 6.8 when transplanted into muscle 

that had been treated with cardiotoxin one day prior (p = 0.135).  Therefore, the use 

of cardiotoxin did not improve the survival of donor myoblasts one week or one 

month following transplantation. 

 

4.3. DISCUSSION 

 

Over the many years that myoblast transplantation has been investigated, the efficacy 

of this approach has been limited by the poor survival of cells following 

transplantation (Guerette et al., 1997; Skuk et al., 2003; Asakura et al., 2007).  The 

work presented in this chapter aimed to reduce cell loss following intramuscular 

transplantation.  This led to the investigation of the immune system, variations in 

number and density of the injections, an investigation of the clearance rate of 

injected cells and the use of cardiotoxin to induce a regenerative response. 

 

The first area of investigation presented in this chapter sought to clarify the role of T 

and B cells in the rejection of donor myoblasts.  Previous research within our 

laboratory found no improvement in donor cell survival following the depletion of 

cells of the innate immune system, specifically neutrophils, macrophages and natural 

killer cells (Sammels et al., 2004).  Therefore, it was hypothesised that the absence 

of T and B cells would have an effect on the observed cell death.  Contrary to this 

hypothesis, there was no difference in the survival of donor myoblasts when 

transplanted into immunocompetent (mdx) or immunodeficient (SCID) mice.  

Although a small significant difference was seen at 72 hours post transplantation, it 

was not highly significant and did not continue to been seen at later time points.  It is  
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Figure 4.6  Cardiotoxin induced muscle damage does not improve the survival of 
transplanted myoblasts at one week post-transplantation.  Female mdx mice were 
injected intramuscularly with 1 x 104 male donor myoblasts and samples were 
collected at T0 and one week following transplantation.  The untreated controls 
received no treatment prior to transplantation while the other groups received an 
intramuscular injection of a 10-5 M solution of cardiotoxin at seven (-7d) or one (-1d) 
days prior to transplantation.  The amount of male DNA was expressed as a 
percentage of the T0 control, which represents the amount of male DNA detectable 
at the time of injection.  Each data point shows the mean ± SEM (n = 10 for the T0 
group (from two independent experiments); and n = 11 for the untreated, -7d 
treatment and -1d treatment groups (from two independent experiments)). 
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Figure 4.7  Cardiotoxin induced muscle damage does not improve the survival of 
transplanted myoblasts at one month post-transplantation.  Female mdx mice were 
injected intramuscularly with 1 x 104 male donor myoblasts and samples were 
collected at T0 and one month following transplantation.  The untreated controls 
received no treatment prior to transplantation while mice in the treatment group 
received an intramuscular injection of a 10-5 M solution of cardiotoxin one (-1d) day 
prior to transplantation.  The amount of male DNA was expressed as a percentage 
of the T0 control, which represents the amount of male DNA detectable at the time 
of injection.  Each data point shows the mean ± SEM (n = 6 for each group). 
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also important to note that proliferation of the transplanted cells was not seen at any 

time following transplantation, as an increase in the Y chromosome signal was not 

observed at any point throughout the analysis.  Therefore, the use of recipient mice 

lacking a T and B cell response did not improve the transplantation outcomes in this 

syngeneic transplantation model. 

 

Our previous innate cell research combined with the work presented in the first 

section of this chapter indicated that the immune response was not a major factor 

causing the death of myoblasts following intramuscular transplantation.  Recent 

research has indicated that when large numbers of cells are transplanted, the cells at 

the centre of the injection mass can become subject to ischemia and experience a 

deficiency of oxygen and other nutrients (Skuk et al., 2007b).  As our laboratory has 

regularly transplanted large numbers of myoblasts during previous experimentation, 

the potential relationship between the number of cells transplanted and donor cell 

survival was investigated.  The survival of donor cells at one week was improved 

when fewer cells were transplanted, which correlated well with the central ischemia 

findings of Skuk et al. (2007b).  To determine whether the lower density of the cell 

preparations when fewer myoblasts were transplanted influenced cell survival, the 

same amount of cells were transplanted in different volumes.  The survival of cells 

injected at higher cell densities significantly decreased in comparison to cells 

injected at lower cell densities.  The combination of these results suggested that the 

delivery of the donor myoblasts contributed to the subsequent survival of the donor 

cells. 

 

Although improved donor cell survival was observed one week post-transplantation 

when fewer myoblasts were transplanted, this trend did not continue to be seen to the 

same extent one month following transplantation.  The decrease in donor cell 

survival from one week following transplantation to one month post-transplantation 

indicated that some of the myoblasts were unable to persist in the muscle.  It was 

hypothesised that the myoblasts were not integrating into the muscle environment 

and that the observed cell survival (and clearance of those cells) could be obtained 

with the intramuscular transplantation of any primary cells.  However, when primary 

fibroblasts were transplanted they were cleared at a much faster rate than that of the 

injected myoblasts.  This culminated in the almost total absence of fibroblasts one 

month following transplantation.  This suggested that the ability of the injected cells 
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to incorporate into the transplantation environment was an important factor in the 

survival of transplanted cells and indicated that myoblasts are able to integrate into 

the muscle environment. 

 

So far it has been shown that changes to the transplantation procedure improved the 

survival of donor myoblasts one week following transplantation while the survival of 

donor cells at later time points, whilst improved, was potentially affected by the 

ability of the donor cells to integrate into the transplantation environment.  For this 

reason the use of cardiotoxin to induce regeneration in the intramuscular 

transplantation environment was investigated.  It was thought that the use of 

cardiotoxin would provide an advantageous environment for the integration of donor 

myoblasts, which would then lead to improved cell survival following 

transplantation.  However, it was found that following the administration of 

cardiotoxin, the survival of transplanted cells was either unchanged or significantly 

worse depending on the amount of time that had passed between the cardiotoxin 

treatment and transplantation. 

 

4.3.1. Survival of transplanted cells in immunodeficient hosts 

 

Since the promising myoblast transplantation results initially observed in the mdx 

mouse and the failure of subsequent clinical trials carried out in the early 1990s, 

researchers have been trying to elucidate the reasons behind the poor outcomes 

(Partridge et al., 1989; Karpati et al., 1993; Mendell et al., 1995).  The role of the 

immune system must always be considered when investigating the apparent rejection 

of transplanted cells, tissues or organs.  Chronic rejection of transplanted organs has 

traditionally been addressed through the use of immunosuppressive drugs that 

prevent T cell activation and function such as cyclosporine, azathioprine or sirolimus 

(Golshayan et al., 2007).  More recent research has attempted to induce 

transplantation tolerance through the induction of regulatory T cells (Tha-In et al., 

2010) or the co-transplantation of cells such as Sertoli cells or mesenchymal stem 

cells (Li et al., 2010; Casiraghi et al., 2008).  From these studies, it is clear that the 

immune response remains a critical factor in the survival of grafted cells, tissues and 

organs. 
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However, our laboratory has previously found no improvement in donor cell survival 

when cells of the innate immune system (specifically neutrophils, macrophages and 

natural killer cells) were depleted prior to transplantation (Sammels et al., 2004).  

Studies investigating the response of immune cells following myoblast 

transplantation have indicated that the infiltration of neutrophils is completed within 

the first 24 hours following transplantation whereas macrophages are not observed 

within the transplantation site until 24 hours post-transplantation where they then 

persisted throughout the period of observation (Skuk et al., 2003).  It was also 

reported that CD8+ T cells begin to infiltrate the transplantation site six days 

following transplantation (Skuk et al., 2003).  Although this occurs rather late in the 

process of rejection it was important to continue the investigation of immune 

mediated cell rejection before moving on to other hypotheses.  The SCID mice used 

in this study (CB17.Prkdcscid) have a defect in early T cell development where 

thymocytes are arrested in the non-functional CD4-CD8- phenotype and the absence 

of functional B cells means they are unable to produce antibodies (Bosma and 

Carroll, 1991).  As the majority of donor cell rejection occurs within the first week 

following transplantation and CD8+ T cells do not infiltrate the injection site until the 

sixth day post-transplantation, it was not surprising that the survival of donor 

myoblasts was not significantly improved when transplanted into immunodeficient 

mice (SCID) as compared to immunocompetent mice (mdx) as presented in 

Section 4.2.1. 

 

Other research groups frequently make use of immunodeficient mouse models in the 

investigation of myoblast transplantation.  However, these models generally involve 

the use of allogeneic or xenogeneic donor cells (instead of the syngeneic myoblasts 

used in immunocompetent mice in this thesis) and are usually sampled at later time 

periods than the one week post-transplantation time point, which was the main focus 

of this research (Montarras et al., 2005; Sacco et al., 2008; Silva-Barbosa et al., 

2008).  The results presented in this chapter suggest that early donor cell death 

cannot necessarily be overcome by using an immunodeficient mouse model as 

evidenced by the continued decline in the percentage of donor myoblasts persisting 

in the muscle.  When combined with previous research within this laboratory 

investigating the role of the innate immune system in donor myoblast rejection 

(Sammels et al., 2004), it seems unlikely that the immune system represents a major 

cause of donor myoblast death in this syngeneic transplantation model.  Therefore, it 
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is important to continue the investigation of donor cell survival in the initial period 

following transplantation and consider the effect of early donor cell death on results 

obtained at later time points. 

 

4.3.2. Effect of cell number and injection density on survival 

 

Although much of the research into transplantation is focussed on the immunological 

rejection of grafts, there are a number of reasons that transplanted tissues or organs 

may fail to persist in the host.  The restriction of blood flow to tissues or organs of 

the body, known as ischemia, can lead to an inadequate supply of oxygen and other 

nutrients resulting in the necrosis of affected cells.  Recent research in nonhuman 

primates has shown that the intramuscular transplantation of myoblasts leads to the 

formation of donor cell masses, which are larger in size when more cells are 

transplanted (Skuk et al., 2007b).  It was found that cells in the centre of these 

injection masses exhibited central ischemia when sampled 24 hours 

post-transplantation, and the proportion of transplanted cells displaying necrosis 

increased as larger numbers of cells were transplanted (Skuk et al., 2007b).  

Therefore, it was not surprising to see a similar trend emerge in this study when 

donor myoblast survival was analysed one week following transplantation.  The 

work presented here shows that the highest level of donor cell death (lowest 

percentage donor cell survival) as measured by Y chromosome specific quantitative 

PCR was seen when 1 x 106 cells were transplanted.  In comparison, the highest level 

of donor myoblast survival (including the observation of cell proliferation) was seen 

when 1 x 103 cells were transplanted (Section 4.2.2). 

 

Although this trend of increasing donor cell survival may have continued when 

1 x 102 cells were transplanted, reliable detection of the PCR product was not 

possible for the samples collected for this group at any time point (data not shown).  

Our lab has previously determined that the dynamic range of detection for this PCR 

was limited to between 0.01 ng and 250 ng of male DNA (or 0.0025 ng/μl to 

62.5 ng/μl with 4 μl of sample DNA loaded into each reaction (Bosio et al., 2004)).  

From the T0 results obtained immediately following injections of larger numbers of 

cells, it could be estimated that approximately 0.005 ng of male DNA should have 

been recovered for every cell that was transplanted.  When 1 x 102 cells were 

transplanted intramuscularly and sampled, the DNA extraction procedure resulted in 
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a solution with the DNA from one cell in every 4 μl (0.00125 ng/μl), which would be 

below the range of detection. 

 

In previous studies where few cells were transplanted, success has generally been 

measured by determining the number or percentage of donor derived fibres, which 

are detected by determining expression of donor specific products such as 

dystrophin, GFP or β-galactosidase (Montarras et al., 2005; Cerletti et al., 2008).  

However, this method is open to sampling error unless the muscle is sectioned in 

enough places throughout its length to ensure that the maximum production of fibres 

is determined for all samples, which can be technically difficult and becomes 

expensive quickly.  The alternative of Y chromosome analysis allows the presence of 

donor cells within the entire muscle to be determined easily but as demonstrated 

here, this particular PCR is not reliable when transplanting and analysing very low 

cell numbers.  One modification that could be made to the PCR protocol is the 

addition of a nested PCR before the target sequence is detected.  This involves the 

amplification of a larger sequence of DNA around the target for a set number of 

cycles before the target sequence is amplified in a secondary reaction.  The amount 

of original DNA could then be determined by comparison to a standard curve 

covering a more relevant range.  The addition of a nested PCR step would allow the 

fully quantitative nature of this analysis to continue for the detection of lower cell 

numbers. 

 

As the cell preparations were all injected into the muscle in the same volume of 

liquid, it was hypothesised that the density of the cell preparations may have 

influenced the survival of transplanted cells (as the preparations containing more 

cells had to be prepared at a much higher cell density to be delivered in the same 

volume).  The results presented in Section 4.2.4 indicated that the density of the cell 

preparation does have an effect on the survival of transplanted cells.  This correlated 

with previous work that showed a proportional increase in the production of 

donor-derived fibres when multiple injections were performed but a non-proportional 

increase when the number of cells in the initial injection volume was increased 

(Rando and Blau, 1994).  The experiments presented in this thesis could only show a 

decrease in cell survival when the density of the cell injection was increased as it 

would be difficult to ensure the full volume of cells are delivered when injecting 

more than 5 μl of solution into a TA muscle.  Further experiments in a larger muscle 
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such as the soleus or gastrocnemius would allow the hypothesis presented here to be 

investigated to a much greater extent by testing the use of larger volumes or multiple 

injections. 

 

The research presented in this chapter indicated that the efficacy of myoblast 

transplantation could be improved in the early period following transplantation by 

ensuring that an appropriate number of cells were resuspended at a suitable 

concentration.  In order to deliver larger amounts of cells to the transplantation site, 

multiple injections containing fewer cells may be ideal.  Another important 

consideration is the effect that early cell survival is likely to have on the continued 

survival and potential engraftment of the transplanted cells.  Previous research has 

indicated that the number of donor-derived fibres does not increase at a rate 

proportional to the number of cells transplanted (Praud et al., 2003).  In a number of 

recent studies investigating the benefits of different stem cell populations, a method 

of comparison known as the regeneration index has been employed (Cerletti et al., 

2008; Sacco et al., 2008).  The regeneration index is used to express the number of 

dystrophin positive fibres produced relative to the number of cells transplanted 

(Jankowski et al., 2002).  This method allows the regenerative potential of different 

cell types to be compared between multiple experiments when different amounts of 

cells have been transplanted.  Considering the differences in early cell survival 

following the transplantation of different numbers of cells described in this thesis, 

these comparisons may be problematic and can easily be rectified by standardising 

the transplantation procedure across experiments. 

 

4.3.3. The role of donor cell engraftment in survival 

 

In the research presented in this chapter so far, it has been established that the initial 

survival of transplanted myoblasts could be improved by optimising the number of 

cells delivered in each injection.  However, as demonstrated in Section 4.2.3, a 

decrease in the percentage of donor myoblasts remaining in the muscle was observed 

one month post-transplantation regardless of the level of donor cell survival seen one 

week following transplantation.  This indicated that the efficacy of myoblast 

transplantation continues to be compromised by the long-term survival of the 

transplanted cells.  It has previously been suggested that cultured myoblasts are 

unable to engraft effectively following intramuscular transplantation 
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(Montarras et al., 2005).  It was hypothesised that the decreased survival of the 

myoblasts one month following transplantation may have been due to their inability 

to engraft into the muscle.  If this were the case, the observed level of donor 

myoblast survival would only be representative of the length of time taken for these 

cells to be cleared from the transplant environment and similar levels of donor cell 

survival would be observed following the intramuscular transplantation of a 

non-myogenic cell type.  However, the relatively rapid rate of donor cell clearance 

when primary fibroblasts were intramuscularly transplanted suggested that they were 

unable to engraft at any point following transplantation.  In contrast, the continued 

presence of donor myoblasts indicated that they must have integrated into the muscle 

environment at some point (Section 4.2.5). 

 

Previous research has indicated that damaging the muscle prior to transplantation can 

improve the incorporation of donor cells and lead to the production of more 

donor-derived fibres (Collins et al., 2007; Silva-Barbosa et al., 2008).  Whether this 

effect can be attributed to the release of factors promoting cell proliferation or the 

high level of disorganisation within the tissue architecture remains unclear, although 

more extensive muscle damage has been correlated with increased migration of the 

transplanted cells (Silva-Barbosa et al., 2008).  It was hypothesised that the possible 

increased engraftment or migration of myoblasts transplanted into damaged muscle 

would be reflected in a higher level of cell survival.  However, donor myoblast 

survival was not improved one week following transplantation into cardiotoxin 

treated muscle.  The significant decrease in the survival of donor myoblasts injected 

into muscle treated seven days before transplantation was likely to be due to a 

sustained infiltration of immune cells in the week following muscle damage creating 

an unfavourable transplantation environment.  As the effects of improved 

engraftment may not be apparent in the acute period following transplantation, the 

analysis of muscle treated one day before transplantation was extended to one month 

post-transplantation.  However, no change in donor cell survival was observed one 

month following transplantation when donor myoblasts were transplanted into 

cardiotoxin treated muscle (Section 4.2.6).  Therefore, although it is possible that 

muscle damage may improve the engraftment of transplanted cells, it does not appear 

to have affected donor cell survival. 
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It has been well established that transplanted myoblasts are able to fuse with existing 

myofibres and contribute to the production of dystrophin within the muscle fibre 

(Partridge et al., 1989; Skuk et al., 2006) but it remains uncertain whether cultured 

myoblasts are also able to reliably occupy the satellite cell position following 

transplantation (Heslop et al., 2001; Asakura et al., 2007; Skuk et al., 2010).  If the 

injected myoblasts only fuse to existing muscle without contributing to the satellite 

cell niche, continued rounds of regeneration would lead to a gradual decrease in the 

population of donor myoblasts remaining in the muscle because myonuclei are 

post-mitotic and unable to proliferate (Charge and Rudnicki, 2004).  The 

measurement of donor cell survival does provide some information about the 

persistence of the donor myoblast population within the muscle and the detection of 

donor cells following multiple rounds of induced injury and regeneration would 

indicate whether the transplanted cells are able to contribute to multiple rounds of 

regeneration.  However, a more direct assay could identify any donor cells in the 

satellite cell position using fluorescent in situ hybridisation combined with 

visualisation of the basal lamina or satellite cell associated factors such as Pax7 to 

confirm their position in the satellite cell niche (Skuk et al., 2010). 

 

4.3.4. Conclusions 

 

The results presented in this chapter indicated that the immune response was unlikely 

to play a major role in the early donor myoblast death observed in our syngeneic 

immunocompetent mouse model.  However, the number of cells transplanted did 

affect donor myoblast survival in the first week following transplantation where the 

highest level of survival was seen when the lowest number of cells were 

transplanted.  This was also found to be at least partly due to the cell density of the 

injection.  Despite the improvement in early cell survival, there was a continued 

decrease in donor cell survival one month following transplantation.  Although at 

least some of the myoblasts seemed to have engrafted into the muscle, there was a 

gradual decline in the percentage of donor myoblasts remaining in the muscle one 

month following transplantation.  More recent research has suggested that it is 

possible to isolate specific donor cell populations that are able to reside in the 

satellite cell niche upon transplantation and contribute to muscle repair following 

multiple rounds of regeneration (Cerletti et al., 2008; Sacco et al., 2008).  Further 

experimentation investigating the survival of these cell populations following 
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transplantation may provide more information about the importance of donor cell 

engraftment for the continued survival of transplanted cells.  The following chapter 

of this thesis examined the question of whether or not the survival of transplanted 

cells is better in a particular subset of the transplanted population. 
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5.1. INTRODUCTION 

 

The research presented in the previous chapter of this thesis indicated that the 

survival of cells in the first week following transplantation could be improved by 

transplanting fewer cells.  However, the donor myoblasts were unable to persist in 

the muscle environment.  It was hypothesised that a less differentiated cell type 

might incorporate into the satellite cell position more effectively than cultured 

myoblasts and therefore remain in the muscle following multiple rounds of 

degeneration and regeneration.  Various cell populations such as bone marrow cells, 

side population cells from bone marrow and muscle as well as vessel-associated cells 

such as mesoangioblasts, have been investigated for their suitability as donor cells 

for muscle repair (Gussoni et al., 1999; Asakura et al., 2002; Galvez et al., 2006).  

However, satellite cells remain the ideal donor cell population due to their high 

myogenic potential compared to other cell populations (reviewed in Section 1.3.3). 

 

The creation of a Pax3-GFP transgenic mouse has allowed satellite cells to be 

isolated from the diaphragm and transplanted immediately following isolation, 

avoiding culture-induced activation (Montarras et al., 2005).  Further 

characterisation of the Pax3-GFP satellite cells identified them as small, agranular, 

CD45-, Sca-1- and CD34+ (Montarras et al., 2005; shown in Figure 5.1).  Robust 

expression of dystrophin was observed following transplantation but the culture of 

these cells prior to transplantation resulted in the production of significantly fewer 

donor-derived fibres indicating that culture can compromise the regenerative 

potential of cells.  When satellite cells were transplanted immediately following 

isolation they were found to occupy the satellite cell position and could be recovered 

from the muscles they were transplanted into one month post-transplantation 

(Montarras et al., 2005).  Based on this previous research, it was hypothesised that 

the isolation and immediate transplantation of CD34+ satellite cells would lead to the 

observation of improved long-term donor cell survival.  Therefore, the main 

objective of the research presented in this chapter was to determine parameters for 

the isolation of a putative satellite cell population from the non-transgenic 

C57BL/10Sn mouse and to investigate the survival of these cells in vivo.  This 

approach was undertaken to avoid the difficulties of interpreting data based on 

Pax3-GFP transgenic satellite cells, and to define appropriate parameters for 

equivalent, non-transgenic donor cells. 
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Figure 5.1  Pax3-GFP expressing satellite cells in the diaphragm muscle of mice 
are small, non-granular and CD34+.  The data presented here (from Montarras et al., 
2005) used Pax3-GFP transgenic mice to locate the satellite cells within the 
diaphragm muscle.  Further analysis of this population (shown above in blue) 
indicated that these small, non-granular cells did not express CD45 or Sca-1 but did 
express CD34. 
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5.2. RESULTS 

5.2.1. A CD34+Sca-1- cell population is present in the hind limb muscles 

of C57BL/10Sn mice 

 

Before proceeding with sorting and transplantation it was important to determine 

whether the target population of CD34+Sca-1- (and CD45-) cells were present in the 

hind limb muscles of C57BL/10Sn mice.  Cells were prepared from the hind limb 

muscles of three male C57BL/10Sn mice before being stained for expression of 

CD34, CD45 and Sca-1 with 7-AAD exclusion and analysed by flow cytometry as 

described in Section 3.3. 

 

The data shown in Figure 5.2 demonstrate the gating used to identify the target 

population within the hind limb muscle of C57BL/10Sn mice.  The first gate, based 

on forward and side scatter characteristics, was created to remove debris from further 

analysis (Figure 5.2A).  Cells that had been marked with the anti-CD45 antibody or 

7-AAD were also removed from further analysis by gating (Figure 5.2B and 5.2C).  

This was to ensure that cells of haematopoietic origin and non-viable cells were 

excluded.  The final gating grouped cells according to their expression of CD34 and 

Sca-1, with the target population for sorting shown outlined in red in Figure 5.2D.  

From this analysis it could be determined that the CD34+Sca-1- population was 

present in the hind limb muscles of C57BL/10Sn mice at a frequency of 0.5% with 

the target population comprising approximately 0.2% of the total. 

 

5.2.2. The CD34+Sca-1- muscle cell population cannot be successfully 

isolated by flow cytometry 

 

Following the observation of CD34+Sca-1- cells within the hind limb muscles of 

C57BL/10Sn mice the isolation of these cells by flow cytometry was attempted.  

Cells were prepared from the hind limb muscles of two male C57BL/10Sn mice and 

pooled together before being stained for expression of CD34, CD45 and Sca-1 with 

7-AAD exclusion as described in Section 3.3. 

 

A gate based on the forward scatter and side scatter characteristics of the cells was 

used to exclude debris before cells that had been identified as CD45+ or non-viable  
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Figure 5.2  A CD34+Sca-1- cell population is present in the hind limb muscles of 
C57BL/10Sn mice.  Single cell suspensions were prepared from the hind limb 
muscles of male C57BL/10Sn mice and the presence of the target cell population 
was determined by flow cytometry.  The cells were first gated based on their forward 
scatter and side scatter characteristics (A) before CD45+ cells (B) and non-viable 
cells (C) were gated out of the final analysis.  The expression of CD34 and Sca-1 
(D) was used to identify the target population of CD34+Sca-1- cells (pooled data 
from 3 mice shown above). 
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(stained with 7-AAD) were also excluded from further sorting (Figure 5.3A and 

5.3B).  The expression of CD34 and Sca-1 by cells within these parameters was then 

analysed and gates were created to isolate both the CD34+Sca-1- and CD34+Sca-1+ 

cell populations as shown in Figure 5.3C.  Following sorting, the CD34+Sca-1+ cell 

population, which initially comprised 12.1% of the cells was increased to a post-sort 

purity of 88.2% and 1.9 x 105 cells were recovered (Figure 5.3E and Table 5.1).  

However, the CD34+Sca-1- population, which was initially present in the muscle at a 

frequency of 0.9%, was only able to be isolated at 44.1% purity and only 1 x 104 

cells were collected (Figure 5.3D and Table 5.1).  The number of cells recovered and 

the purity of the CD34+Sca-1- population were both considered too low to complete a 

transplantation experiment with these cells. 

 

5.2.3. Muscle cells can be isolated based on their expression of CD34 via 

flow cytometry 

 

The data presented above in Section 5.2.2 indicated that the CD34+Sca-1- cell 

population present in the hind limb muscles of C57BL/10Sn mice was not a feasible 

target for sorting and transplantation due to the low purity and yield of the recovered 

cell populations.  CD34 is widely used as a marker of bone marrow derived stem 

cells and has previously been associated with a population of myogenic stem cells 

(Beauchamp et al., 2000).  It was decided to expand the sorting criteria so that viable 

non-haematopoietic cells were sorted on based on their expression of CD34 only.  As 

the CD34+Sca-1- cells would be isolated within the CD34+ fraction, improved donor 

cell survival would be expected following the transplantation of CD34+ cells. 

 

The cells were sorted based on their forward scatter and side scatter characteristics 

before cells that had been stained with the anti-CD45 antibody and 7-AAD were 

excluded from further sorting (Figure 5.4A and 5.4B).  The expression of CD34 by 

these cells was then analysed and sorting parameters were put in place to isolate the 

CD34+ and CD34- cell populations as shown in Figure 5.4C.  When cells were 

isolated based on CD34 expression the resulting purity of the sorted populations was 

93.7% ± 0.9 for the CD34+ cells and 91.5% ± 4.6 for the CD34- sorted cells 

(Figure 5.4D, 5.4E and Table 5.2).  The number of cells recovered from each sort 

varied widely and was largely affected by the ratio of CD34+ to CD34- cells that 

were in the original cell preparation (this also varied more than previously observed  
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Figure 5.3  The CD34+Sca-1- cell population could not be sorted from muscle at 
high purity.  Single cell suspensions were prepared from the hind limb muscles of 
two male C57BL/10Sn mice and pooled before isolation of the target populations.  
The cells were first gated based on their forward scatter and side scatter 
characteristics (A) before cells that were CD45+ or non-viable were also gated out 
(B).  These cells were then sorted based on their expression of CD34 and Sca-1 
with the two target populations being either CD34+Sca-1- or CD34+Sca-1+ (C).  The 
purity of the CD34+Sca-1- (D) and CD34+Sca-1+ (E) sorted cell populations resulting 
from this process is shown above. 
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Table 5.1  Yield and purity of target cell populations following flow cytometry sorting 
based on CD34 and Sca-1 expression. 
 

Sorted population Number of cells 
recovered Starting purity Purity following 

sorting 

CD34+Sca-1+ 190 000 cells 13.4% 93.0% 

CD34+Sca-1- 10 000 cells 0.94% 39.3% 
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Figure 5.4  Single cells derived from muscle can be sorted on the basis of CD34 
expression.  Single cell suspensions were prepared from the hind limb muscles of 
two male C57BL/10Sn mice and pooled before isolation of the target populations.  
The cells were first gated based on their forward scatter and side scatter 
characteristics (A) before cells that were either CD45+ or non-viable were also gated 
out (B).  These cells were then sorted based on their expression of CD34 (C).  The 
purity of the CD34- (D) and CD34+ (E) sorted cell populations resulting from this 
process is shown above. 
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Table 5.2  Yield and purity of target cell populations following flow cytometry sorting 
based on CD34 expression. 
 

Sorted population Number of cells 
recovered Starting purity Purity following 

sorting 

First sort       

CD34+ 565 000 cells 13.5% 95.4% 

CD34- 82 000 cells 84.6% 98.0% 

Second sort       

CD34+ 160 000 cells 68.2% 92.7% 

CD34- 98 000 cells 28.1% 82.6% 

Third sort       

CD34+ 909 000 cells 62.2% 92.8% 

CD34- 564 000 cells 37.5% 96.9% 
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with between 10% and 60% of the cells identified as CD34+ on each day).  Over 

1 x 105 CD34+ cells were recovered following each individual isolation procedure 

while the yield of CD34- cells ranged from approximately 9 x 104 cells from the first 

two isolation procedures up to 5 x 105 cells following the last isolation procedure 

(Table 5.2). 

 

5.2.4. The transplantation of CD34+ or CD34- cells immediately 

following isolation did not lead to improved donor cell survival 

 

To investigate whether the isolation of donor cells based on CD34 expression would 

identify a population with superior in vivo survival capabilities, the cells isolated 

from male C57BL/10Sn mice (Section 5.2.3) were transplanted into the TA muscles 

of female mdx mice immediately following isolation.  Each TA muscle was 

transplanted with 1 x 104 cells/5 μl that had been sorted as either CD34+ or CD34-.  

Samples were collected immediately following transplantation (T0) as well as one 

week and one month post-transplantation.  The TA muscles were prepared and 

analysed as described in Section 3.9, and the amount of male DNA was expressed as 

a percentage of the T0 control. 

 

The results presented in Figure 5.5 demonstrate that CD34+ and CD34- cell 

populations isolated from muscle by flow sorting both had similar levels of donor 

cell survival following transplantation.  When cells that had been sorted as CD34+ 

were transplanted intramuscularly only 15.3% ± 5.7 of the cells remained one week 

following transplantation while the percentage of CD34- cells persisting in the 

muscle was 19.8% ± 8.1 one week post-transplantation (p = 0.616).  Similarly, 

7.4% ± 3.8 of the CD34+ sorted cells and 5.1% ± 0.2 of the CD34- sorted cells 

remained in the muscle one month post-transplantation (p = 0.853).  The trend in 

donor cell survival for both the CD34+ and CD34- cells showed a substantial 

decrease in the number of cells remaining in the muscle within the first week and 

additional cell loss one month post-transplantation.  The transplantation of each of 

these sorted cell populations also resulted in a lower level of donor cell survival than 

that seen when 1 x 104 cultured myoblasts were transplanted intramuscularly which 

was 66.2% ± 10.7 one week post-transplantation and 33.6% ± 5.8 one month 

following transplantation (as shown in the left panel of Figure 5.5). 
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Figure 5.5  There is no difference between the survival of CD34+ and CD34- sorted 
cell populations following intramuscular transplantation immediately after sorting.  
Donor cells were isolated from the hind limb muscles of male C57BL/10Sn mice and 
sorted as either CD34+ or CD34- as shown in Figure 5.4.  Female mdx mice were 
then transplanted intramuscularly with 1 x 104 cells from one of these cell groups 
and samples were collected one week and one month following transplantation.  
The amount of male DNA for each group was expressed as a percentage of a T0 
control, which was collected at the time of transplantation and represents the 
amount of male DNA detectable at the time of injection.  Each data point shows the 
mean ± SEM (n = 8 and 4 for the CD34+ groups (from two independent 
experiments); and n = 4 and 2 for the CD34- groups).  The data shown in the left 
panel of the graph was previously presented in Chapter 4, and demonstrates the 
level of donor cell survival observed one week and one month following the 
transplantation of 1 x 104 cultured myoblasts. 
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5.2.5. Isolation of CD34+ cells from muscle is not possible using 

immunomagnetic based separation 

 

Following the observation of poor donor cell survival when cells isolated by flow 

cytometry were transplanted, it was hypothesised that the isolation procedure may 

have caused some level of cell damage (Seidl et al., 1999).  For this reason the 

possibility of using immunomagnetic separation for these cell populations was 

investigated.  Cells were prepared from the hind limb muscles of C57BL/10Sn mice 

and stained for CD34 expression before being separated as described in Section 3.3 

where CD34+ cells were magnetically labelled and separated from the supernatant, 

which retained the CD34- cells. 

 

As shown in Figure 5.6A, 10.8% of the muscle cells in the initial sample expressed 

CD34 while 89.2% were CD34-.  Following separation the purity of the CD34- 

population was increased to 99.4% (Figure 5.6B) while the CD34+ population was 

only isolated at a purity of 26.6% (Figure 5.6C).  An additional two cycles of 

magnetic separation were only able to increase the purity of the CD34+ cell 

population to a maximum of 30.0% (Figure 5.6C).  Therefore, due to the low purity 

of the recovered CD34+ cell population, immunomagnetic separation was not 

suitable for the isolation of donor cells from muscle. 

 

5.2.6. The culture of CD34+ and CD34- cells did not affect their survival 

following intramuscular transplantation 

 

As the transplantation of selected cell subsets immediately following sorting did not 

lead to improved donor cell survival, the cells were transplanted following a period 

of expansion and recovery in culture to determine whether this would improve the 

survival of the cells in vivo.  The cells isolated as described in Section 5.2.3 were 

cultured on gelatin-coated flasks with supplemented F-10 nutrient media.  The TA 

muscles of female mdx mice were injected with cells that had been sorted as either 

CD34+ or CD34- at a concentration of 1 x 104 cells/5 μl.  Samples were collected 

immediately following transplantation (T0) as well as one week and one month 

post-transplantation.  The TA muscles were prepared and analysed as described in 

Section 3.9, and the amount of male DNA was expressed as a percentage of the T0 

control. 
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Figure 5.6  CD34+ cells isolated from muscle could not be successfully separated 
using a magnetic based isolation technique.  Single cell suspensions were prepared 
from the hind limb muscles of two male C57BL/10Sn mice and pooled before 
isolation of the target populations.  The cells were stained with CD34-PE followed by 
staining with anti-PE magnetic beads.  The CD34- cells were isolated by negative 
selection (B) while the CD34+ cells were isolated over three washes on the magnet 
(C, samples taken after each of the washes – i, ii, iii).  The final purity can be 
compared to the proportion of each cell population in the initial cell suspension (A). 
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When cells that had originally been sorted as CD34+ were cultured and transplanted, 

only 8.9% ± 1.3 of the cells persisted in the muscle one week post-transplantation 

while 19.1% ± 2.9 of the cells originally sorted as CD34- survived (p = 0.163) as 

shown in Figure 5.7.  There was also no significant difference between the survival 

of CD34+ and CD34- sorted cells one month following transplantation.  Donor cell 

survival one month post-transplantation was 16.6% ± 8.6 when cells that had 

originally been sorted as CD34+ were transplanted and 2.6% ± 1.1 when cells sorted 

as CD34- were transplanted (p = 0.082).  Similarly to the results presented in 

Figure 5.5, both cell populations showed a large decrease in the number of cells 

remaining in the muscle within the first week following transplantation with further 

cell losses observed one month post-transplantation.  The two cultured cell 

populations also displayed lower levels of donor cell survival than that which was 

previously seen following the transplantation of cultured myoblasts which was 

66.2% ± 10.7 one week post-transplantation and 33.6% ± 5.8 one month following 

transplantation (as shown in the left panel of Figure 5.7). 

 

5.2.7. Both CD34+ and CD34- cells isolated from muscle display 

myoblast-like morphology 

 

To confirm the myogenic potential of the sorted cells populations, the cells that had 

been isolated as described in Section 5.2.3 were cultured on gelatin coated flasks 

with supplemented F-10 nutrient media as described in Section 3.2.  There are a 

number of muscle-associated cells that could be present in muscle preparations such 

as interstitial cells and endothelial cells (Kuang et al., 2008).  However, during the 

preparation of myoblast cultures from hind limb muscle fibroblasts are the most 

commonly observed contaminating cell type.  As shown in Figure 5.8A and 5.8B, 

both CD34+ and CD34- sorted cells produced colonies of cells displaying 

myoblast-like morphology.  Specifically, the cells were generally small and round 

and there were also a number of cells that had either formed myotubes or were 

starting to elongate in preparation for myotube formation.  These cells were cultured 

for another three days in low serum conditions to promote the formation of myotubes 

before being stained for the expression of desmin (Section 3.6).  The majority of the 

cells in both the CD34+ and CD34- cultures started to differentiate and almost all of 

the cells expressed desmin (Figure 5.8C and 5.8D).  Therefore both the CD34+ and  
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Figure 5.7  CD34+ and CD34- cultured cell populations do not display improved 
survival when transplanted intramuscularly.  Donor cells were isolated from the hind 
limb muscles of male C57BL/10Sn mice and sorted as either CD34+ or CD34- as 
shown in Figure 5.4 before being expanded in culture.  Female mdx mice were then 
transplanted intramuscularly with 1 x 104 cells from one of these cell groups and 
samples were collected one week and one month following transplantation.  The 
amount of male DNA for each group was expressed as a percentage of a T0 
control, which was collected at the time of transplantation and represents the 
amount of male DNA detectable at the time of injection.  Each data point shows the 
mean ± SEM (n = 4 for both of the CD34+ groups; and n = 4 and 3 for the CD34- 
groups).  The data shown in the left panel of the graph was previously presented in 
Chapter 4, and demonstrates the level of donor cell survival observed one week and 
one month following the transplantation of 1 x 104 cultured myoblasts. 
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Figure 5.8 Muscle cells sorted as either CD34+ or CD34- both display myoblast-like 
morphology and express desmin. Donor cells that had previously been sorted as 
CD34+ (A, C) or CD34- (B, D) from the hind limb muscles of C57BL/10Sn mice were 
cultured in supplemented F-10 nutrient media for seven days following their isolation 
(A, B).  These cells were then cultured for three days in low serum conditions to 
promote differentiation before being stained for expression of desmin (C, D).
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CD34- sorted cell populations were myogenic and would have been capable of 

incorporating into the transplantation environment. 

 

5.2.8. The expression of CD34 is not maintained in culture 

 

The CD34+ and CD34- cells isolated and cultured as described in Section 5.2.3 and 

Section 5.2.7 were analysed to determine whether their expression of CD34 

remained constant during culture.  Upon being removed from culture the cells were 

stained with CD34 and CD45 before being analysed by flow cytometry as described 

in Section 3.3.  The CD34+ cells appeared to lose their expression of CD34 while in 

culture as shown in Figure 5.9A.  Following sorting the purity of the CD34+ 

population was 93.7% ± 0.9 but after culture only 1.8% of these cells retained 

expression of CD34.  The expression of CD34 did not change during culture amongst 

the CD34- sorted cell fraction the majority (99.2%) of these cells still identified as 

CD34- (Figure 5.9B; 91.5% ± 4.6 of these cells were CD34- immediately following 

isolation). 

 

5.3. DISCUSSION 

 

The research presented in the previous chapter of this thesis indicated that the 

survival of donor cells could be improved in the first week following transplantation, 

but there was a gradual decrease in the number of cells remaining in the muscle one 

month post-transplantation.  It was hypothesised that the cultured myoblasts may not 

have effectively integrated into the satellite cell position, which would affect their 

ability to persist in the muscle.  Recently it has been shown that FACS purified 

satellite cells incorporate into the satellite cell position following transplantation 

where they can persist in the muscle (Montarras et al., 2005).  Therefore, the survival 

of FACS purified satellite cells following intramuscular transplantation was 

investigated with the expectation of improved cell survival one month following 

transplantation. 

 

The research presented in this chapter was focussed on the attempt to isolate a 

CD34+ population of muscle cells such as those described in Montarras et al (2005).  

The satellite cell population identified in this study was characterised as small,  
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Figure 5.9  CD34 expression is not maintained by CD34+ cells during culture.  After 
one week of culture cells that had previously been sorted as either CD34+ (A) or 
CD34- (B) were removed from culture and their current expression of CD34 was 
determined by flow cytometry.  The cells were gated based on their forward scatter 
and side scatter characteristics (i) before gating to remove non-viable cells (ii).  The 
expression of CD34 was then investigated for both cultures (iii). 
 

0 102 103 104 105

<PE-A>

0

50K

100K

150K

200K

250K

SS
C

-A

1.8

CD34 

S
id

e 
sc

at
te

r 

iii 

0 50K 100K 150K 200K 250K
FSC-A

0

50K

100K

150K

200K

250K

SS
C

-A

70.4

0 102 103 104 105

<7AAD-A>

0

50K

100K

150K

200K

250K

SS
C

-A

98.8

Forward scatter 7-AAD 

S
id

e 
sc

at
te

r 
A  CD34+ sorted cells 

ii i 

0 102 103 104 105

<PE-A>

0

50K

100K

150K

200K

250K

SS
C

-A

0.76

CD34 

S
id

e 
sc

at
te

r 

iii 

0 50K 100K 150K 200K 250K
FSC-A

0

50K

100K

150K

200K

250K

SS
C

-A

73.4

0 102 103 104 105

<7AAD-A>

0

50K

100K

150K

200K

250K

SS
C

-A

99.7

Forward scatter 7-AAD 

S
id

e 
sc

at
te

r 

B  CD34- sorted cells 

ii i 



 Chapter Five: Myoblast Transplantation: Is There a Subset of Surviving Cells? 

   98 

agranular cells that expressed CD34 but lacked expression of CD45 and Sca-1 

(Montarras et al., 2005).  Initial experimentation indicated that the CD34+Sca-1- cell 

population was present at low numbers in the hind limb muscles of the C57BL/10Sn 

donor mice but attempts to isolate these cells via flow cytometry were not successful, 

resulting in a cell suspension with quite a low purity.  As the CD34+Sca-1- cell 

population could not be recovered at an adequate purity, the isolation parameters 

were expanded so that cells would be sorted as CD34+ or CD34- following the 

exclusion of CD45+ and non-viable cells.  This isolation approach was more 

successful resulting in the recovery of a sufficient number of cells at a high purity.  

However, when these cells were transplanted immediately following isolation, it was 

observed that the majority of the cells had been cleared from the muscle within the 

first week with additional cell death occurring over the next month. 

 

It could be implied from this result that CD34 did not identify a superior donor cell 

population as there was no difference in the level of donor cell survival observed 

whether CD34+ or CD34- cells were transplanted.  However, because these FACS 

isolated cells had a significantly lower level of cell survival than cultured myoblasts, 

it was also possible that the isolation procedure may have damaged the cells, 

affecting their viability in vivo.  For this reason, the use of immunomagnetic based 

cell separation was investigated.  While the CD34- cell fraction was isolated at a high 

purity, a large proportion of CD34- cells remained in the CD34+ cell fraction.  This 

resulted in a cell suspension of very low purity demonstrating that magnetic based 

cell separation was not suitable for the isolation of donor cell populations from 

muscle. 

 

CD34+ and CD34- cells that had been isolated by flow cytometry were also cultured 

prior to transplantation as it was hypothesised that time in culture would allow the 

cells to recover from the isolation procedure leading to improved survival in vivo.  

However, the majority of the cells were cleared from the muscle within the first 

week following transplantation and a further decrease in cell number was observed 

over the next month. 

 

Relatively low levels of donor cell survival were observed for cells isolated as either 

CD34+ or CD34- regardless of whether the cells were transplanted immediately 

following isolation or after a period in culture.  The myogenic potential of the 
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isolated cells was investigated by inducing differentiation in culture and, it was 

shown that both the CD34+ and CD34- cell populations were capable of forming 

myotubes and expressing desmin.  This suggested that they should have been able to 

incorporate into the transplantation environment.  Additionally, when the expression 

of CD34 following culture was investigated, it was observed that almost all of the 

cells sorted as CD34+ ceased to express CD34 during culture.  This demonstrated 

that cells could change during culture, although the survival of donor cells in vivo did 

not appear to have been affected. 

 

5.3.1. The use of flow cytometry to isolate donor cell populations 

 

As demonstrated in the previous results chapter of this thesis, the transplantation of 

large numbers of cells can be detrimental to their survival in vivo.  Therefore, the 

best approach to optimise the delivery of donor cells is to ensure that pure 

populations of highly effective donor cells are transplanted.  The research presented 

in this chapter was an attempt to recapitulate the results of another group that have 

been successful in transplanting satellite cells isolated by flow cytometry with the 

expectation that these cells would have higher levels of donor cell survival than 

cultured myoblasts (Montarras et al., 2005).  The intended target cell population was 

only found at low levels in the hind limb muscles of donor mice and an attempt to 

sort this population resulted in the recovery of a low number of cells at a low purity 

(Section 5.2.1 and 5.2.2). 

 

5.3.1.1. Isolation of infrequent cell populations 

 

Attempting to isolate an infrequent cell population by flow cytometry cannot be done 

without compromising either the yield or purity of the recovered cells.  The purity of 

the recovered cell population can be improved by engaging coincidence detection 

circuitry in the cell sorter.  Coincidence detection discards target cells if they are too 

close to another unwanted cell to be sorted separately (Shapiro, 2005).  This ensures 

that the purity of the recovered cell populations remains high but substantially 

decreases the number of cells that can be collected.  Statistical modelling suggests 

that for cell fractions initially present at less than 1%, only 37% of all the target cells 

in the total population are likely to be recovered as the rest will be discarded due to 
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coincidence detection (Shapiro, 2005).  For this reason, attempting to improve the 

recovery of the target population by refining the coincidence detection parameters 

would lead to a considerable reduction in yield. 

 

Although the number of CD34+Sca-1- cells recovered was already quite low, this 

could be addressed by preparing cells from more donor animals and sorting for a 

longer period of time to collect a sufficient number of target cells for transplantation.  

However, the cell sorting apparatus that was used throughout this project 

(BD FACSVantage) has a maximum sort speed of 3000 cells/second and 

approximately two hours were needed to process the cells derived from two mice.  

Improvements in cell sorting technology mean that it is now possible to process up to 

30000 cells/second on newer machines such as the BD Influx, drastically reducing 

isolation time.  Access to this technology makes the isolation of infrequent cell 

populations a more realistic proposition.  However, given the sorting resources 

available during this project, it was decided that the isolation of CD34+Sca-1- cells 

from muscle was not feasible. 

 

5.3.1.2. Potential cell damage and alternatives to flow cytometric 

isolation 

 

The isolation of donor cells based on CD34 expression and the exclusion of CD45+ 

and non-viable cells was more successful than the isolation of CD34+Sca-1- cells 

(Section 5.2.3).  It was hypothesised that since the target population was present in 

the CD34+ fraction, improved donor cell survival would be observed following the 

transplantation of CD34+ cells in comparison to CD34- cells and cultured myoblasts.  

However, as shown in Section 5.2.4, there was no significant difference in donor cell 

survival between the CD34+ and CD34- cells, which could indicate that the 

expression of CD34 does not identify a population of superior donor cells in this 

mouse model.  Another possibility is that the cells may have been damaged during 

isolation affecting their viability.  This is further supported by the finding that cells 

sorted immediately following transplantation had a significantly lower level of 

survival than the transplantation of the same number of cultured myoblasts (p < 0.05 

when compared to both CD34+ and CD34- cells). 
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An investigation into the effects of flow cytometric sorting on two cell lines (N1 

human skin fibroblasts and BT474 breast carcinoma cells) found evidence for a 

decrease in membrane integrity following flow cytometric sorting, with over twice as 

many cells displaying membrane instability than control (unsorted) cells (Seidl et al., 

1999).  Although cells that were non-viable prior to isolation were discarded as part 

of the cell selection criteria, cells that were affected during sorting may not have 

been identified.  It is therefore clear that the viability of the cells must be reassessed 

prior to transplantation.  The ideal way to incorporate this into the procedure would 

be to stain the cells again with 7-AAD before the purity of the recovered population 

is assessed by flow cytometry.  This would provide a more accurate assessment of 

cell viability than trypan blue staining, which identifies cells at later stages of cell 

death than 7-AAD and can be difficult to visualise in very small cells such as those 

recovered during these experiments (Solomon et al., 2010). 

 

As an alternative to FACS, bulk separation methods such as immunomagnetic cell 

separation and density gradient centrifugation were both trialled.  These methods 

allow cell populations to be separated in much less time than flow cytometric sorting 

but neither method was found to be suitable.  In the case of immunomagnetic sorting, 

the purity of the recovered population was much too low for the cells to be used in a 

transplantation experiment (Section 5.2.5) and the CD34+ cell population was not 

enriched by any of the Percoll gradients tested (20%, 50% or 80% Percoll; data not 

shown).  Ideally, bulk separation methods should be used to enrich infrequent cell 

populations before proceeding with flow cytometric cell separation.  However, as the 

CD34+ cell population was not substantially enriched by either of these methods, 

there would have been little benefit in utilising this approach in these experiments. 

 

5.3.2. The effect of culture on cells prior to transplantation 

 

The culture of isolated satellite cells has previously been shown to reduce their 

regenerative efficacy in vivo, with 10-fold more cultured cells required to produce 

similar numbers of donor-derived fibres upon transplantation (Montarras et al., 

2005).  This was hypothesised to be due to the activation of satellite cells during 

culture and the relatively differentiated state of these cells when compared to cells 

immediately following isolation.  It has also been shown that satellite cells begin to 

express MyoD when activated or cultured (Cornelison and Wold, 1997; 
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Asakura et al., 2001; Zammit et al., 2004) and that myoblasts expressing MyoD have 

lower levels of donor cell survival than myoblasts isolated from MyoD-/- mice, which 

cannot express MyoD (Asakura et al., 2007).  The cell populations isolated during 

the experiments presented in this chapter readily differentiated when exposed to low 

serum conditions, indicating their activation, and the CD34+ cells ceased expression 

of CD34 in culture (Section 5.2.7 and 5.2.8).  This would all suggest that the isolated 

cells would have lower levels of survival when transplanted after a period in culture 

when compared to cells transplanted immediately following isolation. 

 

However, the data presented in the previous chapter of this thesis demonstrated that 

the survival of 1 x 104 cultured myoblasts was higher than that observed following 

the transplantation of either of the isolated cell populations (Chapter 4).  Therefore, it 

could also be hypothesised that the isolated cell populations would have higher levels 

of donor cell survival after being cultured (possibly allowing the cells to recover 

from the isolation procedure).  In contrast to both of these hypotheses, the in vivo 

survival of both the CD34+ and CD34- cell populations was not affected by culture 

(Section 5.2.6).  Although culture was not observed to have an effect on donor cell 

survival, it is possible that the culture of cells prior to transplantation may have 

affected other aspects of cell behaviour such as the production of dystrophin or the 

frequency with which the transplanted cells incorporate into the satellite cell 

position.  The use of in situ hybridisation to track the transplanted cells or dystrophin 

immunohistochemistry to identify the contribution of the cells to regeneration would 

provide a greater understanding of how the cells have grafted into the muscle. 

 

5.3.3. The use of CD34 to isolate satellite cell populations 

 

The transmembrane protein CD34 has been extensively used to identify and isolate 

populations of haematopoietic stem cells for bone marrow transplantation 

(Nielsen et al., 2008) and a number of studies have indicated that CD34 is expressed 

by quiescent satellite cells (Beauchamp et al., 2000; Fukada et al., 2004; 

Pallafacchina et al., 2009).  Additionally, CD34 has been shown to identify a 

population of satellite cells that display high regenerative potential upon 

intramuscular transplantation (Jankowski et al., 2002; Montarras et al., 2005) and it 

was hypothesised that these cells may display improved survival in vivo.  However, 

in the research presented in this chapter, the isolation of donor cells based on CD34 
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expression did not identify a population of cells with higher levels of survival in vivo 

(Section 5.2.4).  This is further supported by more recent findings, which have 

indicated that the isolation of muscle cells based on CD34 expression (following the 

exclusion of cells expressing CD31, CD45 and Sca-1) is not sufficient for the 

specification of a donor cell population with superior regenerative characteristics and 

that additional characterisation must be done (Sacco et al., 2008; Ieronimakis et al., 

2010). 

 

The α7β1 integrin molecules have been investigated by a number of groups as 

potential selection markers for the isolation of satellite cells (Blanco-Bose et al., 

2001; Cerletti et al., 2008; Sacco et al., 2008; Ieronimakis et al., 2010).  

α7β1 integrin interacts with laminin, which comprises a major component of the 

basal lamina of muscle fibres, to mediate adhesion and movement along the muscle 

fibre (Yao et al., 1996).  The overexpression of α7β1 integrin was also found to 

promote the proliferation of C2C12 myoblasts (Liu et al., 2008) and α7 integrin has 

previously been used to purify myogenic progenitor cells within muscle 

homogenates containing both myoblasts and fibroblasts (Blanco-Bose et al., 2001).  

More recently, α7 integrin has been used in combination with CD34 to identify a 

population of highly regenerative donor cells that were able to incorporate into the 

satellite cell position and contribute to multiple rounds of regeneration (Sacco et al., 

2008).  While the transplantation of single CD34+α7 integrin+ cells demonstrated the 

remarkable regenerative capacity of these cells, this was only observed for 3 of 72 

(4%) single cells transplanted (Sacco et al., 2008).  This supports the notion that a 

small subset of these CD34+α7 integrin+ cells are likely to be responsible for the 

observed levels of regeneration, indicating that there may be other cell surface 

molecules that can more specifically identify these cells. 

 

Meanwhile, the β1 integrin molecule has been investigated in combination with 

CXCR4 for the isolation of highly regenerative donor cell populations (Cerletti et al., 

2008).  CXCR4 is an α-chemokine receptor that interacts specifically with the 

chemoattractant SDF-1, which allows the cells to migrate to sites of tissue damage 

where SDF-1 is released (Ratajczak et al., 2003).  Transplantation experiments have 

shown that CXCR4+β1 integrin+ cells can incorporate into the satellite cell position 

and contributed to the formation of donor-derived fibres.  Additionally, functional 
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studies have indicated that recovery of Peak Specific Force approaching wild type 

levels was possible in recipient muscles with over 25% donor-derived fibres 

(Cerletti et al., 2008). 

 

There are also a number of cell surface markers that could potentially be used to 

identify populations of satellite cells such as the HGF receptor c-met, the cell 

adhesion molecule m-cadherin and the heparan sulfate proteoglycans, syndecan-3 

and syndecan-4 (Tatsumi et al., 1998; Irintchev et al., 1994; Cornelison et al., 2001; 

Kuang and Rudnicki, 2008).  Other cell surface molecules that have been identified 

include caveolin-1, which promotes cell cycle arrest and is expressed by quiescent 

satellite cells, and necdin, which promotes differentiation and is therefore expressed 

by activated satellite cells (Volonte et al., 2005; Deponti et al., 2007).  While these 

two markers may not necessarily be specific to satellite cells, they could potentially 

be used as part of a combination of markers, such as those described above, to isolate 

satellite cells at particular stages of activation (Kuang and Rudnicki, 2008).  

Therefore, although the research presented in this chapter did not identify an 

improved donor cell type, there are still a number of possibilities to be investigated 

as part of the search for the ideal donor cell population.  In particular, combinations 

of cell surface markers should be investigated further. 

 

5.3.4. Conclusions 

 

The research presented in this chapter suggested that the use of CD34 alone is not 

specific enough to identify an appropriate donor cell population for intramuscular 

transplantation.  For this reason, continued investigation in this field should focus on 

various combinations of cell surface markers such as the use of α7 integrin in 

conjunction with CD34 or β1 integrin with CXCR4.  It is also important to recognise 

that the research presented here may not necessarily indicate that the CD34+ donor 

population isolated during these experiments was unsuitable for transplantation.  

However, it does demonstrate the difficulty in using purified satellite cells as the 

donor cell population.  Previous research has indicated that satellite cells can be 

delivered to recipient muscle by transplanting single muscle fibres (Collins et al., 

2005; Collins et al., 2007).  The muscle fibres are broken down by macrophages 

within the muscle, releasing the satellite cells so that they can incorporate into the 

muscle.  The preparation and handling of single muscle fibres may be more 
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straightforward than the procedures for satellite cell isolation and transplanting the 

cells on the muscle fibre may assist with their survival in vivo.  This approach of 

bypassing the isolation of a satellite cell subset via the use of isolated single muscle 

fibres was undertaken as presented in the next chapter. 
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6.1. INTRODUCTION 

 

While purified satellite cells have been suggested to represent a highly efficient 

donor cell population for intramuscular transplantation (Montarras et al., 2005; 

Cerletti et al., 2008; Sacco et al., 2008), the research presented in the previous 

chapter of this thesis demonstrated the inherent difficulty of this approach.  

Specifically, the isolation of low numbers of cells created problems when preparing 

the cells for transplantation and the flow cytometry based sorting may have reduced 

the viability of the recovered cells.  However, early studies investigating the 

transplantation of whole and sliced muscle grafts have proposed an alternative 

strategy to deliver satellite cells intramuscularly.  The satellite cells within these 

muscle grafts were found to be capable of proliferating and migrating from the graft, 

allowing them to contribute to muscle regeneration throughout the muscle 

(Hansen-Smith and Carlson, 1979; Roberts et al., 1989; Fan et al., 1996a).  More 

recent studies have shown that satellite cells transplanted on isolated muscle fibres 

are also able to contribute to muscle regeneration and integrate into the recipient 

muscle in the satellite cell position (Collins et al., 2005; Collins et al., 2007). 

 

A type of apoptotic cell death, referred to as anoikis, that occurs when cells receive 

inadequate attachment signalling following loss of signalling via the extracellular 

matrix has been proposed to contribute to the loss of donor myoblasts and other 

single cells following transplantation (Thomas et al., 1999; Grossmann, 2002; 

Lee-Pullen and Grounds, 2005; Bouchentouf et al., 2007).  Satellite cells 

transplanted on myofibres are subject to lower levels of stress throughout the 

isolation procedure and have the additional benefit of being transplanted with a 

supporting structure.  For this reason it was hypothesised that the transplantation of 

satellite cells on myofibres would lead to improved incorporation of the donor cells 

within the recipient muscle and that this would be reflected by higher levels of donor 

cell survival one month following transplantation.  The use of support structures for 

transplantation was investigated further with the use of Cytodex microcarriers.  

Microspheres and microcarriers have previously been used for the transplantation of 

cells such as hepatocytes, chondrocytes, retinal pigment epithelial cells and dermal 

fibroblasts (Demetriou et al., 1986; Thissen et al., 2006; Flores et al., 2007; 

Zhang et al., 2009) and represented a relatively simple way to introduce artificial 

supports into the existing culture and transplant model.  Therefore, it was 
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hypothesised that donor cell survival would be improved when donor myoblasts 

were transplanted intramuscularly while attached to Cytodex microcarriers. 

 

6.2. RESULTS 

6.2.1. The viability of the myofibre preparation was improved by 

combining and modifying existing protocols 

 

Before investigating the transplantation of isolated myofibres, an attempt was made 

to isolate single fibres from the flexor digitorum brevis (FDB) muscle of male 

C57BL/10Sn mice.  The first attempt to prepare single fibres as described by 

Shefer and Yablonka-Reuveni (2005) and detailed in Section 3.4 resulted in a 

myofibre preparation that contained some viable myofibres (Figure 6.1A and 6.1B).  

However, the vast majority of the isolated myofibres were found to be non-viable, as 

determined by their uptake of trypan blue dye, and were also observed to be fully or 

partially hypercontracted (Figure 6.1C and 6.1D respectively).  Measurement of the 

number of viable myofibres revealed that they comprised only 2.9% ± 1.5 of the 

recovered fibres (Figure 6.2A and 6.2B). 

 

In an effort to improve the viability of the recovered myofibre preparation, the 

protocol described in Ravenscroft et al. (2007) was also tested for effectiveness.  

This procedure differed from that of Shefer and Yablonka-Reuveni (2005) by 

including 10% foetal calf serum in the enzyme solution and required less 

manipulation of the muscles (and fibres) once they had been dissected from the 

mouse.  While the viability of the myofibre preparation was improved to 40.2% ± 5.9 

using this method (Figure 6.2A; p < 0.001), there were a still a large number of 

hypercontracted fibres remaining in the preparation as shown in Figure 6.2C.  

However, a combination of these two methods significantly increased the viability of 

the recovered myofibres to 64.5% ± 8.8 (Figure 6.2A; p = 0.004) and reduced the 

number of hypercontracted fibres present following isolation (Figure 6.2D).  The 

combined procedure retained the use of foetal calf serum in the enzyme solution of 

Ravenscroft et al. (2007) but reintroduced the additional manipulation of muscles 

and myofibres described in Shefer and Yablonka-Reuveni (2005).  Further 

modifications to this combined protocol such as increasing the enzyme treatment 

time to two hours and decreasing the time and speed of centrifugation also  
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Figure 6.1 The majority of single muscle fibres isolated from the flexor digitorum 
brevis muscle were non-viable following isolation. Single muscle fibres were 
isolated from the FDB muscle as described in Section 3.4.  Following isolation, the 
fibres were stained with trypan blue to visualise non-viable fibres.  A number of the 
fibres were viable as shown in A (and via phase-contrast in B).  However, the 
majority of the myofibres were hypercontracted (C) and non-viable (C and D).

A

C D
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Figure 6.2  The viability of the myofibre preparation can be improved by the addition 
of serum during enzymatic digestion of the muscle.  Single muscle fibres were 
prepared from the FDB muscle as described in Section 3.4 with the muscle being 
dissociated using collagenase alone (original method), or collagenase with foetal 
calf serum (serum method and combined method).  The connective tissue present 
on the muscles prepared using the original and combined methods was removed 
following enzymatic digestion to aid the release of the myofibres.  Following 
isolation, the fibres were stained with trypan blue to visualise non-viable fibres and 
counts were performed to determine the percentage of viable fibres present (A).  
Each data point shows the mean ± standard deviation (n = 3, 2 and 6 for the 
original, serum and combined methods respectively).  Representative images 
showing the myofibres following isolation via the original method (B), serum method 
(C) or combined method (D) are shown above with trypan blue staining for 
non-viable fibres. 
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contributed to improve the viability of the recovered fibre preparation to over 80% 

(data not shown). 

 

6.2.2. The transplantation of myofibres did not appear to produce a 

population of donor cells that persisted in the muscle environment 

 

To investigate whether transplanting satellite cells on myofibres would improve the 

in vivo survival of the donor cells, myofibres were prepared from the FDB muscles 

of male C57BL/10Sn mice (Section 3.4) and were transplanted into the TA muscles 

of female mdx mice immediately following isolation.  Each TA muscle was 

transplanted with 1 x 103 myofibres/5 μl and samples were collected immediately 

following transplantation (T0) as well as one week and one month 

post-transplantation.  The TA muscles were prepared and analysed as described in 

Section 3.9, and the amount of male DNA was expressed as a percentage of the T0 

control. 

 

The transplantation of donor satellite cells on myofibres presented in Figure 6.3, 

demonstrated a trend of continued donor cell loss in vivo.  When 1 x 103 myofibres 

were transplanted intramuscularly, only 34.3% ± 5.4 of the male DNA detectable 

immediately following transplantation was still present in the muscle one week 

following transplantation.  A further decrease in the number of donor cells present in 

the muscle was observed one month post-transplantation, where 6.0% ± 0.8 of the 

male DNA detectable immediately following transplantation remained in the muscle 

(p < 0.001).  This suggested that the transplantation of satellite cells on myofibres did 

not improve the in vivo incorporation and survival of the donor cells. 

 

6.2.3. Optimal microcarrier culture conditions occurred with high 

concentrations of both myoblasts and Cytodex microcarriers 

 

Although the transplantation of isolated myofibres did not appear to improve the in 

vivo survival of the donor cells, the use of support structures during transplantation 

was investigated further using Cytodex microcarriers, which were selected for their 

ease of handling during culture and transplantation.  These microcarriers have 

previously been used for the scale-up of myoblast cultures, and as artificial supports  



 Chapter Six: Myofibre Transplantation and Artificial Supports 

   112 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.3  Satellite cells transplanted on myofibres do not appear to persist in the 
muscle environment.  Female mdx mice were transplanted intramuscularly with 
1 x 103 muscle fibres prepared from male C57BL/10Sn FDB muscles and samples 
were collected at the indicated times post transplantation. The amount of male DNA 
was expressed as a percentage of the relevant T0 control, which represents the 
amount of male DNA detectable at the time of injection.  Each data point shows the 
mean ± SEM (n = 11 and 10 for the T0 and T1wk groups (from two independent 
experiments); and n = 5 for the T1mth group). 
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for the transplantation of hepatocytes and retinal pigment epithelial cells 

(Boudreault et al., 2001; Demetriou et al., 1986; Flores et al., 2007).  As the Cytodex 

microcarriers are recommended for suspension cultures with 1-5 g of Cytodex/L and 

5 x 104-2 x 105 cells/ml, the initial attempt to culture myoblasts upon Cytodex beads 

utilised roller bottles as described in Section 3.5.  Although the myoblasts did adhere 

to the microcarriers within the first 24 hours of culture, they did not appear to be 

strongly attached to the beads when assessed 48 hours later as evidenced by the 

rounded up appearance of myoblasts on the beads and the large number of cells that 

were free within the supernatant (Figure 6.4A).  Additionally, the microcarriers had 

not been evenly covered with myoblasts as some beads were observed to have a high 

number of cells attached to them while only a few cells had adhered to other beads 

(Figure 6.4B). 

 

To address the poor coverage of cells over the microcarriers, decreasing the number 

of microcarriers in the culture was investigated.  Male C57BL/10Sn donor myoblasts 

were cultured with 1 g/L, 0.5 g/L or 0.1 g/L of Cytodex microcarriers as described in 

Section 3.5.  Cell counts were performed every 24 hours during the five days of 

culture so that growth curves could be determined and compared to the growth curve 

of myoblasts cultured in flasks (Section 3.2).  As shown in Figure 6.5A, the growth 

curve of the myoblasts cultured in flasks display rapid growth within the first 

72 hours of culture followed by a plateau in proliferation between 72 and 120 hours 

from the beginning of the culture.  However, the growth curves of the microcarrier 

cultures indicate that the myoblasts grew very slowly while being cultured this way 

at all concentrations of microcarriers (Figure 6.5A).  Additionally, although the 

myoblasts were able to adhere to the microcarriers during the first 24 hours of culture 

(Figure 6.5B), at later time points throughout the culture the cells started to detach 

from the beads and form aggregates within the culture supernatant (Figure 6.5C). 

 

It was hypothesised that the initially promising coverage of the microcarriers may 

have left little room for the myoblasts to proliferate as the culture progressed.  For 

this reason the next approach involved decreasing the number of myoblasts initially 

introduced into the culture to try and provide more space for the cells to proliferate 

throughout the culture.  Cultures containing 1 g/L of Cytodex microcarriers seeded 

with either 2 x 105 cells/ml, 1 x 105 cells/ml or 5 x 104 cells/ml were prepared as 

described in Section 3.5.  Cell counts were performed every 24 hours during the five  
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Figure 6.4 Myoblasts cultured on Cytodex microcarriers in roller bottles are not 
observed to grow over the microcarriers. Male C57BL/10Sn myoblasts were 
cultured on Cytodex microcarriers in a roller bottle rotating at 2 rpm.  An aliquot of 
the culture was taken after 48 hours of incubation and the cells were visualised via 
phase contrast.

200um
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Figure 6.5  The growth rate of myoblasts grown on Cytodex microcarriers was 
much lower than myoblasts grown in a flask.  Male donor myoblasts were cultured 
with either 1, 0.5 or 0.1 g of Cytodex microcarriers/L and 2 x 105 cells/ml at 30 rpm.  
Cell counts were performed each day to determine the growth rate of the myoblasts 
(A).  The growth rate of myoblasts cultured on gelatin-coated flasks was also 
recorded as a control (A).  Representative images of the 1 g/L microcarrier cultures 
after 24 (B) and 96 (C) hours of incubation are shown above. 
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days of culture so that growth curves could be determined and compared to the 

growth curve of myoblasts cultured in flasks (Section 3.2).  In a similar manner to 

the results obtained above, the myoblasts grew rapidly when cultured in flasks before 

beginning to plateau after 72 hours of culture while the myoblasts cultured with the 

microcarrier beads grew very slowly (Figure 6.6A).  Although the myoblasts in the 

microcarrier culture seeded with 5 x 104 cells/ml appeared to achieve a growth rate 

similar to myoblasts cultured in flasks, direct observation of this culture showed that 

the initial adherence of the cells to the microcarriers was not continued at later time 

points where the majority of the myoblasts had detached from the beads (Figure 6.6B 

and 6.6C). 

 

The recently published work of Lippens and Cornelissen (2010) describing the 

approach of culturing the microcarriers and cells at high concentrations in stationary 

culture was trialled as described in Section 3.5.  In contrast to the previous attempts, 

the myoblasts grew well on the microcarriers under these conditions at all time 

points investigated.  In particular, the myoblasts continued to adhere to the 

microcarriers throughout the culture (Figure 6.7).  Additionally, the myoblasts 

appear to attach strongly to the surface of the microcarriers, allowing the cells to 

spread out as they grow instead of remaining rounded up as was previously observed 

(arrow in Figure 6.7B).  The continued adherence of the myoblasts to the 

microcarriers observed under these conditions was determined to be sufficient to 

proceed to transplantation studies. 

 

6.2.4. The survival of myoblasts one week following transplantation was 

not improved by the use of Cytodex microcarriers 

 

The use of microcarrier supports for transplantation was assessed by culturing male 

C57BL/10Sn donor myoblasts on Cytodex microcarriers (Section 3.5) and then 

transplanting either 1 x 103 cells/5 μl or 1 x 104 cells/5 μl into the TA muscles of 

female mdx mice.  Samples were collected immediately following transplantation 

(T0) as well as one week following transplantation.  The TA muscles were prepared 

and analysed as described in Section 3.9, and the amount of male DNA was 

expressed as a percentage of the T0 control. 
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Figure 6.6  Seeding the Cytodex microcarriers with fewer myoblasts appeared to 
improve their growth rate but the cells did not continue to adhere to the 
microcarriers at later time points.  Male donor myoblasts were cultured with 1 g of 
Cytodex microcarriers/L and either 2 x 105, 1 x 105 or 5 x 104 cells/ml at 30 rpm.  
Cell counts were performed each day to determine the growth rate of the myoblasts 
(A).  The growth rate of myoblasts cultured on gelatin-coated flasks was also 
recorded as a control (A).  Representative images of the 5 x 104 cells/ml 
microcarrier cultures after 24 (B) and 120 (C) hours of incubation are shown above. 
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Figure 6.7  The adherence of myoblasts to the Cytodex microcarrier beads was 
improved in stationary cultures with high concentrations of myoblasts and 
microcarriers.  Male donor myoblasts were cultured in a culture dish with 8 g of 
Cytodex microcarriers/L and 2 x 106 cells/ml.  Representative images of this culture 
after 24 (A), 48 (B), 72 (C) and 96 (D) hours of incubation are shown above. 
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As shown in Figure 6.8A, the survival of donor myoblasts transplanted on Cytodex 

microcarriers one week post-transplantation was 2.1% ± 0.6 when 1 x 104 cells were 

transplanted and 11.2% ± 3.5 when 1 x 103 cells were transplanted.  This is in 

contrast to the results obtained in Chapter 4 where, one week following the 

transplantation of donor myoblasts (without microcarriers), donor cell survival was 

33.6% ± 5.8 when 1 x 104 cells were transplanted and 159.9% ± 28.5 when 1 x 103 

cells were transplanted (Figure 6.8B).  It is also interesting to note that there is a 

similar trend illustrated in both Figure 6.8A and 6.8B where the transplantation of 

fewer cells leads to higher levels of donor myoblast survival whether the myoblasts 

are transplanted as single cells (Figure 6.8B) or adhered to Cytodex microcarriers 

(Figure 6.8A). Therefore, the transplantation of myoblasts attached to Cytodex 

microcarriers did not improve their in vivo survival and actually led to a significant 

decrease in donor myoblast survival when compared to myoblasts transplanted as 

single cells (p < 0.001 for the transplantation of 1 x 103 and 1 x 104 cells). 

 

6.2.5. Myoblasts transplanted on microcarriers appeared to persist in 

the muscle one month post-transplantation 

 

The long term survival of donor myoblasts transplanted on Cytodex microcarriers 

was assessed to determine whether the use of these artificial supports would improve 

the long-term survival of the transplanted cells.  Male C57BL/10Sn donor myoblasts 

were cultured on Cytodex microcarriers (Section 3.5) and then either 1 x 103 

cells/5 μl or 1 x 104 cells/5 μl were transplanted into the TA muscles of female mdx 

mice.  Samples were collected immediately following transplantation (T0) as well as 

one month post-transplantation.  The TA muscles were prepared and analysed as 

described in Section 3.9, and the amount of male DNA was expressed as a 

percentage of the T0 control. 

 

Donor myoblast survival one month following the transplantation of 1 x 104 

myoblasts cultured on Cytodex microcarriers was 1.3% ± 0.4 and 9.8% ± 2.0 when 

1 x 103 cells were transplanted (Figure 6.8A).  Similarly to the results obtained one 

week post-transplantation, significantly higher levels of donor cell survival were 

observed following the transplantation of donor myoblasts without Cytodex 

microcarriers (originally presented in Chapter 4) where donor myoblast survival was 

33.6% ± 5.8 one month following the transplantation of 1 x 104 cells and  
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Figure 6.8  Cultured myoblasts transplanted on Cytodex microcarriers seem to 
persist in the muscle environment.  Female mdx mice were transplanted 
intramuscularly with either 1 x 104 or 1 x 103 male donor myoblasts cultured on 
Cytodex microcarriers (A) and samples were collected one week and one month 
following transplantation. The amount of male DNA was expressed as a percentage 
of the relevant T0 control, which represents the amount of male DNA detectable at 
the time of injection.  Each data point shows the mean ± SEM (n = 5 for both of the 
104 groups; and n = 4 and 5 for the 103 groups).  The data shown in (B) was 
previously presented in Chapter 4, and demonstrates the level of donor cell survival 
observed one week and one month following the transplantation of 1 x 104 or 1 x 103 
cultured myoblasts. 
 

0

2

4

6

8

10

12

14

16

1x10^4 1x10^3

T1wk
T1mth

0

50

100

150

200

1x10^4 1x10^3

T1wk
T1mth

          1 x 104                                             1 x 103 

          1 x 104                                             1 x 103 

P
er

ce
n

ta
g

e 
d

o
n

o
r 

ce
ll

 s
u

rv
iv

al
 

Number of cells transplanted 

P
er

ce
n

ta
g

e 
d

o
n

o
r 

ce
ll

 s
u

rv
iv

al
 

A 

B 



 Chapter Six: Myofibre Transplantation and Artificial Supports 

   121 

44.0% ± 6.9 one month post-transplantation of 1 x 103 cells (Figure 6.8B).  While the 

in vivo survival of donor myoblasts transplanted as single cells was significantly 

decreased from one week to one month post-transplantation (Figure 6.8B; p = 0.012 

when 1 x 104 cells were transplanted and p < 0.001 when 1 x 103 cells were 

transplanted), donor myoblast survival did not change significantly between one 

week and one month post-transplantation when the myoblasts were transplanted on 

Cytodex microcarriers (Figure 6.8A; p = 0.972 and 0.976 following the 

transplantation of 1 x 104 and 1 x 103 cells respectively).  This indicated that the 

continued presence of donor cells within the muscle might have been assisted by the 

use of artificial supports such as the Cytodex microcarriers. 

 

6.3. DISCUSSION 

 

The research presented in the previous chapters of this thesis demonstrated the 

inherent difficulty in isolating satellite cell populations by flow cytometry for 

transplantation and the need to improve the delivery of donor cells.  However, early 

studies investigating the transplantation of whole and sliced muscle grafts have 

shown that the satellite cells within these muscle grafts proliferated and migrated 

from the graft, allowing them to contribute to muscle regeneration throughout the 

muscle (Hansen-Smith and Carlson, 1979; Roberts et al., 1989; Fan et al., 1996a).  

More recent studies have shown that satellite cells transplanted on isolated muscle 

fibres are also able to contribute to muscle regeneration and integrate into the 

recipient muscle in the satellite cell position Collins et al., 2005; Collins et al., 

2007).  Additionally, the myofibre provides a support structure for the donor cells.  

Therefore, it was hypothesised that the transplantation of satellite cells on myofibres 

would lead to improved incorporation of the donor cells within the recipient muscle 

and that this would be reflected by higher levels of donor cell survival one month 

following transplantation. 

 

Initial attempts to isolate myofibres from FDB muscles produced a large number of 

hypercontracted and non-viable myofibres, which would have been unsuitable for 

transplantation as the associated cells were observed to detach from the fibre during 

hypercontration.  Including serum in the enzyme solution and reducing the handling 

of the myofibres greatly improved the viability of the myofibre preparation, but the 

combination of serum in the enzyme solution with the removal of connective tissue 
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further improved the viability of the myofibre preparation.  It is likely that the 

addition of serum to the collagenase solution reduced some of the proteolytic activity 

of the enzyme causing the muscles and fibres to be dissociated in a gentler manner 

while the separation of myofibres probably required a lower level of force and 

subsequently underwent a reduced amount of stress when the connective tissue was 

removed prior to trituration.  Although a large proportion of the DNA present at T0 

had been cleared from the muscle one week following the transplantation of isolated 

myofibres, the interpretation of this result was affected by uncertainty regarding the 

proportion of the male DNA present at T0 that was due to the presence of satellite 

cells as opposed to myonuclei.  However, as the amount of male DNA continued to 

decrease between one week and one month following the transplantation of isolated 

myofibres, it is likely that donor satellite cells transplanted in this manner do not 

have superior levels of in vivo survival (assuming that the majority of the myofibres 

and associated myonuclei were cleared from the muscle within the first week 

post-transplantation). 

 

Further investigation into the use of support structures for the transplantation of 

myoblasts utilised Cytodex microcarriers.  During attempts to culture the donor 

myoblasts on the Cytodex microcarriers, it became apparent that the various 

suspension culture arrangements that were trialled could not sustain myoblast growth 

for longer than 48 hours.  However, a static Cytodex culture method, involving high 

initial concentrations of both the Cytodex microcarriers and the myoblasts, was 

investigated and myoblast growth was observed to continue at all time points 

examined (up to 96 hours from the beginning of the culture) and the myoblasts 

appeared to have strongly adhered to the surface of the microcarriers. 

 

The survival of donor myoblasts cultured and transplanted on Cytodex microcarriers 

was significantly lower than the survival of donor myoblasts transplanted as single 

cells at both one week and one month post-transplantation.  It is also important to 

note that the transplantation of fewer cells led to higher levels of donor myoblast 

survival whether the myoblasts were transplanted as single cells or adhered to 

Cytodex microcarriers.  It is possible that the addition of microcarriers increased the 

concentration of the injection solution and caused the cells to form a larger mass 

once they were transplanted.  This could have led to lower levels of donor cell 

survival one week following the transplantation of larger numbers of cells – similar 
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to what was observed when high numbers of cells were transplanted without 

microcarriers.  However, the survival of donor myoblasts transplanted on 

microcarriers did not significantly change between one week and one month 

following transplantation, which is in contrast to the results obtained following the 

transplantation of myoblasts without microcarriers.  Therefore, although the levels of 

donor myoblast survival one week following transplantation with microcarriers were 

quite low, the fact that they did not continue to decrease suggested that the 

transplantation of myoblasts with artificial supports might represent and effective 

approach to improve the long term survival of the donor cells. 

 

6.3.1. The transplantation of isolated myofibres 

 

It has previously been demonstrated that satellite cells can be delivered 

intramuscularly via whole or sliced muscle grafts and, as was reported more recently, 

by transplanting isolated myofibres (Hansen-Smith and Carlson, 1979; Roberts et al., 

1989; Fan et al., 1996a; Collins et al., 2005).  In all of these cases the associated 

satellite cells were able to migrate from the transplanted tissues and incorporate into 

the transplantation environment so it was expected that donor satellite cells 

transplanted on isolated myofibres would persist within the muscle over a longer 

period of time than cultured myoblasts.  However, a substantial decrease in the level 

of donor cell survival was observed within the first week post-transplantation and 

was followed by additional donor cell loss over the next month (Section 6.2.2) in a 

similar trend to that seen previously when isolated satellite cells were transplanted 

(Chapter 4).  The measurement of the T0 control sample was complicated by the fact 

that myonuclei and satellite cells present on the myofibres both contributed male 

DNA to the total measured while only satellite cells would have been able to migrate 

from the myofibre and integrate into the transplantation environment.  This in turn 

would affect the calculated values of donor cell survival at one week and one month 

post-transplantation.  Accounting for the donor myonuclei present at the time of 

transplantation would allow for a more accurate estimate of donor cell survival to be 

made, causing the inflated T0 value to decrease and the donor cell survival calculated 

at one week and one month post-transplantation to increase. 

 

One approach to address this would involve establishing the percentage of FDB 

myofibre nuclei that are from satellite cells, which could be determined by using a 
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nucleic acid dye such as DAPI or Hoechst in conjunction with the visualisation of 

markers such as laminin, so that cells in the sub-laminal satellite cell position could 

be differentiated from myonuclei.  The percentage of myofibre nuclei that are from 

satellite cells could then be used to adjust the measured value for the amount of male 

DNA present immediately following transplantation to produce a value that more 

closely reflects the original number of satellite cells transplanted.  However, as this 

relies on the assumption that the myofibres and associated myonuclei had been 

completely cleared from the muscle within the first week following transplantation, 

the experiment could have been more strongly controlled by transplanting myofibres 

isolated from irradiated mice.  Irradiation is frequently used to deplete replicating 

cells in recipient mice prior to transplantation and has previously been shown to 

deplete satellite cells without damaging the muscle (Heslop et al., 2000).  The 

analysis of muscles transplanted with satellite cell depleted myofibres at T0 as well 

as one week and one month following transplantation would demonstrate the 

contribution of myonuclei to the amount of male DNA measured at each stage. 

 

6.3.1.1. Clinical relevance of myofibre transplantation 

 

Although the research of other groups has indicated that satellite cells transplanted 

on myofibres represent a highly regenerative donor cell population, the clinical 

applicability or relevance of this technique is not immediately apparent 

(Collins et al., 2005; Collins et al., 2007).  As the expansion of myofibres in culture 

is not possible, any clinical approach towards transplanting myofibres would be 

likely to involve the use of whole muscles (which would need to be from deceased 

donors), as opposed to the relatively small biopsy that is necessary to produce 

myoblast cultures.  Additionally, long myofibres are difficult to handle, easily 

becoming hypercontracted or tangled, and would probably difficult to transplant 

(Rosenblatt et al., 1995).  For these reasons alone, it remains unlikely that myofibre 

transplantation represents a feasible alternative to the transplantation of isolated 

cells. 

 

However, these studies that have suggested that satellite cells remaining within their 

niche have a higher regenerative potential and that this satellite cell niche is easily 

disrupted, highlight the research prospects of myofibre transplantation (Collins et al., 

2005; Montarras et al., 2005).  Investigation of the factors that contribute to the 
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maintenance of the satellite cell niche could be used to refine the cell isolation 

technique to reduce disruption to the satellite cells during isolation and enhance 

transplantation.  For example, laminin is one of the major components of the basal 

lamina and satellite cells have been shown to express receptors that respond to its 

presence (Yao et al., 1996; Kuang et al., 2008).  One possibility could be the 

addition of laminin and other extracellular matrix components throughout the 

isolation procedure to avoid disrupting signalling via the laminin receptor.  The 

presence of laminin has also previously been shown to correlate to higher levels of 

donor myoblast regeneration and migration following transplantation, indicating that 

exogenous laminin could be included when transplanting cells intramuscularly 

(Silva-Barbosa et al., 2008).  Another important component of the satellite cell niche 

is the level of tissue elasticity provided by the muscle, which is much higher than 

what is normally provided by commercially available culture flasks and coating 

solutions, which have a high level of rigidity (Lutolf et al., 2009; Gilbert et al., 

2010).  Current research aiming to develop a culture substrate that more closely 

approximates the in vivo satellite cell environment has identified a pliant hydrogel 

substrate that can be used to culture cells that retain a high level of regenerative 

potential in vitro and in vivo (Gilbert et al., 2010). 

 

6.3.2. Culture and transplantation of myoblasts on support structures 

 

Although the transplantation of satellite cells on isolated myofibres did not appear to 

improve donor cell survival, the use of support structures for transplantation was 

investigated further with the use of Cytodex microcarriers.  Microspheres and 

microcarriers have previously been used for the transplantation of cells such as 

hepatocytes, chondrocytes, retinal pigment epithelial cells and dermal fibroblasts 

(Demetriou et al., 1986; Thissen et al., 2006; Flores et al., 2007; Zhang et al., 2009) 

and they were believed to represent a relatively simple way to introduce artificial 

supports into the existing culture and transplant model.  The optimisation of 

myoblast culture upon microcarriers was focussed upon ensuring that the myoblasts 

were strongly adhered to the microcarriers throughout the culture, which was found 

to occur when both the myoblasts and microcarriers were present at high 

concentrations (Section 6.2.3).  The myoblasts appeared to be strongly adhered to the 

microcarriers because of the way they had spread out over the surface of the beads 
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instead of remaining rounded up (compare the myoblasts in Figure 6.7, which are 

strongly adhered, to the loosely adhered myoblasts in Figure 6.4). 

 

Donor myoblasts cultured and transplanted on Cytodex microcarriers had 

significantly lower levels of in vivo survival than myoblasts transplanted as single 

cells both one week and one month following transplantation (Section 6.2.4 and 

6.2.5).  As can be seen in Figure 6.7, the Cytodex microcarriers were much larger 

than the myoblasts and would have contributed to increase the size of the mass that 

was injected.  Therefore, it is likely that the survival of myoblasts was decreased 

because the size and concentration of the injection mass had increased, which was 

similar to the lower levels of donor cell survival observed when large numbers of 

cells were transplanted (Chapter 4).  This is further supported by the observation of 

higher levels of donor myoblast survival following the transplantation of fewer 

myoblasts when they were adhered to Cytodex microcarriers, as was observed when 

myoblasts were transplanted as single cells (Section 6.2.4).  The initial level of donor 

cell survival may have been improved by creating an incision in the muscle for the 

microcarriers and myoblasts to be injected into, improving dispersal throughout the 

muscle. 

 

However, donor myoblast survival was not observed to decrease significantly 

between one week and one month post-transplantation, which suggested that the 

microcarriers may have improved the abililty of the myoblasts to persist in the 

muscle (Section 6.2.5).  One of the mechanisms that has been implicated in cell 

death following transplantation is anoikis, which has been described as a type of 

apoptotic cell death that can occur when cells are separated from their associated 

extracellular matrix and no longer receive sufficient attachment signalling 

(Thomas et al., 1999; Grossmann et al., 2002; Bouchentouf et al., 2007).  Therefore, 

the attachment of the myoblasts to the microcarriers may have provided adequate 

levels of attachment signalling for the myoblasts leading to a reduction in anoikis 

and the improved persistence of donor myoblasts between one week and one month 

following transplantation. 

 

6.3.2.1. Alternatives to Cytodex microcarriers 

 

Although the microcarriers appeared to support the long-term survival of the 
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myoblasts, low in vivo survival one week post-transplantation limited the efficacy of 

this approach (Section 6.2.4).  However, the Cytodex microcarriers represent a 

relatively unsophisticated tissue engineering methodology.  It has recently been 

demonstrated that micropatterned polymer membranes (with a pattern consisting of 

parallel strips) promoted cell alignment and fusion when myoblasts were cultured on 

their surface (Huang et al., 2010), which was important for the formation of 

functional (contractile) muscle capable of producing isometric twitch force 

(Yan et al., 2007).  Additionally, it was shown that layers of directional myotubes 

could be created to form a three dimensional structure following multiple rounds of 

myoblast culture (Zhao et al., 2009) and that these structures showed a proportional 

increase in force generation, producing greater absolute force than the single layer 

(Yan et al., 2007).  Transplantation studies of myoblasts seeded on three dimensional 

micropatterned poly-lactic-glycolic acid scaffolds have indicated that a higher 

number of donor nuclei persist in the muscle than when myoblasts were directly 

injected intramuscularly (Boldrin et al., 2007).  The majority of the structure had 

degraded one month following transplantation and the presence of donor-derived 

fibres was observed over a larger area in muscles that had received the 

transplantation of myoblasts within scaffolds when compared to muscles that were 

injected with myoblasts alone (Boldrin et al., 2007). 

 

Another advantageous quality of transplanting cells on scaffolds is the ability to 

deliver useful growth factors within the scaffolds.  In particular, the addition of 

hepatocyte and fibroblast growth factors to scaffolds used to transplant myoblasts 

intramuscularly improved transplantation outcomes as measured by a significant 

reduction in the size of the damaged tissue coupled with higher levels of regeneration 

and donor cell incorporation (Hill et al., 2006).  However, one of the problems with 

the use of three-dimensional scaffolds is the difficulty in ensuring adequate 

vascularisation of the graft occurs.  It has previously been shown that the majority of 

myoblasts located 150 μm from the perimeter of the scaffold, and therefore 150 μm 

from a nutrient source, were non-viable one month following transplantation 

(Thorrez et al., 2008).  In an in vitro model of skin regeneration, seeding endothelial 

cells into the same hyaluronen-based structures as dermal fibroblasts produced a 

system where the endothelial cells proliferated and organised into microcapillary-like 

structures using the extracellular matrix produced by the fibroblasts (Tonello et al., 

2003).  Apart from further studies on the particular biomaterials used, continued 
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investigation into the ideal structures and methodology for myoblast transplantation 

should consider the possibility of including additional cell types to ensure that 

vascularisation can occur. 

 

6.3.3. Conclusions 

 

The isolation and transplantation of myofibres was investigated as an alternative to 

the flow cytometric isolation of satellite cells described in Chapter 5.  Although the 

T0 value was complicated by the inclusion of myonuclei, the decrease in the level of 

donor cell survival indicated that myofibre transplantation had not delivered a donor 

cell with superior in vivo survival characteristics.  The ability to study of isolated 

myofibres may provide useful information about the satellite cell niche, which could 

then be applied to refine the culture and transplantation of isolated donor cells or to 

design a scaffold for donor myoblast transplantation.  After a period of donor cell 

death within the first week following transplantation, myoblasts cultured on Cytodex 

microcarriers appeared to promote the persistence of the donor cells within the 

muscle.  The transplantation of cells with supporting structures is an interesting 

approach that requires further experimentation, particularly the investigation of 

different scaffold materials and structures, the promotion of vascularisation within 

three-dimensional scaffolds and the addition of growth factors to the transplantation 

procedure. 
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The poor survival of donor myoblasts following intramuscular transplantation needs 

to be addressed for the full efficacy of myoblast transplantation to be realised.  

Therefore, the research presented within this thesis investigated a number of factors 

pertinent to the in vivo survival of donor myoblasts.  An experimental review of the 

current myoblast transplantation techniques was carried out in Chapter 4, where 

initial experimentation indicated that the recipient immune response was not 

primarily responsible for the high level of donor myoblast death observed following 

transplantation in our syngeneic transplant model.  However, it was demonstrated 

that donor myoblast survival one week following transplantation could be improved 

by optimising the number of cells transplanted and the volume of the injection 

solution (published in Pellegrini and Beilharz, 2011).  Although donor myoblast 

survival could be improved to the point that donor myoblast proliferation was 

observed one week following the transplantation of 1 x 103 cells, a significant 

decrease in donor myoblast survival was still observed one month 

post-transplantation (Pellegrini and Beilharz, 2011).  While the donor myoblasts 

were able to persist in the muscle longer than donor cells of a different tissue type 

(primary fibroblasts), indicating that the myoblasts were capable of integrating into 

the muscle environment, attempts to improve the incorporation and persistence of the 

myoblasts by pre-treating the recipient muscle with cardiotoxin did not improve 

donor cell survival (Chapter 4). 

 

It was hypothesised that a less differentiated myogenic cell type would incorporate 

into the satellite cell position at a higher frequency following intramuscular 

transplantation, which was expected to lead to higher levels of donor cell survival 

one month following transplantation.  However, the population of CD34+ satellite 

cells described in this thesis did not show higher levels of in vivo survival than that 

obtained with cultured myoblasts at either one week or one month 

post-transplantation (Chapter 5).  Since this research was carried out a number of 

additional selection markers, such as CXCR4 as well as α7 and β1 integrin, have 

been described by other research groups.  However, the isolation of donor satellite 

cells for immediate transplantation had proven to be rather difficult with the 

resources available for the research presented in this thesis.  Therefore, the 

transplantation of isolated muscle fibres was investigated as an alternative approach 

to deliver satellite cells into recipient muscle without the difficulty of isolation 

(Chapter 6).  Although a clear effect on donor cell survival was not observed the 
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transplantation of isolated myofibres had suggested the possible use of 

transplantation structures, which was investigated further when donor myoblasts 

were cultured and transplanted on Cytodex microcarriers.  While the level of donor 

myoblast survival one week following transplantation was lower when the myoblasts 

were transplanted on the microcarriers, the level of donor myoblast survival was not 

observed to significantly decrease one month post-transplantation (Chapter 6).  This 

indicated that the use of transplantation structures could improve the persistence of 

donor cells in vivo although further optimisation of the transplantation parameters is 

required. 

 

7.1. CLINICAL APPLICATION OF MYOBLAST TRANSPLANTATION 

7.1.1. Immunosuppression 

 

The results presented in Chapter 4, combined with the findings of Sammels et al. 

(2004), have indicated that the immune response is not a major contributing factor to 

the poor levels of donor myoblast survival observed in our syngeneic mouse model.  

However, it is likely that immunosuppression would be required in any clinical 

application of myoblast transplantation due to the low chance of complete 

histocompatibility between donor and recipient.  A number of the early clinical trials 

utilised cyclophosphamide or cyclosporine for the immunosuppression of patients 

(Law et al., 1990; Karpati et al., 1993; Mendell et al., 1995; Miller et al., 1997).  The 

antiproliferative properties of cyclophosphamide were suggested to have a negative 

effect on the donor myoblasts that had been transplanted while it was later found that 

even the highest possible doses of cyclosporine did not provide sufficient 

immunosuppression in murine myoblast transplantation studies (Vilquin et al., 

1995a; Huard et al., 1994).  This has demonstrated the need for careful 

administration of immunosuppressive regimes and more recent research has shown 

that tacrolimus provides sufficient immunosuppression in murine, primate and 

human myoblast transplantation with no observed cytotoxic effect on the donor cells 

(Vilquin et al., 1995a; Skuk et al., 1999; Skuk et al., 2004). 

 

7.1.2. Transplantation of fewer cells 

 

The early unsuccessful clinical trials of myoblast transplantation generally involved 
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the transplantation of at least 1 x 106 cells per injection in to up to 100 injection sites 

each 5 mm apart (Gussoni et al., 1992; Huard et al., 1992; Karpati et al., 1993; 

Tremblay et al., 1993; Mendell et al., 1995; Miller et al., 1997).  However, since 

these trials it has been demonstrated that donor myoblasts are unlikely to migrate 

more than 0.1 to 0.5 mm from the injection trajectory in undamaged dystrophic 

muscle (Fan et al., 1996b; Lafreniere et al., 2009).  Additionally, the research 

presented within this thesis combined with the central ischemia work of Skuk et al. 

(2007b) has indicated that the transplantation of large numbers of cells may lead to 

the formation of ischemic cell pockets that contribute to necrosis of the donor 

myoblasts within the first week post-transplantation (Chapter 4).  Therefore, it is 

likely that the optimal myoblast transplantation procedure would involve a large 

number of closely spaced injections each delivering fewer cells. 

 

More recent clinical trials that have been able to demonstrate the production of 

dystrophin in treated muscles have utilised high-density injections to overcome cell 

migration limitations (Skuk et al., 2006; Skuk et al., 2007a).  In contrast to the 

previous clinical trials where injections were typically spaced 5 mm apart, the high 

density injection protocols have injections spaced 1 mm apart causing there to be 100 

injection sites per square centimetre (Skuk et al., 2006; Skuk et al., 2007a; 

Richard et al., 2010).  This approach has been developed further with the recent 

description of a semimanual device for repetitive intramuscular cell injections 

(Richard et al., 2010).  This injection device consists of an arrangement of multiple 

needles with a mechanical dispenser to ensure that donor cells are evenly distributed 

throughout the injection trajectory and was found to increase the speed of the 

transplantation procedure, in addition to being less tiring and more ergonomic during 

use (Richard et al., 2010).  Most importantly, the use of this semimanual device 

improved the reproducibility of the transplantation procedure leading to the 

production of donor-derived proteins in over 50% of recipient myofibres 

(Richard et al., 2010).  Additional optimisation regarding the number of cells 

transplanted so that all donor cells transplanted have the ability to persist and fuse 

into recipient muscle would improve the efficiency of the procedure and could 

increase the area of muscle treated. 
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7.1.3. Selection of a donor cell population 

 

While appropriate donor cell populations should be judged on their ability to 

proliferate within muscle and fuse with existing muscle to produce functional 

dystrophin protein, the availability of donor cells from human sources must be 

considered for this approach to have clinical relevance.  The research presented in 

Chapter 5 investigated the use of donor satellite cells isolated based on their 

expression of CD34 and, although this was not successful, there are a number of 

additional selection markers that have been identified and used to isolate satellite 

cells (Cerletti et al., 2008; Sacco et al., 2008).  However, the potential clinical 

application of isolated satellite cells is affected by the low frequency of these cells 

within the muscle, which would limit the number of donor cells that could be 

obtained from donor muscle biopsies.  Additionally, the regenerative potential of 

isolated satellite cells is compromised if these cells are cultured but it is likely that 

any donor cell population would need to be cultured prior to transplantation to derive 

adequate numbers of cells (Montarras et al., 2005). 

 

In contrast to isolated satellite cell populations, cultured myoblasts are relatively easy 

to obtain from human donors and have been extensively tested during clinical 

investigations of myoblast transplantation.  Donor myoblasts have typically been 

obtained from the muscle biopsies of unaffected relatives and one study has shown 

that it is possible to derive almost 1 x 109 myoblasts within two passages of cells 

prepared from approximately 0.9 g of muscle obtained from deltoid muscles 

(Skuk et al., 2007a).  Combined with the recent clinical trial data and the refinement 

of the transplantation procedure, cultured myoblasts remain a feasible donor cell 

option for intramuscular transplantation (Skuk et al., 2006; Skuk et al., 2007a; 

Richard et al., 2010). 

 

7.1.4. Use of support structures for transplantation 

 

With the observation of anoikis in cells deprived of signalling through the 

extracellular matrix, it has become apparent that single cell transplantation involving 

anchorage-dependent cells might be improved when the cells are transplanted with a 

support structure (Boldrin et al., 2007; Bouchentouf et al., 2007).  While the research 

presented in Chapter 6 provided some evidence for this hypothesis, the low level of 
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survival at one week limited the success of this experiment.  However, there are a 

number of other transplantation structures, discussed in Chapter 6, which might be 

more appropriate for intramuscular transplantation.  In particular, it seems likely that 

better outcomes would be observed if myoblasts were cultured within a structure that 

encourages them to grow and differentiate in a directional manner prior to 

intramuscular transplantation (Yan et al., 2007; Zhao et al., 2009; Huang et al., 

2010). 

 

Transplantation structures may also be useful for the application of myoblast 

transplantation to cardiac muscles.  In addition to the skeletal muscle pathology, 

dysfunction of the cardiac and respiratory muscles is observed during the progression 

of DMD (McNally and Pytel, 2007).  While the transplantation of donor myocytes 

into cardiac muscle is possible, the poor retention of the transplanted cells within the 

transplantation site limits this approach (reviewed in Menasche, 2009).  The recent 

description of perfusion decellularisation may provide a better way to introduce 

donor cells into internal organs such as the heart (Ott et al., 2008; Weymann et al., 

2011).  In this methodology, decellularisation of donor organs can be performed 

using a variety of chemical, biological or physical agents, but the aim is always to 

preserve the native ultrastructure and composition of the extracellular matrix 

(Crapo et al., 2011).  Successful perfusion decellularisation has been demonstrated 

for a number of organs such as the heart, lungs, liver and bladder from both rodent 

and porcine donors (Ott et al., 2008; Weymann et al., 2011; Price et al., 2010; 

Uygun et al., 2010; Baptista et al., 2011; Yang et al., 2010).  Once the original 

cellular material has been removed from the organ structure, donor cells can be 

seeded into the remaining organ structure to create a new functional donor organ 

(Ott et al., 2008; Uygun et al., 2010).  Continued refinement of this technique could 

complement skeletal myoblast transplantation to address cardiac and respiratory 

dysfunction in DMD patients. 

 

7.2. MYOBLAST TRANSPLANTATION AS A THERAPY FOR DUCHENNE 

MUSCULAR DYSTROPHY 

7.2.1. Potential for refinement of myoblast transplantation 

 

Due to the large amount of muscle that requires treatment in patients with DMD, the 
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migration of donor myoblasts is currently one of the important limiting factors 

adversely affecting the full efficacy of myoblast transplantation.  This would ideally 

be addressed via the identification of a systemically deliverable donor cell that can 

effectively home to and integrate into affected muscle.  As described in Chapter 1, 

there are a number of different donor cell populations that are being investigated for 

use as donor cells in muscle repair (Price et al., 2007).  In particular, 

mesoangioblasts and bone marrow-derived cells have both been delivered 

systemically in dystrophic models and shown to incorporate into the muscle 

(Torrente et al., 2004; Sampaolesi et al., 2006; Dellavalle et al., 2007).  However, a 

relatively low rate of donor cell integration into damaged muscle was observed 

following the systemic administration of these cell types although there was a 

significant increase in the level of donor cell incorporation following the 

pre-treatment of donor cells with TNF-α and SDF-1 or the induction of α4 integrin 

expression (Sampaolesi et al., 2003; Galvez et al., 2006).  This demonstrates the 

potential to increase the migration of donor cells. 

 

Additionally, there are a number of factors that have been investigated for their 

effects on the migration of donor myoblasts such as laminin-111 and matrix 

metalloproteinases (Goudenege et al., 2010; Wang et al., 2009; Morgan et al., 2010).  

Previous research has also indicated that myoblasts obtained from MyoD-/- mice are 

able to survive better once transplanted intramuscularly and can migrate further from 

the transplantation site than wild type myoblasts (Smythe and Grounds, 2001; 

Asakura et al., 2007).  Therefore, refinement of myoblast culture and transplantation 

might include a number of important factors within the culture media and injection 

solution of donor myoblasts.  An alternative or complimentary approach could 

prevent the expression of MyoD via the addition of antisense inhibitors specific to 

MyoD during culture, with the aim of producing myoblasts for transplantation that 

have an increased capacity to migrate throughout the muscle upon intramuscular 

injection (Zador et al., 2002; Muroya et al., 2005).  If the migration of the 

transplanted cells could be improved, the spacing of the injections could be increased 

to provide treatment to a larger area of muscle than previously achievable.  The 

continued investigation of factors that could increase the percentage of transplanted 

cells integrating into the muscle or alternative donor cell populations that migrate 

into affected muscle with higher efficiency would improve the applicability of 

myoblast transplantation for the treatment of DMD. 
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7.2.2. The treatment of smaller scale muscular dystrophies and 

disorders via myoblast transplantation 

 

While more recent clinical trials have demonstrated the therapeutic possibility of 

myoblast transplantation, the severe and extensive muscle degeneration observed in 

DMD complicates the application of myoblast transplantation as a therapy for this 

condition (Skuk et al., 2006; Skuk et al., 2007a).  However, there is a high potential 

for the application of myoblast transplantation to the many dystrophies and disorders 

that affect single muscle groups, with the added benefit of being able to use 

autologous myoblasts in these situations.  Cancers of the oral cavity are often located 

within the tongue and treatment is likely to require the removal of portions of this 

muscle in a procedure known as a partial glossectomy (Kim et al., 2003).  The 

grafting of tissues from other muscle groups of the body has generally been unable to 

fully recover the fine muscle function required for optimal speech and swallowing, 

so the transplantation of cultured myoblasts has been investigated in rat models of 

tongue resection.  In these studies, it has been shown that the transplantation of 

myoblasts within a hydrogel, such as collagen or Matrigel, led to areas with 

significantly improved levels of muscle formation and repair as well as a decrease in 

the level of scar tissue formed (Bunaprasert et al., 2003; Kim et al., 2003; 

Luxameechanporn et al., 2006). 

 

Myoblast transplantation has also been suggested as a treatment for both urinary and 

faecal incontinence.  Incontinence can arise following obstetric trauma or 

complications related to pelvic surgery and may even exist as a congenital condition 

(Peyromaure et al., 2004).  As the injection of bulking agents such as collagen or 

silicone has only yielded short-term effects and caused side effects such as chronic 

inflammation, myoblast transplantation has been investigated in rat models of 

incontinence and in clinical trials (Maeda et al., 2007).  The research in rat models 

has indicated that cultured myoblasts are able to integrate and persist within the 

sphincter muscles following transplantation (Peyromaure et al., 2004; Saihara et al., 

2009).  Although only a small number of patients have been treated during clinical 

trials, it has been shown that the myoblasts integrated into the transplantation site and 

improvements in the quality of life for the patients were observed (Carr et al., 2008; 

Frudinger et al., 2010).  Larger clinical trials with appropriate placebo control groups 

would certainly appear to be warranted at this stage although it is important to ensure 
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that the transplanted cells can persist in the muscle for extended periods of time 

(ideally at least 12 months) so the use of transplantation structures should also be 

investigated in these models. 

 

7.2.3. Progression of therapeutic options for Duchenne muscular 

dystrophy 

 

As reviewed in Chapter 1, there are a number of other approaches for the treatment 

of DMD that are currently being investigated.  The delivery of mini-dystrophin by 

rAAV vectors as well as the administration of antisense oligonucleotides and 

substances capable of inducing the read-through of premature stop codons such as 

PTC124 (Ataluren) have all recently moved towards clinical trials (Ruegg and Glass, 

2011).  A recent Phase I clinical trial to determine the safety of various intramuscular 

doses of a mini-dystrophin rAAV construct has suggested that an immune response 

may be mounted against the introduced dystrophin molecule 

(http://www.clinicaltrials.gov: NCT00428935; Mendell et al., 2010).  Therefore, the 

administration of an effective immunosuppression plan may be necessary for this 

approach and might be important to consider in other approaches that are currently 

being investigated. 

 

The skipping of dystrophin exon 51 represents a viable treatment approach for 

approximately 13% of DMD patients.  The morpholino phosphorodiamidate 

oligonucleotide AVI-4658, which specifically targets exon 51, was recently 

investigated in a Phase I/II clinical trial (http://www.clinicaltrials.gov: 

NCT00159250).  In this study, the intramuscular administration of a high dose of 

AVI-4658 to the extensor digitorum brevis muscle was found to induce dystrophin 

expression in over 50% of the recipient myofibres with a staining intensity that was 

approximately 40% of the healthy control (Kinali et al., 2009).  Similar results were 

previously obtained following the intramuscular injection of the antisense 

oligonucleotide PRO051, which also targets exon 51 (van Deutekom et al., 2007).  

Based on the positive findings in these studies, another Phase I/II study investigating 

the dose-range of intravenously administered AVI-4658 was initiated and is currently 

ongoing (http://www.clinicaltrials.gov: NCT00844597). 
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The safety of PTC124 (now known as Ataluren), which specifically mediates the 

read-through of premature stop codons, has been determined during Phase I clinical 

trials in healthy volunteers (Hirawat et al., 2007).  The initial Phase II clinical trials 

of Ataluren in DMD patients indicated that full-length dystrophin expression could 

be induced (http://www.clinicaltrials.gov: NCT00264888; Bonnemann et al., 2007).  

However, the most recent Phase IIb clinical trials found no improvement in tests of 

6-minute walking distance following 48 weeks of treatment with various doses of 

Ataluren (http://www.clinicaltrials.gov: NCT00592553; Finkel, 2010). 

 

7.3. FINAL CONCLUSIONS 

 

Given the severe nature of DMD, the initial demonstration of dystrophin production 

following the intramuscular transplantation of cultured donor myoblasts represented 

a significant opportunity for the treatment of this condition.  However, the absence of 

functional improvement during the clinical trials of the early 1990s, which are now 

widely regarded as premature, hindered the accepted credibility and feasibility of 

myoblast transplantation among the scientific community.  Advances in the 

understanding of donor cell survival following intramuscular injection, as well as the 

continued investigation of myoblast transplantation in nonhuman primates and more 

recent clinical trials, have once again demonstrated the potential of this approach.  

The identification of highly regenerative or systemically deliverable donor cell 

populations has also contributed to the renewed enthusiasm for cell transplantation 

therapies for DMD.  The application of myoblast transplantation for the treatment of 

small individual muscles affected in DMD or other conditions would provide 

information concerning the persistence of donor cells within the transplantation site 

and effectiveness of this approach for the recovery of muscle function.  Additional 

efforts to improve the migration of the donor cells or identify a more suitable donor 

cell should continue before myoblast transplantation could be considered for the 

treatment of DMD. 
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