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Introduction 

Extraocular Muscles 

Extraocular muscles (EOM) are responsible for all movements of the eye within the orbit.  

These movements are critical for maintaining stable visual input to both retinas and are 

exquisitely controlled by an oculomotor system. They allow for tracking moving objects 

in the visual field, called smooth pursuit, as well as rapid positional changes, called 

saccades. Proper function of the oculomotor control system and the EOM it influences 

are required for maintenance of binocularity and ultimately accurate visual perception. 

 The EOM have many properties that distinguish them from somitic skeletal 

muscles. In addition to the fact that they remodel throughout life without injury [1], they 

maintain properties seen in developing and regenerating muscles. The EOM have 

multiply-innervated myofibers [2] and heterogeneity of myosin heavy chain (MHC) 

isoforms within single fibers [3-5]. EOM also show preferential targeting and sparing in 

different skeletal muscle diseases, and the reason for this differential involvement is 

unknown. 

EOM are comprised of four rectus muscles: superior, inferior, lateral, medial and 

two oblique muscles: superior and inferior. These muscles, arranged circumferentially 

around the globe, work in concert with the EOM of the contralateral eye to keep the two 

eyes in conjugate gaze. They insert directly into the sclera and originate from either a 

tendinous annulus at the posterior aspect of the globe or dense connective tissue on the 

bony orbit. The four rectus muscles have a direct path from the annulus to their insertions 

in the sclera. The oblique muscles are not as direct. The superior oblique courses 

anteriorly, through a connective tissue trochlea and turns posteriolaterally to insert under 
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the superior rectus. The inferior oblique originates anterior to the other EOM and courses 

from the medial aspect of the anterior orbit posteriorly to insert inferior and lateral to the 

inferior rectus. 

Cranial nerve III, the oculomotor nerve, innervates the superior, medial, and 

inferior rectus muscles as well as the inferior oblique. The superior oblique is innervated 

by the trochlear nerve, cranial nerve IV. Finally, the lateral rectus is innervated by the 

VIth cranial nerve, the abducens nerve.  Damage or dysfunction of any of these nerves has 

adverse consequences to eye motility and can lead to strabismus and/or amblyopia. 

While EOM has many singly innervated myofibers, another interesting feature of 

EOM is the presence of multiply-innervated single fibers. This, along with the 

heterogeneity of MHC isoforms found in individual fibers, likely contribute to the 

extraordinary ability of eye muscles to achieve twitch and tonic contractions without 

fatigability [6]. Typical of motor nerves, innervation to the EOM exert their control using 

acetylcholine release through neuromuscular junctions (NMJ). While some of these 

NMJs have the typical, mature 5 acetylcholine receptor subunits (2α, 1β, 1ε, and 1δ), 

most of the multiply-innervating NMJs retain the gamma (γ) subunit, which is replaced 

with the epsilon (ε) subunit in non-cranial skeletal muscle development [7, 8]. In addition 

to the “immature” form of the acetylcholine receptor, EOM maintain MHC isoforms 

typically found only in developing or regenerating skeletal muscles, the embryonic and 

neonatal isoforms [9].  Although there are many MHC isoforms expressed in the EOM, a 

complete discussion of their complex nature will not be discussed further. 
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Although EOM share many characteristics with somitic muscles, there are 

differences in these muscles from early development. Myogenesis of somitic muscles and 

regenerative cell populations in limb and body skeletal muscle require the homeobox 

transcription factor, Pax3. The EOM develop from head mesoderm, not somites, and do 

not require or even express Pax3 [10]. In contrast, myogenesis of EOM requires 

expression of the transcription factor Pitx-2, as Pitx-2 mutants fail to develop eye muscles 

[11-13]. 

Multiple diseases uniquely affect the EOM. They can be preferentially targeted, 

and two well-described examples include thyroid eye disease (Graves’ ophthalmopathy) 

and myasthenia gravis. Thyroid eye disease is an autoimmune disorder that results in 

significant inflammatory cell infiltration of the EOM. Although there is controversy 

about the specific etiology, this inflammatory cell infiltration can result in exophthalmos, 

pain, diplopia, and even blindness if edema confined within the bony orbit damages the 

optic nerve. Myasthenia gravis is another autoimmune disorder; its target is NMJs. Often, 

it only affects the EOM, although also can generalize, leading to widespread muscle 

dysfunction. It is thought that myasthenia gravis is caused by autoantibodies against the 

nicotinic acetylcholine receptor or other skeletal muscle antigens, although the preference 

of myasthenia to affect the EOM is still somewhat unclear. Hypotheses include altered 

complement regulation and immunogenicity in EOM [14], hypersensitivity to slight 

fatigue of EOM compared to other muscles (i.e. diplopia or misalignment) [15], or orbital 

effects such as venous stasis or increased fat [16, 17].  EOM are not always sensitive to 

autoimmune diseases affecting muscles, however, as they seem to be preferentially 
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spared in autoimmune dermatomyositis [18]. Investigations continue to better understand 

the unique features of EOM and how they are affected by disease processes. 

In addition to their preferential involvement in some diseases, the EOM are 

spared in other skeletal muscle diseases and in aging. Non-cranial muscles show 

sarcopenic and other changes with aging, including increased apoptosis, which are not 

readily observable in EOM. Two skeletal muscles diseases where the EOM are 

functionally spared are Duchenne and Becker muscular dystrophies [19]. Since these 

forms of muscular dystrophy affect fast twitch extremity muscles preferentially, it is 

interesting that the EOM, which contain many fast twitch fibers, are not affected. In 

addition to the clinical sparing of the EOM in Duchenne muscular dystrophy (DMD), the 

muscles show no histopathologic changes [20-22]. The EOM are also spared in other 

forms of muscular dystrophy, including merosin-deficient muscular dystrophy [23], 

laminin alpha2 deficiency [24], sarcoglycan deficiency [25], and congenital muscular 

dystrophy [23, 26]. While the mechanism of sparing the EOM in DMD is unclear, the 

observations that they are spared in many forms of muscular dystrophy suggest there are 

constitutive differences between EOM and non-cranial skeletal muscles. Elucidation of 

the mechanism by which the EOM are unaffected by DMD is of great interest, as this 

disease has no cure and understanding EOM sparing may yield important new therapeutic 

possibilities 
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Duchenne Muscular Dystrophy 

Duchenne muscular dystrophy (DMD) is a devastating genetic condition affecting 

approximately 1 in every 3500 male births [27]. It is caused by mutations in the 

dystrophin gene, resulting in complete absence of the protein [28]. The gene encoding 

dystrophin is one of the largest genes cloned to date at 2.6 megabases and is located on 

chromosome Xp21 [29], explaining why mostly boys are affected. The huge dystrophin 

protein measures 427 kilodaltons [29] and is associated with the dystroglycan complex 

[30]. Together they mechanically stabilize the sarcolemma by providing a close linkage 

of the sarcolemma to the basement membrane via the glycoprotein complex. Most of the 

mutations involved in DMD are the result of deletions, but there is great variability in the 

mutations leading to loss of dystrophin. Becker muscular dystrophy is a similar disease, 

but results in a truncated form of dystrophin and has a less severe phenotype. 

 There are many molecular complications resulting from the loss of dystrophin. 

Perhaps the most well described consequence is destabilization of the dystroglycan 

complex normally found at the sarcolemma and provides membrane stabilization during 

contraction. This stabilization protects the other proteins in the complex from protease 

degradation,[30, 31]. Without proper anchoring of the sarcolemma to the extracellular 

matrix of the basement membrane, sarcolemmal integrity is lost and subject to microtears 

during contraction (30). Disruption of the laminin globular binding domain of alpha-

dystroglycan interferes with the tight association of the sarcolemma to the basal lamina 

and results in membrane fragility and damage [32]. Since dystrophin anchors 



 
 

6 

dystroglycan to the cell membrane, clearly, the loss of dystrophin would have the same 

result. 

 In addition to associations with the dystroglycan complex, dystrophin is 

responsible for localization of neuronal nitric oxide synthase (nNOS), which is necessary 

for production of nitric oxide (NO), at the sarcolemma [33]. NO regulates blood flow and 

prevents early fatigue with exercise [33-35]. Lack of dystrophin decreases the levels of 

nNOS at the sarcolemma, which may contribute to fatigability of dystrophic muscles [36, 

37].  

Calcium influx into damaged myofibers is another molecular complication of 

DMD. Intracellular calcium increases are believed to occur due to their entry from 

extracellular stores into the myofibers through the microtears in the destabilized 

membranes [38-41] as well as release of calcium stores from the sarcoplasmic reticulum 

(SER) [42, 43]. Inflammation associated with DMD leads to increases in inducible nitric 

oxide synthase (iNOS), which destabilizes ryanodine receptors on the SER, releasing 

intracellular calcium stores into the cytoplasm. Increased intracellular calcium induces 

increases in calpains, which cause proteolysis of muscle proteins [42, 43]. All of these 

molecular interactions contribute to the muscle pathology in DMD,  

Although it is possible to detect abnormal dystrophin expression from birth, most 

boys are diagnosed with onset of muscle weakness between the ages of 2 and 3 years 

[44]. Muscle weakness usually begins in proximal muscles and progresses distally. A 

common first sign is the use of hands to rise from a seated position on the floor, called 

Gower’s sign. Patients demonstrate a wobbly gait, pseudohypertrophy of calf muscles 
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from fibrosis and fat deposition, and lumbar lordosis. The average boy with DMD is 

wheelchair-bound by the age of 12. Fractures are common with DMD, usually related to 

falls [45, 46], and nearly all patients exhibit scoliosis [47-49]. Scoliosis as well as 

pathological changes within the diaphragm are related to decreases in pulmonary function 

[50], and the resultant pulmonary complications [51, 52]. Unfortunately, cardiomyopathy 

and respiratory failure usually result in death in the late teenage years to the twenties, 

although with improving medical technologies many now live into their 4th decade. 

Therapeutic Strategies 

There is currently no adequate therapy to prevent the progression of DMD. Many 

attempts to ameliorate the disease have failed, although many new therapies are under 

investigation. Current management of patients with DMD includes close monitoring, 

medical management of cardiac problems, physical therapy, orthoses, and 

glucocorticoids. Developments in gene therapy, cellular transplantation, and newer 

pharmacologic interventions are being investigated, with several currently in clinical 

trials.  

Medical Management 

 Cardiac care of patients with DMD have included the use of ACE inhibitors and 

beta-blockers. ACE inhibitors may slow the progression of heart disease, but adequate 

studies have not yet shown a statistically significant effect. In a retrospective study of 

patients who were diagnosed with early cardiac changes and treated with beta-blockers, 

66% of patients had normalization of ventricular size and function, 26% improved, and 

8% were stable on beta-blockers over 3 years [53]. Pulmonary recommendations for 
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patients with DMD are outlined in a 2004 report and include close monitoring of lung 

function prior to loss of ambulation in order to better manage changes in respiratory 

efficacy [54]. Most patients who survive to 20 years require long-term ventilation. 

Orthopedic care is geared toward managing contractures and prolonging ambulation, 

although surgery for scoliosis is often recommended to improve respiratory function [55]. 

Surgeries on patients with DMD require careful consideration, as they can have adverse 

consequences due to the administration of anesthetics. 

Pharmacologic Management 

 Pharmacologic interventions used to delay DMD progression are mainly limited 

to glucocorticoid administration. These immunosupressive drugs are recommended for 

patients over the age of 5 [56]. The most commonly used drug in this category is 

prednisone, which has been extensively studied and shown to decrease scoliosis 

development, increase muscle strength and function, as well as maintain forced vital 

capacity, a measure of lung function [57-63]. Significant side effects have been reported 

with long-term use of prednisone however, including osteoporosis [63], bone fragility 

[64], hypertension, and heart disease [65-67]. Cyclosporine has also been shown effective 

in treating DMD [68], but its use is controversial due to rare induction of myopathies. 

Deflazacort has similar effects as prednisone, but is not FDA approved. Azathioprine was 

investigated, but showed no efficacy in DMD [60]. A novel pharmacologic intervention 

currently under investigation seeks to inhibit myostatin, a negative regulator of muscle 

growth. Myostatin-null mice crossed with mdx (a mouse model of DMD) animals showed 

significant increases in muscle mass, [69] and treating mdx mice with an antibody against 
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myostatin increased muscle mass and strength and decreased serum levels of muscle 

enzymes released with muscle damage [70]. Clinical trials are underway in humans [71]. 

Gene Therapy 

Multiple gene therapies are currently being tested in clinical trials. Recombinant 

adeno-associated viral vectors with mini- and micro-dystrophin genes are ongoing as an 

attempt to replace the missing dystrophin molecule with a truncated form of the protein 

[72, 73]. Current vectors do not permit insertion of the entire dystrophin gene due to its 

size. Strategies to correct translation of mutant dystrophin genes are also being 

investigated. When the mRNA is being translated, nonsense mutations are read as stop 

codons by translating ribosomes. Aminoglycoside, an antibacterial medication was 

reported to suppress the stop-codon function of nonsense mutations in mice, resulting in 

10-20% dystrophin expression compared to normal levels [74]. Unfortunately a 

preliminary clinical trial showed no efficacy [75], and the mouse data was not 

reproducible by other investigators [76]. A more promising compound that promotes 

ribosomal read-through of nonsense mutations, PTC124, has shown promise in cultured 

mouse and human cells [77] and is also being tested in clinical trials. 

 Gene therapies targeting specific mutations are also being attempted. The goal is 

“exon skipping”, whereby antisense-oligonucleotides are delivered to patch specific 

mutation sequences [78-80]. Early clinical trials of antisense-oligonucleotides injected in 

the foot of DMD patients have showed promise, and a trial of intravenous delivery to 

target more muscles is ongoing. 

Cellular Therapies  
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In addition to genetic therapies, cellular transplantation studies have sought to 

correct the genetic deficiency of dystrophin expression in DMD. A short description of 

muscle repair in response to injury is required to understand the goals of cellular 

therapies. Post-development, muscles have the capability of healing injuries mainly 

through mobilization of satellite cells. Satellite cells were first described in 1961 [81] as 

mononuclear cells residing between the basal lamina and the sarcolemma of muscle 

fibers. The satellite cell is the main regenerative cell in muscle and remains quiescent 

until injury, disease, or increases in weight-bearing activates it to divide and either fuse 

into existing myofibers or create new fibers [82]. In addition to contributing to myofibers, 

satellite cells have the capacity to self-renew [82]. Progression of satellite cell 

differentiation relies on the presence of the homeobox transcription factor, Pax7 [83-85]. 

Pax7 is reliably used as a marker of satellite cells in histologic analyses. Satellite cells are 

capable of migrating short distances within muscles and have the capability of traveling 

through extracellular matrix separating nearby muscle fibers [86, 87]. Transplantation of 

dystrophin-expressing satellite cells into dystrophic muscles has been attempted as a 

therapy for DMD. Unfortunately, these experiments have been largely unsuccessful. 

Cultured satellite cells give rise to numerous daughter cells, which also have been 

used in intramuscular transplantation attempts. Daughter cells of the satellite cell are 

called myogenic precursor cells or myoblasts [88]. Myoblasts may also be derived from 

bone marrow mesenchymal stem cells (MSCs) [89-92]. Many of the problems associated 

with myoblast transplants are still being addressed, but problems still remain relative to 

treatment of DMD patients. Approximately 75% of transplanted myoblasts die within 3 
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days of transplantation [93-95]. One way to overcome the massive cell death is increasing 

the number of cells transplanted. For example, transplantation of 30 million cells/mm3 

has shown some success in experiments with monkeys [96]. However, the feasibility for 

use in humans is somewhat controversial. The number of injections directly into muscles 

of patients with DMD is obviously concerning. Given the lack of alternative treatments, , 

the approach has yielded willingness in some patients to attempt this type of therapy. A 

pilot study on one patient revealed the procedure was quite well tolerated.  

 Alternative cell types have been investigated as possible therapies for DMD. Of 

particular interest are cells that can be injected into the blood stream and re-populate 

musculature throughout the body. Intravenous delivery of cells poses the risks of 

embolism and stroke, or the pitfall of being trapped in the liver, spleen, and kidneys. Due 

to the high potential of cellular transplant, investigations continue despite the risks. 

Studies of bone marrow revealed a population of multipotent cells that can efflux the 

nuclear dye, Hoechst 33342, and these adult-derived cells also exist in many other 

tissues, including skeletal muscle [97, 98]. The cells, called side population (SP) cells, 

can be isolated using fluorescence-activated cell sorting (FACS) and, when delivered 

intravenously, can engraft in host mice [97]. In vitro, the muscle SP cells can give rise to 

cells expressing myogenic markers including Myf5, desmin, and Pax7 [99, 100]. A more 

in-depth description of these cells will follow in later chapters. 

 In an attempt to overcome some of the trafficking limitations of myoblast 

transplant, another cell type from humans is being studied. Human CD133+ cells express 

many adhesion molecules believed important in extravasation from blood vessels (VLA-
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4, LFA-1, PSGL and L-selectin). Intraarterial delivery of these cells bypasses some of the 

intravenous delivery pitfalls, and they have been injected into the arteries of 

immunodeficient mdx mice. In order to exit the vasculature, adhesion molecules on the 

CD133+ cells must interact with molecules such as VCAM-1 on the endothelium cells in 

the blood vessels. Unfortunately, in dystrophic muscle, VCAM-1 is only expressed at 

high levels in very young animals. Investigators hypothesized that exercise might 

increase VCAM-1 levels and injected the CD133+ cells 24 hours after exercise. The 

results showed expression of human dystrophin in the experimental animals and evidence 

of muscle repair. Additionally, the CD133+ cells contributed to the host’s satellite cell 

pool [101]. This is important if the benefits of cell transplantation are to be sustained over 

time. 

 Perhaps the most exciting data from cellular transplantation studies are from 

experiments using mesangioblasts. First derived from embryonic dorsal aorta of mice, 

these cells express endothelial and pericyte markers [102]. The mesangioblasts have been 

delivered intraarterially in an animal model of limb-girdle muscular dystrophy. The cells 

distributed widely and were reported to ameliorate the disease phenotype [103]. 

Mesangioblasts from WT dogs were then tested in dystrophic dogs and revealed 

widespread expression of dystrophin, morphologic normalization, and dramatic recovery 

of function [104]. 

Immunologic Challenges 

 With promising research of cellular therapies on the horizon, one must consider 

the pitfall of immune rejection. Long-term immune suppression has serious consequences 
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to patients and may actually work against the survival of transplanted cells. Studies have 

shown that cyclosporine causes apoptosis in transplanted myoblasts [105, 106]; however, 

without immune suppression they are rejected within 2 weeks [107]. Alternative immune 

suppression with the drug tacrolimus (formerly called FK506) is better tolerated by 

myoblasts in mice and monkeys [108, 109]. Unfortunately, the side effect profile of 

tacrolimus includes nephrotoxicity; hypertension; neurotoxicity causing headaches, visual 

abnormalities and even coma; metabolic abnormalities including diabetes mellitus; 

increased susceptibility to infections and malignancy. Clearly the ultimate success of 

transplanting cells from one individual to another faces the dilemma of long-term 

immune suppression. For this reason, perhaps gene therapy that does not require a 

cellular vector might seem more promising. However, these methods are still geared 

toward replacing dystrophin, which is a foreign protein to patients with DMD and may be 

subject to immune surveillance. Dystrophic mice transplanted with myoblasts not only 

developed immune system reactions to cellular antigens, but antibodies specific for 

dystrophin were found in the serum of transplanted animals [110]. The same is true in 

humans, as seen after transplantation between immunohistocompatible individuals [111] 

and even between monozygotic twin girl carriers of DMD [112]. When dystrophin was 

introduced using adenoviruses, serum anti-dystrophin antibodies were also generated [76, 

113]. An interesting result emerged when naked DNA coding either human dystrophin or 

mouse dystrophin, which are 90% homologous, were injected into separate mice and 

compared. The treated mice did not produce antibodies to the mouse dystrophin, but the 

human protein expression resulted in antibody production [114]. The mechanism of 
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immune responses against dystrophin is not completely understood, and complex cellular 

interactions appear to be very important. Muscle fibers have very low levels of the major 

histocompatibility complex type I, which is necessary for presentation of antigen [115], 

so it is supposed that genetic transfection of antigen presenting cells occurs or that they 

pick up the antigen from leaky myofibers [116]. Regardless, it is clear that introduction of 

dystrophin to patients with DMD faces significant immunologic barriers. 

 

EOM Sparing in Muscular Dystrophy 

Many of the EOM features that separate them from of other non-cranial skeletal muscles 

were discussed earlier. However, there are several differences that have been investigated 

as possible mechanisms for their sparing in DMD. The dystrophin-related protein, 

utrophin, has been suggested to substitute for dystrophin in affected muscles. Although 

there was early speculation that EOM specifically up-regulate expression of utrophin, a 

more recent study showed this is not the case [20]. Others suggested that damage to 

muscles might be the result of increases in reactive oxygen species and tested the levels 

of antioxidant enzymes in EOM, looking for an increase that might explain their sparing. 

The results indicated that EOM have similar concentrations of molecules that deal with 

free radicals as muscles affected by DMD [117]. As previously described, the 

requirement of dystrophin for anchoring of nNOS at the sarcolemma led to an 

investigation of nNOS levels in EOM. However, there was no increase in nNOS levels in 

EOM, and nNOS there was localized to the cytosol, not at the sarcolemma, indicating 

that EOM are not spared by a nitric oxide compensatory mechanism [118]. Since 
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increased intracellular calcium is another mechanism for myofiber damage, the levels of 

intracellular calcium, Ca2+-ATPase, Na+/Ca2+ exchanger and smooth ER Ca2+-ATPase in 

EOM were examined, and no up-regulation of any of these molecules occurred, 

suggesting that enhanced calcium handling abilities do not explain EOM sparing in DMD 

[119]. Finally, another sarcolemmal protein, alpha-7 beta-1 integrin, also failed to 

substitute for the dystroglycan complex in EOM [120]. It is now widely believed that 

there are constitutive differences between EOM and non-cranial skeletal muscles that 

account for EOM sparing in muscular dystrophies. 

 My main hypothesis states that the precursor cell populations within EOM are 

different than those in non-cranial skeletal muscles and may be responsible for sparing in 

dystrophies. Evidence supporting this hypothesis has developed over the last several 

years. First, the EOM maintain a process of continuous myonuclear addition and 

myofiber remodeling in normal uninjured adult myofibers in mammals [1, 121-123]. 

Satellite cells within normal adult EOM are activated, divide, and fuse with apparently 

normal myofibers. This occurs throughout life, as activated satellite cells were present in 

EOM from aged human donors [122]. In addition, the reactivity of EOM mpcs to injury 

is extremely vigorous compared to limb muscle, as functional denervation of the EOM 

results in large increases in satellite cell division while in limb muscle there is only an 

abortive response [124]. This raises the question of whether the EOM undergo increased 

cycles of remodeling in DMD patients compared to the normal levels. 

Results based on bromodeoxyuridine (brdU) labeling of cell turnover suggest that, 

in fact, the EOM show significantly increased rates of myofiber remodeling in the mdx 
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and dystrophin/utrophin double-knock out (dko) mice models of DMD compared to the 

rate of fiber remodeling in normal EOM. This supports the hypothesis that EOM contain 

precursor cells that must have significantly greater proliferative potential, and this 

increased proliferative potential spares the EOM in DMD, allowing the EOM to maintain 

normal EOM size and function throughout the patient’s life. Examination of skeletal 

muscles from leg and EOM of wild type, mdx, and dko mice also revealed a surprising 

difference in muscle repair mechanism. The vast majority of the myofiber cross-sections 

in the brdU-labeled leg muscles of the mdx, and the dko mice in particular, showed 

central nucleation, the hallmark of muscle regeneration. In the EOM however, despite 

evidence of many new brdU-positive myonuclei, they were largely peripherally located 

and NOT centrally located.  Thus, the process of myofiber remodeling seen in the normal 

EOM appears to be maintained in the EOM in the mdx and dko mice despite the fact that 

the rate of remodeling is increased. 

Study Goals 

The following study of EOM investigates whether these muscles contain 

intrinsically different populations of myogenic precursor cells, with two ultimate goals: 

first, to provide insight into EOM sparing in DMD and second, to determine if they might 

serve as a potential candidate for successful myoblast transplants. Properties that separate 

the EOM from other non-cranial skeletal muscles with respect to the regenerative cell 

populations was investigated.  EOM-derived cells were characterized both immediately 

ex vivo and in vitro, investigating their cellular markers, susceptibility to apoptosis, and 

capacity to form myotubes. The hypothesis is that myogenic precursor cells isolated from 
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a muscle type which is unaffected by DMD may increase the chance of successful 

transplants, in terms of expressing autologous immune antigens as well as providing a 

cell population that should be able to maintain regenerative capabilities throughout life.   

It is not known if the EOM environment is required for the activity of its 

progenitor cells.  It is possible that the EOM-derived cells will not engraft, survive, or 

proliferate in dystrophic limb skeletal muscles.  However, this risk is well worth the 

benefits that may come from this line of investigation. Preliminary results show that 

EOM-derived cells can engraft in cardiotoxin-injured limb muscle. Also, initial flow 

cytometric analysis of cell surface markers on mononuclear cells from EOM and limb 

muscle show overlapping populations of myogenic precursor cells, suggesting that the 

EOM-derived mononuclear cells should be able to thrive in the limb environment. This 

has been shown in studies of EOM development in mice and chicks [125, 126]. Studies 

also support the concept that myogenic precursor cells retain their original and therefore 

intrinsic characteristics even when transplanted to a heterotopic site [127]. Although 

many properties of EOM are atypical when compared to other non-cranial skeletal 

muscle, there is a good deal of data to suggest that there are intrinsic differences in limb 

and EOM mononuclear cell populations. Thus it is reasonable to assume that a specific 

subpopulation of precursor cells that has more replicative and differentiation potential 

will show increased survival and functional recovery when transplanted into DMD 

muscle tissue.  
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Significance 

 DMD continues to result in premature death of many young men.  With 100% 

lethality and no effective therapies, it is clearly necessary to continue research in areas 

that show clinical promise.  Until gene therapies can become widely available, myoblast 

therapy may provide the best means of amelioration of disease symptomology.  Major 

obstacles to clinical usefulness of cell transplantation include: 1) poor identification of 

self-renewing myogenic progenitor cells with engraftment capabilities and 2) immune 

responses against allogeneic antigens. 

 EOM are completely spared in muscular dystrophy by a mechanism that might 

include constitutive differences in their myogenic precursor cell populations.  Since these 

muscles undergo dramatically increased proliferative capabilities, they are likely better at 

self–renewal compared to other muscle progenitor cells. EOM maintain normal 

morphology in the absence of dystrophin, suggesting that their precursor cells could serve 

as a completely autologous source of regenerative cells (i.e. they would not introduce any 

foreign antigens, including dystrophin).  Investigations of these myogenic precursor cells 

could reveal an incredibly beneficial precursor cell transplant candidate for treating DMD 

as well as other myopathies. 
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Myogenic Precursor Cells in Craniofacial Muscles 

 

Disclaimer: The following study was co-authored by myself (under my maiden name, 

Thorstenson, K.M.), Linda K McLoon, Ph.D., Andrew Solomon and Mark P. Lewis, 

Ph.D. and published in Oral Dis, 2007. 13(2): p. 134-40. My contributions included flow 

cytometric analysis of cells from EOM (figures 3-5), analysis and preparation of the 

manuscript. 

 

Summary 

Craniofacial skeletal muscles (CskM), including the masticatory (MM), extraocular 

(EOM) and laryngeal muscles (LM), have a number of properties that set them apart from 

the majority of skeletal muscles (SkM). They have embryological origins that are distinct 

from musculature elsewhere in the body, they express a number of immature myosin 

heavy chain isoforms and maintain increased and distinct expression of a number of 

myogenic growth factors and their receptors from other adult skeletal muscles. 

Furthermore, it has recently been demonstrated that unlike limb skeletal muscle, normal 

adult EOM and LM retain a population of activated satellite cells, the regenerative cell in 

adult skeletal muscle; in order to maintain this proliferative pool throughout life, CSkM 

may contain more satellite cells and/or more multipotent precursor cells that may be more 

resistant to apoptosis than those found in limb muscle. A further exciting question is 

whether this potentially more active mpc population could be utilised not only for SkM 

repair but be harnessed for repair or reconstruction of other tissues, such as nervous tissue 
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or bone. This is a highly attractive speculation, as the innate regenerative capacity of 

craniofacial muscles would ensure the donor tissue would not have compromised future 

function. 
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Review 

Individual myofibers in skeletal muscle contain multiple myonuclei each of which 

controls the cytoplasmm and cell membrane in its immediate vicinity. Each myofiber has 

associated with it quiescent cells responsible for repair and regeneration, the satellite cells 

[81]. These cells respond to muscle injury by proliferating and producing myoblasts, 

which are responsible for regeneration and repair of injured muscles. Recent evidence 

suggests that there are actually two populations of mononucleated cells with myogenic 

potential within skeletal muscle. There is a majority population that is stimulated by 

injury to proliferate rapidly, the satellite cells, and a minority population, myogenic 

precursor cells, that are slow-cycling and considered to be more multipotent and stem-

cell like [128-130]. The craniofacial skeletal muscles (CskM) have a number of 

properties that distinguish them from the majority of skeletal muscles in the body. What 

evidence supports the hypothesis that there are intrinsic differences between craniofacial 

and limb skeletal muscle? 

Craniofacial skeletal muscles (CSkM) have a number of unique properties 

compared to limb skeletal muscle and have been described as a separate allotype [131]. 

The CSkM continue to express many molecules normally down-regulated in adult limb 

skeletal muscle, including, but not limited to, developmental and neonatal myosin heavy 

chain isoforms (MyHC) [9, 132], and NCAM [133],  There are a number of elegant 

studies on the genetic control of muscle development that show that the myogenic 

precursor cells within CSkM are distinct from those in limb muscle. Most of the head 

muscles arise from pre-optic axial and paraxial head mesoderm [134] but the connective 
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tissues are neural crest derived [135]. Early transcription factors that control early somitic 

muscle development are not expressed in the developing CSkM [126, 136]. All the 

somitic muscle, including limb muscle, which migrates from somites, is Pax3-positive 

during early myogenesis, but craniofacial muscles are Pax3-negative [137]. Even more 

revealing are studies of the Pax3 knockout transgenic mouse, where limb muscle does not 

develop, but the head muscles develop normally [138, 139]. This difference in the early 

genetic control of development between limb and CSkM also is true for the homeobox 

factor Lbx1; the somitic and limb muscles express this gene while the head muscles 

except for the lateral rectus are negative [126, 140]. Wnt and BMP signaling factors have 

been implicated as negative regulators of myogenesis in developing cranial paraxial 

mesoderm, and this is distinctly opposite from the positive regulatory role these factors 

play in trunk mesodermal development [141]. Recent evidence demonstrates a specific 

role for Pitx2 in extraocular muscle morphogenesis specifically [142].  

 There also is evidence in the literature to support muscle specific differences in 

regenerative potential. In a study comparing regeneration in the masseter and limb 

muscles, for example, differing regenerative capacities were linked to intrinsic 

differences between the muscle precursor cells in these two muscles [143]. The EOM are 

preferentially spared in patients with Duchenne muscular dystrophy (DMD) [21], and the 

orbicularis oris, LM and MM also show less severe alterations in models of DMD [144-

146]. In contrast, the MM and EOM are more commonly affected in patients with 

myasthenia gravis [47, 147]. 
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 Evidence from a number of injury models suggests that the craniofacial muscles 

have a remarkable ability to survive insult e.g. aging, injury, functional denervation and 

disease. When limb skeletal muscles are injected with local anesthetics, there is 

significant muscle necrosis [148]. The EOM, as well as other craniofacial muscles, are 

fairly resistant to the myotoxicity of these agents [119, 149]. The EOM and LM respond 

differently to botulinum toxin A (Botox), the neuromuscular paralysis agent, than MM 

and limb skeletal muscle where atrophy develops in the latter [150-152] but not in the 

former [153, 154], despite the rapid functional muscle paralysis observed in all muscles 

[155]. Injection of Botox in the EOM also results in a significant increase in satellite cell 

activation and myonuclear addition into individual EOM myofibers, while limb muscle 

shows only a small and abortive response of satellite cells to this functional denervation 

[124]. Denervation of skeletal muscle leads to an abnormal phenotype yet surgical 

section of the recurrent laryngeal nerve [153] leads to a significant increase in LM 

satellite cell activation, and even after 24 weeks, the muscles appear relatively normal 

[153]. This correlates with the ability of the LM to survive and be successfully 

reinnervated after long periods of denervation [156] to survive and be successfully 

reinnervated after long periods of denervation [156]. 

In addition, there are no “aging” disorders of the EOM. While there are 

constrictive changes that can occur within the orbit due to connective tissue and elasticity 

alteration of the soft tissue pulley structures [157], there are no reports of sarcopenia. In 

fact, in one study of cross-sectional areas of EOM from patients ranging in age from birth 

to 83 years, the muscle fibers were actually “thicker” in the muscles from the oldest 
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patients [158]. While the literature on aging in the masseter muscle is somewhat 

contradictory, there is evidence that masseter muscle structure and function is relatively 

constant in aging F344 rats [159]. It may be that in human patients, it is hard to 

distinguish changes in the masseter with aging that are primary, rather than secondary to 

changes in dentition or other aspects of craniofacial anatomy. 

What evidence supports the hypothesis that there are intrinsic differences between 

the satellite cells from extraocular and limb skeletal muscle? 

It is interesting that both masseter and the EOM have a different embryological 

origin from limb muscles, with different genetic programs controlling their development. 

The application of slow or fast patterns of nerve stimulation to denervated, bupivacaine 

injured hindlimb muscle resulted in patterns of myofiber regeneration and demonstrated 

that there are intrinsically different satellite cell populations within different limb skeletal 

muscles as well [160]. A recent gene array study examined developing EOM and limb 

muscle and identified a number of distinctive gene and protein expression signatures 

during normal development [161], adding weight to the hypothesis that craniofacial and 

hindlimb muscles are different allotypes, and the myogenic precursor cells derived from 

different muscles appear to have intrinsically different properties. 

 Compelling data from the EOM has lead to the suggestion that myogenic 

precursor cells from CSkM may be intrinsically different from those in limb skeletal 

muscle. A subpopulation of satellite cells within normal, adult EOM is activated, divides, 

and fuses with apparently normal myofibers [1, 121, 123]. This process is not seen in 

non-CSkM and appears to continue throughout the functional lifespan of the muscle (up 
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to 82 years old in human EOM [122]. Furthermore, after the Botox induced functional 

denervation described earlier, the rate of satellite cell activation (as demonstrated by 

MyoD upregulation), is significantly greater than that seen in limb muscles [124]. 

 How can we accurately define and quantify the satellite cell population in 

craniofacial and limb muscles? Satellite cells reside under the basal lamina and are 

responsible for muscle repair and regeneration in adult animals [81]. The identification of 

satellite cells both in vitro and in vivo is complicated by the fact that a wide number of 

proteins have been described for their identification. In addition, these molecules are 

known to change with state of activation (e.g. HGF and cMet: [162]; MyoD:  [129]). 

Quiescent satellite cells have been identified by expression of a number of proteins with a 

wide variety of cellular functions; these include Pax7 [1, 163], CD34 [128], cMet [164, 

165], notch [166] and m-cadherin [128]. From these studies, it is clear that there are a 

number of markers available to identify quiescent satellite cells. It is unclear, however, 

whether they all identify the same cell population. When the satellite cells are activated, 

they express additional molecules that can be used for their identification, including HGF 

[162], NCAM [167], and various myogenic regulatory factors including MyoD [168, 

169], myogenin [168], and myf5 [128] (Figure 1). Using multiple markers, we have 

shown that normal adult EOM from rabbits, mice, monkeys and humans contains 

activated satellite cells, as identified by HGF and MyoD expression [1, 121, 123]. 

Normal laryngeal muscles from rabbits and humans also contain MyoD positive satellite 

cells [170] (Figure 2). Many laboratories have examined the numbers of satellite cells 

associated with individual myofibers in limb skeletal muscle. Generally most limb 
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skeletal muscles fibers have between 0-10 satellite cells per myofiber [128, 167, 171, 

172] but there is a great degree of variation. Using isolated fibers in vitro, extensor 

digitorum longus had 7 satellite cells per myofiber, while soleus was shown to have 26 

[173]. Preliminary immunohistochemical and cell sorting studies indicate that there are 

significantly more satellite cells within the extraocular muscles. Using Pax7 

immunostaining on single isolated myofibers, there were 10 Pax7-positive satellite 

cells/mm fiber length. If the average EOM myofiber is 7 mm long, this translates into 70 

satellite cells per myofiber (Figure 3). This observation of a greater number of satellite 

cells associated with CSk compared to limb muscle was also seen with the masseter 

muscle. There is a higher proportion of satellite cells in young adult masseter compared 

to young adult biceps, whereas the proportion was similar in both muscles in aged adults 

[174]. 

 Many laboratories use the Hoeschst dye exclusion assay to divide the 

mononuclear cells from muscle into two populations: the main population, which retains 

the dye and is considered to enrich for satellite cells, and the side population, which 

actively eliminate the dye and is considered to enrich for more multipotent precursor 

cells. Using flow cytometric analysis and the Hoechst dye exclusion assay, the EOM 

contain twice as many cells in the main population gate when compared to the number 

isolated from limb muscle (Figure 4) [175]. In addition, our preliminary examination of 

specific myogenic precursor cell markers on mouse myogenic precursor cells analyzed by 

flow cytometry show that approximately 40% of the live cells are positive for the satellite 

cell markers Pax7 and CD34 compared with only 23% in those from limb muscle (Figure 
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5). Published reports and our preliminary data support the hypothesis that the EOM and 

other craniofacial muscles have important intrinsic differences in their populations of 

myogenic precursor cells compared to limb muscle The data presented thus far points to a 

satellite (stem) cell population in craniofacial skeletal muscle that is more active than in 

non-craniofacial muscle groups and expresses a whole number of features indicative of a 

highly adaptive cell type. A number of questions then emerge: 

1. Can the CSkM satellite (stem) cell population commit to other, non-myogenic, 

phenotypes? 

2. Does the embryological origin of CSkM confer greater potentiality than muscle from 

other anatomical sites? 

 There is only one study that has addressed the specific issue of CSkM derived 

multipotent precursor cells but many looking at such cells from non-craniofacial muscle. 

Table 1 summarizes investigations into therapeutic potential of muscle –derived cells for 

various target tissues. 

 Our own work on cells derived from human masseter muscle has indicated that 

not only does the non-myogenic cellular component have the ability, when given the 

appropriate cues, to differentiate along the adipogenic and osteogenic lineages but that a 

small proportion of cells within a population apparently committed to the myogenic 

lineage (sorted by expression of myogenic surface markers) are also able to differentiate 

outside of the myogenic lineage [176]. These cells appear to coexpress both stem-like 

markers (CD34) and myogenic markers (CD56); it remains unclear as to whether this is a 

feature of all muscle derived cells or only those from CSkM. 
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 The suggestion is therefore developing that cells from CSkM (including those 

derived from satellite cells) are able to commit to non-myogenic lineages and that the 

craniofacial origin may confer additional advantages; the latter is something that our 

group are currently in the process of determining. 
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Conclusion 

The unique ability of craniofacial muscles to retain a population of activated satellite 

cells that provide for continuous myofiber remodeling throughout life suggests that there 

may be intrinsic differences in proliferative and myogenic properties of the satellite cells 

in these muscles. If the myogenic precursor cells within the CSkM retain these 

proliferative properties even in aging muscle, this suggests that they may be more robust 

and long-lived than myogenic precursor cells from limb muscles after transplantation into 

a host muscle. If these hypotheses are true, we may be able to exploit this by using the 

myogenic precursor cells from CSkM as a source of donor cells in myoblast therapy for 

Duchenne and related muscular dystrophies or as a novel source of cells for repair of 

other tissues such as bone. 
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TABLE 1 

Differences between Satellite Cells from Limb Muscles and from EOM and/or Laryngeal 

Muscles 

Characteristic Limb Muscle EOM and/or Laryngeal 
Muscles 

Presence of activated satellite 
cells in normal adult muscle 

No evidence Contain MyoD positive 
satellite cells in adult 

Evidence of myofiber 
remodeling in normal adult 

muscle  

No evidence for ongoing 
remodeling 

Continuous remodeling in 
normal muscle throughout 

life 
Pax3 control of early muscle 

differentiation 
Critical to the formation of 

limb and body muscles 
Not involved 

Response to functional 
denervation 

Atrophy Minimal change; some 
evidence of hypertrophy 

Response to surgical nerve 
section 

Atrophy Minimal change 

Presence of sarcopenia in 
aging muscle 

Present Not recorded in the literature 
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Figure Legends: 

Figure 1: Diagram outlining dynamics of key cellular markers during differentiation 

between satellite cells and myotubes 

Figure 2: Quantification of the number of satellite cells identified by immunostaining for 

Pax-7 calculated per mm fiber length on single isolated myofibers. * indicates significant 

difference from limb muscle 

Figure 3: Using the Hoechst dye exclusion assay, the percent of live cells that fall in the 

main population gate (MP) is approximately two-fold higher in cell derived from rabbit 

EOM than those from rabbit limb skeletal muscle (N=10). * indicates significant 

difference from limb muscle. 

Figure 4: Freshly isolated mononuclear cells from EOM and limb muscles were fixed 

and permeabilized, then stained with antibodies for CD34 and Pax-7. Bars represent the 

percent of monocular cells stained positive for both markers. 
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Figures 
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Figure 2 
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Figure 3 
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Figure 4 
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Defining the Heterogeneity of Skeletal Muscle-Derived Side and Main Population 

Cells Isolated Immediately Ex Vivo 

Summary 

Myoblast transfer therapy for Duchenne Muscular Dystrophy (DMD) has largely failed 

due to cell death and inability of transplanted cells to engraft in diseased muscles. One 

method attempting to enrich for subpopulations of cells is the Hoechst-33342 dye-efflux 

assay, yielding a side population (SP) thought to be progenitor-enriched. However, in 

vitro and transplant studies have yielded inconsistent results relative to downstream 

progeny. The cell surface markers expressed by skeletal muscle-derived SP cells have not 

been fully characterized directly ex vivo. Using flow cytometric analyses, we 

characterized MP and SP cells based on their expression of known progenitor cell 

antigens.  As predicted from transplantation results, both the MP and SP populations are 

heterogeneous. The percentages of cells in each population vary with species and specific 

muscle examined. Both MP and SP populations contain myogenic and multipotent 

progenitor cells, based on expression of several accepted markers for these cell types. 

This assay results in significant mortality of sorted cells. This study demonstrates that 

subpopulations of defined cells are easily obtained using FACS, and if enriched 

populations are needed for myoblast transfer therapy, sorting immediately ex vivo based 

on accepted myogenic precursor cell markers will yield superior results in terms of cell 

homogeneity. 
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Introduction 

Skeletal muscle possesses a remarkable ability to remodel and repair injured 

tissue. The repair process is mainly accomplished through activation of satellite cells 

along the muscle fibers, differentiating and fusing into damaged areas. Although the 

satellite cell was described nearly 50 years ago [81], the origin and maintenance of this 

regenerative cell is not well understood.  In dystrophic and sarcopenic muscles, the 

satellite cell pool becomes exhausted leading to severe and permanent muscle 

degeneration. Many investigations have sought a method of replacing the satellite cell 

population through transplantation. Myoblasts, obtained from progenitor cells derived 

from cultured satellite cells, have been investigated for their therapeutic potential in the 

treatment of dystrophies and sarcopenia [177]. Unfortunately, this approach has been 

largely unsuccessful as the majority of the transplanted myoblasts rapidly die [177-179]. 

The added problem of immune rejection of transplanted cells also limits the benefits of 

cell transplant therapies [180, 181].  Immune system rejection can only partly explain the 

failure of myoblast therapy, as even myoblast transplantation between monozygotic twin 

girl carriers of the gene for Duchenne muscular dystrophy do not result in long-term 

survival of the transplanted cells [112]. In addition, transplanted myogenic precursor cells 

do not disperse very well within treated muscles [95, 182, 183] and their expansion in 

vitro is limited by replicative senescence [184, 185]. Interestingly, a small percentage of 

the transplanted myoblasts survive. These cells not only produce new myofibers, but they 

also enter into the satellite cell niche within the transplanted muscles [186, 187]. Detailed 

studies of the surviving cells determined that they appear to be the progeny of a minority 
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of the transplanted cells, which are hypothesized to have more stem cell-like properties 

[128, 130]. As a result, current research in this area is focused on methods to isolate 

subpopulations of myogenic precursor cells that may have greater proliferative or 

differentiation potential and as a result have enhanced survival rates after transplantation 

into host muscle. Again, these studies have met with differential success [97, 130, 188-

190]. Part of the difficulty rests in the inability to identify the most appropriate precursor 

cell, presumably a more multipotent myogenic precursor cell type. 

Adult skeletal muscle is known to contain less committed progenitor cells that are 

not only capable of regenerating and repairing skeletal muscle, but also capable of 

osteogenic, adipogenic, hematopoietic, and possibly neurogenic differentiation [191-

193].  While considerable investigation has been underway to better define the progenitor 

populations within muscle, there is little consensus in the literature about their in vivo 

phenotypes, molecular markers, or activation requirements.  Many sub-populations have 

been described, including satellite cells, which give rise to myoblasts in vitro. One assay 

used to isolate distinct precursor cell populations from tissue is the Hoechst dye exclusion 

assay [192]. Basically, mononuclear cells are isolated from tissues, Hoechst dye is added, 

and the cells are sorted into two populations: the main population (MP) cells which retain 

the Hoechst dye and side population (SP) cells, which are isolated based on their ability 

to efflux Hoechst 33342 dye [194].  While satellite cells are believed to be primarily 

myogenic, SP cells isolated from skeletal muscle can display hematopoietic or 

endothelial potential in vitro [194-196]. However, when transplanted directly into skeletal 

muscle, the SP cells form skeletal muscle [194-197]. The discordance between the 
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phenotype of SP cells placed in vitro and in vivo suggests that the actual identity of the 

SP cells themselves may be critical. Studies examining cell identity of SP cells have 

made the assumption, based on prior studies [194] that they are multipotent precursor 

cells, and therefore examined them for expression of the endothelial and hematopoietic 

lineage markers CD31 and CD45 respectively [198, 199]. It is unclear how many 

subpopulations are present within the population of precursor cells with myogenic 

potential that reside within skeletal muscle, and whether they are of related lineage. 

However, it would appear that this population of cells is relatively heterogeneous [199-

202].  Depending on the animal and muscles used for analysis, the method used to 

separate them from intact muscle, as well as in vitro conditions, different downstream 

populations can form. Studies thus far have not definitively shown differentiated 

descendents from a single defined multipotent precursor cell type.  

Many laboratories use SP cells derived from adult skeletal muscle as the source of 

myogenic precursor cells for myoblast transfer experiments, and the fates of these cells 

both in vitro and after transplantation vary widely from laboratory to laboratory [194, 

197, 203, 204]. Additionally, there is disagreement in the literature as to the origin of the 

SP cells in muscle. Some studies have suggested they may be derived from hematopoietic 

stem cells that originate in bone marrow, as SP cells derived from bone marrow are 

capable of trafficking and engrafting into skeletal muscle, albeit in small numbers [205]. 

In other studies, muscle SP cells showed no evidence of a bone marrow origin [206].  

Additionally, many SP cells, but not all, develop from hypaxial somites [200]. SP cells, 
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therefore, represent a population that is not well understood and may be more 

heterogeneous than originally thought.   

One complication in assessing the in vivo identity of myogenic precursor cells, 

including SP and non-SP main population (MP) cells, is that cellular expression of 

various markers of cell identity change when the cells are placed in culture [129, 207, 

208]. Few studies have examined the specific populations of myogenic precursor cells 

found in skeletal muscle directly ex vivo. In order to more accurately determine the 

identity of cells in the SP and MP derived from skeletal muscle, immediately after sorting 

Hoechst 33342 dye-negative SP cells and Hoechst 33342-positive MP cells from muscles 

of mice and rabbits, the cells were fixed, stained for markers of myogenic precursor cells 

and hematopoietic stem cells (HSC), and analyzed using flow cytometry. CD34 and Sca-

1 were used as general markers of progenitor cells while Pax-7 or M-cadherin were used 

in conjunction with CD34 to describe cells committed to the myogenic lineage.  Cells 

expressing CD45 as well as Sca-1 were considered progenitor cells in the hematopoietic 

lineage. In addition, the effect of Hoechst 33342 dye on cell survival was assessed using 

7-AAD staining. This is the first directly ex-vivo comparative analysis of skeletal muscle 

derived cells within the SP and MP populations from different species and different 

muscles based on multiple myogenic lineage cell surface markers. 
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Materials and Methods 

New Zealand white rabbits were obtained from Bakkom Rabbitry (Viroqua, WA).  

All animals were maintained in animal facilities at the University of Minnesota, and 

experiments were approved by the Institutional Animal Care and Usage Committee.  

Human tissue was obtained as surgical waste with informed consent, and its procurement 

was approved by the Institutional Review Board at the University of Minnesota. 

Rabbits were anesthetized with a 1:1 ketamine/xylazine solution (10mg/kg and 

2mg/kg, respectively), then euthanized with a barbiturate overdose. BALB/c or C57/Bl-6 

mice (NCI) were sacrificed using CO2  asphyxiation. Tibialis anterior (“limb”) and 

superior, inferior, lateral and medial recti extraocular muscles (“EOM”) were harvested 

immediately post-mortem and stored on ice in phosphate buffered saline (PBS) prior to 

weighing and digestion.  Samples were digested using a Collagenase I/Dispase (Roche 

Diagnostics, Indianapolis, IN) solution as previously described [191].  Briefly, tissue was 

minced into small pieces mechanically and collagenase/dispase mixture was added.  

Samples were triturated, incubated at 37°C for 15 minutes, triturated and incubated for 

another 15 minutes until no solid tissue remained. Samples were washed with cold 

DMEM pH 7.0-7.2 and supplemented with 10mM HEPES buffer and 2%FCS 

(Invitrogen, Carlsbad, CA) (DMEM+), centrifuged at 1400rpm for 5 minutes and 

maintained in cold DMEM+ until Hoechst or antibody labeling.  Human EOM samples 

were obtained after informed consent of patients undergoing muscle resections for 

strabismus or 6th nerve palsy. Human samples were stored in a 4° saline solution until 
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digestion.  Mononuclear cells were counted using trypan blue (Sigma Aldrich, St. Louis, 

MO) and a hemacytometer (Sigma Aldrich, St. Louis, MO). 

Cells were filtered over 70µm nylon mesh filters to remove any larger cell 

masses.  Labeling was previously described [191].  Briefly, cells were diluted to 1 million 

cells/ml in warm DMEM+ and incubated with 8µg/ml Hoechst 33342 dye (Sigma 

Aldrich, St. Louis, MO) with or without 20µM verapamil (Sigma Aldrich, St. Louis, MO) 

at 37°C for 30 or 60 minutes [191]. This is a higher concentration than that used most 

frequently [192-194], but lower than is now in use in some laboratories [198]. In our 

hands, a dose of 12 µg/ml of Hoechst 33342 resulted in a significant reduction in SP cells 

and these cells were not removed from the SP gate by verapamil (data not shown). Cells 

were washed with cold DMEM+, centrifuged at 1400rpm and resuspended in DMEM+ to 

a final concentration of 1-2x106 cells/ml for FACS. 

Hoechst dye analysis and cell sorting were performed on a FACSDiVa or LSR 

flow cytometer (BD) at the University of Minnesota Cancer Center Flow Core Facility. 

All Hoechst-sorted cells were immediately fixed in 2% formaldehyde and subsequently 

stained with fluorescent antibodies.  Analysis of fluorescent antibody staining was 

performed on a FACSCalibur cytometer. Freshly isolated or Hoechst-sorted cells were 

incubated with Fc Block (CD16/CD32, BD Pharmingen, San Diego, CA) and Avidin and 

Biotin blocking agents (Vector Laboratories, Burlingame, VA).  Cells were stained using 

antibodies against CD34 [128], Sca-1 [98], M-Cadherin [165], CD45, CD31 (all BD 

Pharmingen) and Pax-7 [163] (R&D Systems, Minneapolis, MN).  CD34, Sca-1, CD31, 

and CD45 were directly conjugated to either PE, FITC. PE Cy5 or APC. Additionally a 
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biotinylated Sca-1 was used and detected with Streptavidin APC (BD Pharmingen, San 

Diego, CA). M-Cadherin and Pax-7 were detected with a biotinylated anti-mouse IgG 

(Vector Laboratories, Burlingame, VA) followed by Streptavidin APC.  All antibody 

staining was controlled with appropriate isotype antibodies for primary and secondary 

reagents. Samples stained with secondary only or secondary and tertiary only reagents 

were also used as controls.  Strict controls for every staining step were necessary due to 

background binding of Mouse IgGs and streptavidin. It is important to note that exclusion 

of dead cells is critical for defining marker-positive populations, as dead and dying cells 

readily stained with all of the antibodies tested (data not shown). Dead cells were always 

excluded using 7AAD (BD Pharmingen, San Diego, CA).  Intracellular staining was 

performed as previously described [209].  Briefly, after fixation in 2% formaldehyde for 

20 minutes, samples were incubated with antibodies in a 0.5% saponin and 25% FCS-

supplemented PBS. Antibodies were added at 3 times the concentration used for surface 

staining (typically 3-9µg/1x 106 cells) for antigens known to be intracellular. Washing 

steps for intracellular staining protocols used a 0.5% saponin and 2% FCS-supplemented 

PBS. Analysis of flow cytometric data was performed using CellQuest Pro Version 5.2 

(BD, San Diego, California). Gates were drawn based on fluorescence above isotype 

control staining. 

Immunohistochemistry was performed on frozen, FACS-sorted SP cells cytospun 

onto slides.  Samples were fixed in ice-cold acetone and air-dried. Avidin/Biotin and 

antibody blocking steps were performed using manufacturer’s protocols (Vector 

Laboratories, Burlingame, VA; Molecular Probes, Eugene, OR). Pax-7 was visualized 
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using a 1:500 dilution and fluorescent Mouse on Mouse FITC kit (Vector Laboratories, 

Burlingame, VA).  Sca-1 was visualized using a 1:500 dilution and Tyramide Signal 

Amplification-streptavidin kit (Molecular Probes, Eugene, OR) per manufacturer’s 

protocol and as previously described [210].  Slides were mounted with Vectashield 

mounting media containing DAPI (Vector Laboratories, Burlingame, VA). Appropriate 

isotype control and secondary antibody only controls were performed alongside test 

slides. Images were captured under a microscope (DMR; Leica Microsystems, Wetzler, 

Germany) and analyzed using image analysis software (Topographer program, Nova 

Prime, Bioquant, Nashville, TN). 

All data was analyzed for statistical significance using analysis of variance 

(ANOVA) and Dunn’s multiple comparison tests using the Prism and Statmate software 

for Macintosh (Graphpad, San Diego, CA) or SigmaStat 2.03 (SPSS Science, Chicago, 

IL). For data collected as percentages, angular transformation of the data and ANOVA 

tests were performed using Microsoft Excel for Macintosh. Errors were calculated based 

on the propagation of errors associated with each measurement. An F-test was used to 

verify that the variances were not significantly different.  Data was considered 

significantly different if p≤0.05.
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Results  

Percentage of cells in the SP cell population depends on species and muscle type.  

Hindlimb (tibialis anterior, TA) and extraocular muscles (EOM) from individual rabbits 

or pooled muscles from 5-10 mice were stained with Hoechst 33342 dye.  EOM was used 

as a comparison muscle as it is considered to be a distinct allotype [211]. The percentage 

of cells that fell within the SP gate, as defined by verapamil inhibition of Hoechst 33342 

dye efflux, varied depending on the species and the muscle type tested.  SP gates were 

identical for each experiment, but varied between experiments, based on normal staining 

variability (Fig. 1A). In rabbit experiments, 0.25 ±0.09% of cells from EOM and 0.40 

±0.08% of cells from hindlimb muscle were within the SP gate (Fig. 1B). When similar 

experiments were performed on mouse tissue, however, in EOM, 9.43 ±1.75% fell within 

the SP gate and only 2.99 ±0.54% of cells from the mouse hindlimb fell within the same 

gate (Fig. 1B).  In EOM from human patients, only 0.25% of the cells fell within the SP 

gate (data not shown). Two-way ANOVA reveals a significant interaction of species and 

muscle type on the percentage of SP cells (n= 11 separate experiments). There were 

significant differences between the percentages of SP cells from different muscles 

obtained from the same animal(s), as well as significant differences in the percentages of 

SP cells obtained from the same muscle from the two different species (Fig. 1B).  

Multipotent precursor and satellite cells are found in both the MP and SP fractions.  

Due to the striking differences in SP percentages from different muscles, we investigated 

the possibility that multipotent precursor cells may also be found in the main population 

(MP) of hindlimb muscles. Only mouse tissue was used for these experiments, as species-
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specific antibodies targeting mouse precursor cell markers are commercially available. 

The cells were sorted and stained for several commonly used markers of multipotent 

myogenic precursor cells and satellite cells in order to better define the cell populations 

present. Live (7AAD-negative) MP and SP fractions of Hoechst-labeled cell samples 

were separately fixed and labeled for the expression of the stem cell markers CD34 and 

Sca-1 as well as satellite cell markers Pax-7 and M-cadherin. Both the SP and MP 

fractions had subpopulations of cells positive for CD34 and/or Sca-1, indicating that 

precursor cells not committed to the myogenic lineage are present in each sorted group 

(Fig.2A).  Also, CD34+ cells and Sca-1+ cells that co-expressed either Pax7 or m-

cadherin were present in both factions (Fig. 2B). To confirm co-expression of stem cell 

and myogenic markers, freshly isolated mouse hindlimb SP cells were cytospun onto 

slides and stained for Sca-1 and Pax7. The immunohistochemistry clearly showed co-

expression of the two molecules with DAPI-positive nuclei, indicating that many SP cells 

are Sca-1+ and Pax7+ (Fig. 2C). 

Interestingly, a population of live, mononuclear cells exists that does not take up the 

Hoechst dye at all, and thus are not MP or SP (Fig.1A). This third population contains 

some Sca-1+ cells, but none of the other markers visualized in this study were observed 

(data not shown).  Cells positive for satellite cell markers Pax7 and m-cadherin that are 

found within the SP compartment indicate that downstream progeny of SP cells either in 

vitro or in vivo arise from a heterogeneous progenitor pool, which includes myogenic-

lineage committed precursors. In fact, there exists a subgroup of CD34+ cells that co-

expresses Pax-7 or M-cadherin, thus there is no enrichment of either population in the SP 
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or the MP (Fig. 2D-E). Differences in the percentage of CD34+ cells between 

experiments in Fig. 2D-E may be due to permeabilization of the cells in Fig. 2E. A direct 

comparison of CD34 staining on cells with or without permeabilization showed no 

difference in the percentage of positive cells, but permeabilized CD34+ cells were 

brighter than those without permeabilization (data not shown). 

The MP and SP compartments lack Sca-1+/CD45+ cells.  Controversy surrounding the 

possibility of bone marrow-derived multipotent precursor cells being present in the 

skeletal muscle SP was investigated by direct ex vivo analysis of Sca-1 and CD45, a 

marker of  the hematopoietic lineage, co-expression on SP cells. There were very few 

CD45+ cells within either the SP or MP fractions of mouse hindlimb muscles.  When 

cells were examined for co-expression of CD45 and Sca-1, fewer than 0.5% of the Sca-

1+ SP cells co-expressed CD45 (Figure 2F). Cells positive for CD45 were found in 

slightly greater numbers in the MP compared to SP, indicating that there was likely no 

enrichment of hematopoietic stem cells in the SP. Still, it remained possible that the 

CD45+ cells within the MP were actually contaminating blood cells, whereas the CD45+ 

cells from SP might reflect a small population of HSCs. In order to further identify the 

CD45+ cells, we co-stained them with lineage markers for myeloid, T cell, and B cell 

populations.  More than 99.5% of CD45+ cells from sorted SP populations co-stained for 

at least one lineage marker (B220, CD11b or CD3) confirming that they were not stem 

cells, but contaminating peripheral blood cells (data not shown). While it is possible that 

a very small fraction of Sca-1+ cells that co-express CD45 in the SP may represent HSCs 
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within muscle, the percentage is so low that the physiological relevance may be 

questionable.   

There are more muscle-derived precursor cells in the MP than the SP fractions. To 

determine if the total number of progenitors was increased in the SP, the total numbers of 

cells staining for markers of each population were examined in both the MP and SP of 

mouse hindlimbs directly ex vivo.  In order to calculate the number of cells per milligram 

of tissue, hindlimb muscles were weighed prior to digestion and cells were counted 

before the Hoechst exclusion assay.  The sorted cells were fixed and stained for the 

following markers: CD34, Sca-1, CD45, M-Cadherin, and Pax-7 (Fig. 3).  More cells in 

the MP stained for all of the analyzed markers compared with cells from the SP. Fold 

increases for each marker were as follows: CD34 =3.45, Sca-1 = 5.46, CD45 = 2.78, pax7 

= 2.72 and m-cadherin = 4.02 (Fig. 3). Therefore, not only does the SP fraction contain 

cells positive for satellite cell-markers, but there are more cells positive for progenitor 

cell markers within the MP than isolated in the SP via the Hoechst 33342 dye-exclusion 

assay. 

Hoechst dye kills cells.  Mononuclear cells exposed to Hoechst dye were more likely 

than unexposed cells to take up the cell death marker dye 7AAD (Fig.4A).  Samples of 

freshly isolated mononuclear cells from mouse hindlimbs stained with various antibodies 

and immediately analyzed by flow cytometry contained 11.1 ± 1.20% dead cells. 

Samples exposed to Hoechst dye, but otherwise prepared under similar conditions, 

contained 37.29 ± 2.05% dead cells (Fig. 4A).  Using angular transformation with 

propagation of the measured errors, cell death due to Hoechst dye toxicity is calculated to 
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be 26.19 ± 3.24% (Fig. 4A). While adding 7AAD prior to sorting cells with Hoechst dye 

excludes many of the dead cells, sorted cells continued to die between the sort time and 

time of fixation (typically 30-90 minutes in which cells were maintained in DMEM+ on 

ice).  In order to exclude dead cells from the final analysis of Hoechst-sorted cells that 

were subsequently stained for cellular markers, 7AAD was added a second time after the 

sort, immediately before fixation.  The percentage of cells that die between the sort and 

fixation is 14.11% ± 0.89% (Fig.4B), a higher percentage even than cells that die from 

the invasive isolation technique using physical dissociation and collagenase digestion of 

the muscle tissue. Liberation of mononuclear cells from muscle and sorting based on the 

Hoechst 33342 dye exclusion assay, therefore results in cell death of 37.29 ± 1.96% of 

the total starting population.
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Discussion 

The ability to separate defined populations of myogenic precursor cells is critical 

to selection of the most appropriate cell for myoblast therapy. The use of the Hoechst dye 

exclusion assay for the preparation of hematopoietic stem cells is well established, and 

this system appears to work well in separating populations of bone marrow derived 

precursor cells [192]. However, in mononucleated cells taken from skeletal muscle 

directly ex vivo, it appears that the cells that populate the MP and SP fractions vary 

considerably depending on the animal species used for analysis as well as the particular 

muscles used for analysis. The presence of different muscle allotypes is well known 

[211]. In addition, the various muscle allotypes vary considerably in their satellite cell 

composition, particularly their total myogenic precursor number per myofiber [212]. 

This, in part, may explain why SP and MP cells derived from different skeletal muscles, 

which also vary in the expression of a number of constituent proteins and signaling 

factors [213, 214], are more heterogeneous than cells derived from hematopoietic tissues 

in a similar manner. The variation between muscles is an important consideration, as the 

percent of cells in the SP fraction varied despite similarities in progenitor cell densities.  

EOM contain more progenitor cells per muscle fiber compared with muscle fibers from 

tibialis anterior [175, 215].  Yet, our experiments in rabbits revealed a smaller percentage 

of cells within the SP gate from EOM compared with tibialis anterior. In contrast, the 

percentage of SP cells from EOM of mice were higher than limb muscles, demonstrating 

that one cannot predict the percentage and number of SP cells that are isolated even 

within a given muscle from two different species.   
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Mononuclear cells in both the MP and SP fractions were positive for pax7 and m-

cadherin, two markers of satellite cells that reflect a more committed muscle precursor 

cell, and for CD34 and Sca1, thought to be precursor markers less specific for the 

myogenic lineage. When used on skeletal muscle directly ex vivo, the Hoechst exclusion 

assay at a higher concentration than the more typical standard published concentration 

[194] did not enrich for any population based on the markers we tested. In addition, 

Hoechst dye is toxic, and a large number of cells are killed during the time of the assay. 

This includes cells positive for CD34 and Sca1. Studies that have used higher 

concentrations of Hoechst dye showed that significantly more cell death occurred, 

resulting in a smaller SP fraction [198]. The trade off for the higher doses was an 

apparent increase in SP cellular homogeneity; however, the cells were still heterogeneous 

[198]. These experiments suggest that additional strategies should be used if a more 

homogeneous precursor cell population from skeletal muscle is needed. Some groups 

have reported differences in SP populations based on the amount of effluxed dye [216, 

217], but no clear strategy to define gating has been established. 

The cells obtained through the use of Hoechst 33342 dye efflux and flow 

cytometry to enrich for muscle multipotent precursor cells have yielded very different 

progeny in different laboratories. This has been postulated to be due to the large 

variability of staining depending upon conditions. The length of time cells are exposed to 

the dye, pH of the staining media, temperature during incubation, cell counting method, 

and dye concentration all play crucial roles determining the subpopulations of cells 

derived from skeletal muscle that fall in the SP gate. Disagreements about cell fate found 
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in the literature may simply be due, in part, to differences in SP isolation protocols [177, 

198]. In our hands, however, Hoechst dye concentrations of 12µg/ml resulted in cells 

within the SP gate that could not be completely removed with verapamil treatment.  

A recent report suggests that the role of SP cells in myogenic repair may be due, 

in part, to their ability to support proliferation and migration of myoblasts [202]. This 

suggests that cellular therapies might see greater success with co-transplantation of 

different mononuclear cell populations. The complex process of myofiber repair is likely 

achieved by concerted efforts of multiple cell types, indicating the importance of clearly 

defined starting populations. 

Many groups use preplating and culturing techniques to enrich for muscle-derived 

precursor cells [189, 218].  However, a direct ex vivo approach may allow separation of 

more physiologically relevant populations, since culture conditions greatly influence the 

phenotype of cells [129, 130]. The Hoechst 33342 dye-exclusion method seemed 

promising for ex vivo separations, since it is performed on freshly isolated cells. 

Unfortunately, the identification of SP cells based on cell marker expression following 

sorting procedures has been minimal, and the purity of these cells is not well described. It 

appears, however, that the Hoechst 33342 dye-exclusion method does not distinctly 

separate skeletal muscle progenitor populations.  While dye efflux may enrich for 

hematopoietic stem cells (HSCs) from bone marrow or other tissue samples, we have 

found that it does not separate different subpopulations of myogenic precursor cells, as 

defined by conventional antigens, from the skeletal muscle of rabbits, mice and humans.   
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Many laboratories are studying the isolation and potential efficacy of using 

multipotent myogenic precursor cells for myoblast transfer therapy for muscular 

dystrophy [95, 130, 177, 186-190]. These attempts have been largely unsuccessful, as the 

vast majority of the transplanted cells die within a very short post-transplantation period. 

A small number of the transplanted cells remain, and these were postulated to come from 

a more multipotent cell within the heterogeneous population transplanted [212]. A lack of 

surface markers that clearly identify different subpopulations of these cells may explain 

the differential success of these experiments. This also strongly suggests why methods 

using identified populations of myogenic precursor cells, such as mesoangioblasts [103], 

are substantially more effective. Hoechst 33342 dye showed potential for sorting 

progenitor populations in a number of different tissues [98, 192, 219, 220].  It is taken up 

quickly by live cells, can be visualized by flow cytometry, allows rapid sorting of stained 

cells, and was hypothesized to enrich for identified subgroups of precursor cells from 

largely heterogeneous cellular pools. Verapamil provides an easy negative control, 

allowing accurate identification of cells which efflux the dye which are defined as SP 

cells [192]. In our hands, while rabbit extraocular muscles showed a smaller percentage 

of SP cells compared with tibialis anterior muscles, our mouse experiments showed a 

greater percentage of cells within the SP compartment of EOM compared with tibialis 

anterior. Examination of satellite cells from adult human muscle supports the view that 

significant species differences exist between these populations in terms of percentages of 

distinct populations and the universality of assays [221, 222]. The differences between 
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these two species and between these two muscles prompted further investigation of the 

resident cells in each compartment.  

The purity of both the MP and SP cell populations has not been well defined. The 

present analysis of the SP and MP cells from skeletal muscle directly ex vivo demonstrate 

that identification and sorting of multipotent precursor cells from satellite cells in muscle 

does not result from the Hoechst 33342 dye-efflux assay.  We found no enrichment in 

either compartment of cells expressing common molecules that identify different 

populations of precursor cells, including CD34 [128], Sca-1 [208, 223], m-cadherin [165] 

or Pax 7 [163].  Even the expression of the ATP-binding cassette superfamily of 

membrane transporters (ABCG-2), the multidrug-resistance transporter believed 

responsible for the Hoechst 33342 efflux, does not perfectly correlate with the SP 

phenotype in bone marrow-derived cells [224].  In part, SP cells were considered to be 

enriched for more multipotent myogenic precursor cells because these cells were able to 

form hematopoietic, adipogenic, and osteogenic colonies in vitro [194]. This may reflect 

the differential survival of subsets of cell precursors within the heterogeneous population 

of SP cells based on the milieu in which they found themselves. This is supported by the 

demonstration that the SP cells were able to form both myocytes and satellite cells in vivo 

following transplantation [194]. In light of our current studies, the heterogeneity in the 

population of SP cells used in these experiments is a reasonable explanation for these 

apparently contradictory results.  When examined for myogenic lineage markers directly 

ex vivo, cells isolated by their ability to efflux Hoechst dye are not a homogenous 

population of cells nor do they appear to be enriched in less committed myogenic 
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precursor cells as defined by surface markers. It is not possible to determine what specific 

cell type resulted in the phenotype of the downstream progeny that formed from SP cells 

placed in vitro, particularly as they are exposed to variable differentiation signals added 

to the culture dish [191]. Generally, alterations in the capacity to differentiate in vitro are 

associated with concomitant conversion to different cell-marker expression patterns [129, 

225, 226]. Until the conditions for survival or differentiation of a specific cell type are 

absolutely defined, it is impossible to implicate a particular cell type from a 

heterogeneous pool as the progenitor forming a particular in vitro or in vivo population.   

While the use of the Hoechst 3342-dye efflux assay in skeletal muscle has been 

described to enrich for particular cell types based primarily on their ability to differentiate 

into distinct lineages in vitro [191], our studies show that there are more progenitor cells, 

as defined by traditional cell surface markers, within the MP compartment than within the 

SP compartment.  Since a large percentage of progenitor cells are not found in the SP 

gate, the Hoechst 33342-dye efflux assay does not increase the percentage of specific 

myogenic precursor cells isolated,nor does it capture a large percentage of these cells 

from adult skeletal muscle. The current approach of using in vitro clonal analysis of 

single cells [227] or single precursor cell transplants into muscle [228] allow the clear 

determination of the lineage potential of defined cell populations as well as engraftment 

potential. 

It is possible that the Hoechst 33342-dye efflux assay may enrich for what is 

known to be a very small population of HSCs from muscle [194]. Other studies have 

provided evidence that the hematopoietic stem cells in muscle are actually derived from 
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hematopoietic sources [216].  In our analysis, we were unable to resolve any increase in 

the percentage of CD45+/ Sca-1+ cells above isotype control staining in the SP 

compartment. This contrasts with other studies of SP cells [199]; however, our stringent 

elimination of dead and dying cells with 7-AAD may have preferentially removed these 

from the SP gate. In addition, this cell type was previously shown to be a negligible 

cellular component when, as in the present study, higher doses of Hoechst dye was used 

[198]. Furthermore, when CD45+ cells were co-stained for hematopoetic lineage 

markers, only a very small percentage (0.5%) were negative for all markers tested.  Since 

CD45+ cells made up such a small percentage of the mononuclear cells extracted from 

muscle, and nearly all of those were identified by cell markers as contaminating 

peripheral blood cells, the muscle SP compartment does not appear to contain a 

physiologically relevant population of HSCs.  If HSCs are present within the mouse adult 

limb muscle, they are not adequately enriched by the Hoechst-dye assay, nor identified 

by traditional cell surface markers CD45 and Sca-1 [216, 229]. The observation that 

muscle-derived stem cells possess hematopoietic potential may be a phenomenon 

resulting from in vitro modifications, or although unlikely, a the starting population does 

not express the same markers as conventionally described HSCs. 

An ideal method for sorting progenitor cell subpopulations from skeletal muscle 

would involve the ability to purify homogenous populations while maintaining the 

maximal viability of the cells.  We have demonstrated that Hoechst 33342-dye does not 

separate homogenous populations of progenitor cells.  It also does not maintain the 

viability of all cells, and in fact kills almost 40% of them. This is not surprising, as the 
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Hoechst assay was originally used as a method to measure cell death [230, 231]. The 

procedure to release mononuclear cells from muscle tissue is disruptive and results in a 

baseline amount of cell death. The percentage of dead cells dramatically increases with 

incubation in media containing Hoechst 33342 dye, which is known to be cytotoxic 

[232]. This dye has been used specifically to identify cells with fragmented DNA [233]. 

While some other groups used propidium iodide to exclude dead cells from their sorted 

populations [192], our results show that cells which were alive at the time of cell sorting 

continue to die rapidly after the sort occurs, with more than 10% incorporating 7AAD 

into their nuclei 30-90 minutes after the sort.  Due to death caused by the process of 

myonuclear cell isolation, Hoechst 33342-incubation, and post-sorting, more than half of 

the starting population of mononuclear cells is dead after these procedures, including 

cells that express both CD34 and Sca-1. This is important to consider when 

differentiation potential is assessed in vitro.  

Although the Hoechst 33342 dye-efflux assay may be useful for some 

investigations of stem cells, particularly in the hematopoietic lineage, it does not appear 

to enrich for specific subpopulations in our directly ex vivo analysis of muscle-derived 

progenitor cells.  Since this assay is quickly gaining popularity for use in many tissue 

types, including tumors [234], we suggest that careful analysis of the SP and MP 

compartments be performed to insure that cells of interest are not being preferentially lost 

due to the sorting technique, and that other progenitor populations are not contaminating 

the sorted cells.  In mononuclear cells from skeletal muscle derived immediately ex vivo, 
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this method does not enrich for particular cell populations as defined by published 

markers for myogenic precursor cells. 

A more in-depth analysis of clonal cultures of SP and MP cells may be able to 

provide answers as to their differing downstream progeny. However, culture conditions 

greatly effect the survival, growth and differentiation of progenitor cells. For the purpose 

of myoblast transplant therapies, ex vivo identification of precursor cells with the best 

potential for muscle repair is warranted. 

 Current studies in our laboratory are directed at more carefully defining muscle-

derived precursor cell populations by examination of co-expression patterns using a 

larger panel of markers. It is hoped that this approach may be able to dissect out one or 

more specific subpopulations with greater ability to home, survive, and spread within 

injured, diseased or aging muscles after myoblast transplantation with improved 

restoration of muscle function. 
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Figure Legends 

Figure 1. Comparison of SP and MP cells Isolated from EOM and TA of Mice and 

Rabbits.  

Whole cell suspensions from EOM and TA muscles from individual rabbits or 5-10 mice 

were labeled with Hoechst 33342 dye with or without verapamil (A).  Analyses were 

performed using flow cytometry. Plots shown represent all live mononuclear cells.  

Percentage of cells falling within the SP gate in each species and muscle type were 

determined by flow cytometry (B).  SP gate was determined as in A, using verapamil-

treated cells as a negative control. n=11 for each species. 

Figure 2. Comparison of Specific Subpopulations of Myogenic Precursor Cells Found in 

the SP and MP Gates. 

Mouse hindlimb muscle MP and SP cells were sorted, re-stained with 7AAD and 

immediately fixed.  A. Cells were stained with antibodies against CD34 and Sca-1 and 

analyzed using flow cytometry.  Plots represent cells that were alive just prior to fixation. 

Gray lines show isotype control staining.  B. Cells from MP and SP stained for CD34 and 

Pax-7 or CD34 and m-cadherin. Gray lines represent isotype control staining. C. 

Immunohistochemistry confirming co-expression of Sca-1 and Pax7 with DAPI 

counterstain. D. The percentage of CD34+ cells co-expressing m-cadherin was analyzed 

by flow cytometry. E. The percentage of CD34+ cells co-expressing Pax-7 was analyzed 

using flow cytometry. n=3 for each antigen examined. F. MP and SP cells examined for 

co-expression of Sca-1 and CD45. Gray lines show isotype control staining. 
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Figure 3. Determination of Cell Density of Specific Subpopulations of Cells Isolated by 

Hoechst.  

 Mouse hindlimb samples were weighed prior to digestion and cells were counted with a 

hemacytometer prior to sorting.  Cells were fixed and some permeabilized after sorting 

before staining for markers listed.  Percentages of cells were used to calculate the number 

of cells per milligram of original muscle tissue.  Numbers of cells for each condition were 

plotted.  n= 3 (Sca-1, m-cadherin, CD45), n= 6 (CD34), n= 4 (Pax-7). 

Figure 4. Determination of Amount of Cell Death Due to the Hoechst Assay. 

Cell death was analyzed using 7AAD-staining of whole cell suspensions from digested 

mouse hindlimb muscle.  Cells that were not exposed to Hoechst 33342 were compared 

to cells that were labeled with the dye (A).  B. Percentage of cells that were dying with 

the addition of Hoechst-dye at the time of the sort (“Pre-Sort”) were added to the 

percentage of cells that were dying within 30-90 minutes after the sort (“Post-Sort”) to 

calculate the total percentage of unviable cells following Hoechst-dye labeling. 
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Sparing of the Extraocular Muscle in Multiple Dystrophic Skeletal Muscle Diseases: 

A Myogenic Precursor Cells Derived from Extraocular Muscle  

 

Introduction 

Duchenne Muscular Dystrophy (DMD), a lethal genetic disease effecting 1 in 3500 male 

births, is a severe muscle disorder caused by a mutation in the dystrophin gene [235]. 

While a multitude of studies have attempted to reveal an adequate treatment, still no cure 

exists. Damage to muscle fibers caused by the lack of dystrophin can only be repaired for 

a fraction of a normal lifespan, leaving patients wheelchair bound, with cardiomyopathies 

and respiratory muscle failure prior to reaching adulthood [236]. Restoring dystrophin by 

expression of a microdystrophin gene, for example, has yielded some promising results in 

animal studies [237, 238], although many hurdles still exist. Replacement of dystrophin 

using myogenic precursor cells with an intact dystrophin gene has been attempted and 

has been coined “myoblast transfer”. The goal of myoblast transfer experiments is to re-

populate dystrophic muscle with regenerative capabilities which will restore the structural 

integrity of muscle fibers by creating dystrophin-expressing muscle fibers. 

Transplantation of myoblasts derived directly from skeletal muscle into patients results in 

the vast majority of these cells dying. In those that survive and synthesize dystrophin, the 

immune system views the dystrophin as a foreign protein, and therefore subject to 

immune surveillance [112, 239]. In fact, myoblasts express high levels of the major 

histocompatibility complex class I (MHC I), which interacts with CD8 T cells to initiate 

immune responses and contributes to death of transplanted myoblasts [240].  Although 
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subpopulations of mononuclear cells may have lower levels of MHC-I [241], most 

myoblast transfer treatment protocols require pharmacologic immune suppression. This 

can result in significant and severe side effects [106, 109, 185]. Due to immune rejection 

and death of the transplanted myoblasts, identification of a specific and characterized 

progenitor cell population with capacity to engraft, form new myofibers and self-renew is 

needed. 

The search for the identity of mononuclear cells with myogenic potential that 

reside in adult skeletal muscle has shown these progenitor cells to be extremely 

heterogeneous. Part of the complexity is due to the number of cell markers that are used 

for identification of satellite cells and other myogenic precursor cells (mpcs). Part of the 

challenge is that different markers are used by different laboratories, and it is unclear how 

many different subpopulations might exist in normal adult muscle simultaneously. Two 

widely accepted satellite cell markers are Pax-7 [163], and m-cadherin [128, 165].  

Although its function is not entirely clear, CD34 has used to identify multipotent 

precursor cells in the hematopoietic and other lineages [128, 242, 243]. Skeletal muscle 

satellite cells express CD34 [128]; but CD34 is also expressed by muscle-derived 

precursor cells that do not express Pax7, m-cadherin and other myogenic lineage-specific 

markers (Kallestad, 2007). Stem cell antigen-1 (Sca-1), originally described in 

hematopoietic stem cells [244], is another molecule present on a subset of skeletal 

muscle-derived mononuclear cells. Sca-1 appears to identify cells that have left cell cycle 

progression and entered a differentiation mode [208, 223]. Additional molecules that 

label satellite cells and mpcs include N-CAM [245], SM-C/2.6 [246], MyoD [247], 
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syndecan-3 and -4 [201, 248]. Currently, it is unclear where along the differentiation 

timeline each molecule is expressed, and which can distinguish mpcs from other 

mononuclear cells within skeletal muscle. 

Satellite cells, which quickly activate and proliferate upon muscle injury to form 

new myofibers or fuse into existing ones, differ from a second population of slow-cycling 

cells within skeletal muscle (Heslop et al., 00). This minority population is considered to 

be more multipotent and stem cell-like [128-130], and has been isolated using various 

techniques, including a pre-plating technique utilizing adhesion property differences 

[249] and separations based on cell surface antigens by magnetic bead sorting or flow 

cytometry [250]. Pre-plate techniques are limited by the length of time cells must be in 

vitro, as it is known that muscle-derived progenitor cells can lose myogenic potential 

when cultured [251, 252]. Surface antigen separations are also problematic, as there is no 

clear consensus on specific markers to use. More detailed identification and isolation of 

these cells should allow improved separation of a candidate population for myoblast 

transplantation in the treatment of DMD.  

The extraocular muscles (EOM) and laryngeal muscles are completely unaffected 

in patients with DMD [23]. The EOM, which control eye movements, remain 

morphologically and functionally normal throughout the progression of the disease [19, 

21]. EOM also are spared in other forms of dystrophy, including Becker muscular 

dystrophy [19], merosin-deficient muscular dystrophy [23], sarcoglycan deficiency [253], 

and congenital muscular dystrophy. Myofibers within EOM are also spared from age-

related sarcopenia, maintaining normal physiologic properties even in aged individuals 
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[122, 254]. Although many physiologic and biochemical differences between EOM and 

non-cranial skeletal muscle have been studied as potential mechanisms for the DMD 

sparing phenomenon, none of these proved mechanistic [20, 117-120, 255]. It appears 

constitutive differences between the EOM and non-cranial skeletal muscles are 

responsible [120]. 

Current knowledge about EOM cell biological properties suggest two hypotheses: 

the ongoing satellite cell activation and myofiber remodeling in normal adult EOM may 

be the mechanism whereby the EOM are spared, and this, in turn, suggests that 

regenerative cells in EOM, the mpcs, may be constitutively different. If these differences 

are responsible for EOM sparing in DMD, this suggests that the mpcs from EOM may be 

a source of autologous cells for myoblast transfer therapy with enhanced survival or 

replicative properties or may point to a cell type that might be purified from another 

source. These hypotheses are based on several lines of evidence. First, the EOM maintain 

a process of continuous myonuclear addition and myofiber remodeling in normal 

uninjured adult myofibers in mammals [1, 121-123]. Satellite cells within normal adult 

EOM are activated, divide, and fuse with apparently normal myofibers. This occurs 

throughout life, as activated satellite cells were present in EOM from 74 and 82 year old 

human donors [122]. In addition, the reactivity of EOM mpcs is extremely vigorous 

compared to limb muscle, as functional denervation of the EOM results in large increases 

in satellite cell division while in limb muscle there is only an abortive response [124]. 

This raises the question of whether the EOM undergo increased cycles of remodeling in 

DMD patients compared to the normal levels. 
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We show here that specific properties of progenitor cells from EOM may explain 

how they are spared in various muscular dystrophies. We show that cells from EOM are 

more resistant to apoptosis than progenitor cells from limb muscles. Additionally, they 

more densely populate EOM than limb skeletal muscle. Many of the same markers of 

progenitor cells appear in similar percentages in EOM, with the exception of a population 

that expresses CD34 without other markers of myogenic lineage specification. We 

propose that the EOM may contain a population of precursor cells that might show 

enhanced survival and entry into the satellite cell niche for use in myoblast transfer 

therapy for DMD. These cells may allow for autologous transplantation of non-

manipulated populations, as dystrophin restoration may not be necessary for long-term 

therapy. Instead of replacing dystrophin, we envision a therapy that enables affected 

muscles to continuously repair themselves without exhaustion. Replacement of 

dystrophin should halt the cycles of muscle degeneration and regeneration that are the 

hallmark of DMD and other muscular dystrophies. However, until immune tolerance is 

achieved, autologous EOM cells, should they prove to survive and repopulate muscle 

after transplantation, may allow for long-lasting skeletal muscle repair. 
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Methods 

Mice: BALB/c (NCI), C57/Bl-6 (NCI) or C57/Bl-10 mice (Taconic) were used as wild 

type (WT) animals for experiments comparing EOM progenitor populations with limb 

progenitor populations and were sacrificed using CO2 asphyxiation. Neonatal tissue was 

obtained via tissue sharing and collected upon sacrifice. Neonates were sacrificed within 

2-3 days post-partum, adult mice were 2-6 months, aged mice were 20-26 months. 

Dystrophic animals were maintained as a colony at the University of Minnesota through 

mdx:utr+/- breeding pairs originating from Washington University and obtained from 

Virginia Polytechnic Institute and State University [256]. Genotyping of dystrophic mice 

by polymerase chain reaction (PCR) analysis was performed as previously described 

[256].  Dystrophin-negative animals that were homozygous for wild type utrophin were 

used as mdx mice, and those homozygous for the mutant utrophin were used as “double 

knockout (DKO)” mice.  Experiments comparing WT, mdx and DKO mice were 

performed on young adult (9-12 week) animals that were age matched. Male and female 

animals were used interchangeably unless otherwise noted. Animals were maintained in 

animal facilities at the University of Minnesota and experiments were approved by the 

Institutional Animal Care and Usage Committee at the University of Minnesota.  

Isolation of Mononuclear Cells: Tibialis anterior (“limb”) and superior, inferior, lateral 

and medial recti extraocular muscles (“EOM”) were isolated immediately after sacrifice 

into cold Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen, Carlsbad CA). 

After dissection, muscles were removed from DMEM momentarily for weighing. 

Muscles were then digested as previously described [191]. Briefly, tibialis muscle was 
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minced into small pieces using surgical scissors; EOM did not require mincing, as 

muscles are very small. All tissue was incubated with a collagenase/dispase (Roche 

Diagnostics, Indianapolis, IN) mixture [191] at 37°C for 15 minutes, triturated, and 

incubated for another 15 minutes until virtually no visible chunks of tissue remained. 

Samples to be directly stained for FACS were washed with cold Hanks Balanced Salt 

Solution (HBSS) (Invitrogen, Carlsbad, CA) supplemented with 2% fetal calf serum 

(FCS) (Atlas Biologicals, Fort Collins, CO) and 0.001% sodium azide (Sigma Aldrich, 

St. Louis, MO) (Sorter Buffer). Cells to be permeabilized for intracellular staining were 

washed twice with cold phosphate buffered saline (PBS) (Invitrogen.). These cells were 

resuspended in PBS and an equal volume of 4% formaldehyde was added. Cells were 

fixed for 20 minutes at room temperature, rinsed, and then incubated with a saponin-

containing PBS supplemented with 25% FCS (permeabilization buffer). All antibody-

labeling steps were performed using permeabilization buffer, and washing steps were 

performed with a diluted permeabilization buffer containing only 10% FCS. Cells for 

culture were dissected in a laminar flow hood with sterilized instruments, and all reagents 

were filter-sterilized over a 2µm filter. Culture cells were washed with cold DMEM at pH 

7.2-7.4 and supplemented with 10mM HEPES buffer (Invitrogen) and 2% FCS 

(DMEM+).  All cells were centrifuged at 1400rpm for 5 minutes and resuspended in 

Sorter buffer (for direct labeling), PBS (for cells to be permeabilized) or DMEM+ (for 

cells to be cultured). 

Antibody Labeling for FACS: All cells were filtered over 70 µm nylon mesh filters to 

remove cellular debris. Cells were diluted to 1-10X106 cells/ml and then incubated at 4°C 
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with 1:10 purified anti-mouse CD16/32 in Sorter buffer, Permeabilization buffer, or 

DMEM+ for 10 minutes to block non-specific Fc binding. Cells were stained with one or 

more of the following anti-mouse antibodies: Sca-1, CD34, M-cadherin, CD31, CD45 

(BD Biosciences, San Jose, CA), CD34 staining used the same clone [RAM34] from 

eBiosciences, San Diego, CA), Pax-7 (R&D Systems, Minneapolis, MN or 

Developmental Studies Hybridoma Bank, University of Iowa, Ames, Iowa), and SM-

C/2.6 (generously provided by Hiroshi Yamamoto) [246]. Biotinylated antibody labeling 

was visualized with streptavidin FITC, PE or APC (BD Biosciences). Purified antibody 

labeling was detected with appropriate biotinylated secondary antibodies and 

fluorochrome-labeled streptavidin. Cells were incubated with antibodies at 4°C for 30 

minutes and washed with Sorter buffer, permeabilization buffer or DMEM+. 7AAD (BD 

Biosciences) was added at a 1:20 dilution ten minutes prior to flow cytometric analysis to 

exclude dead and dying cells, except for permeabilized cells, which were incubated with 

7AAD immediately pre-fixation. 

Apoptosis Assay: Mononuclear cells were isolated for culture and incubated on collagen-

coated dishes for 20 minutes at 37°C, allowing fibroblasts to adhere. The supernatant, 

containing progenitor cells was incubated on ice with a biotinylated anti-CD34 antibody 

followed by Streptavidin microbeads (Miltenyi Biotec, Auburn, CA). CD34 cells were 

then positively selected using the midiMACS system (Miltenyi Biotec) following 

manufacturer’s protocol. Cells were plated at 70,000 cells per well in a 24-well tissue 

culture plate with DMEM containing 20%FCS and 100U/ml penicillin, 100ug/ml 

streptomycin (Invitrogen). H2O2 was added to a final concentration of 150uM to treated 
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samples and plates were incubated at 37°C for 90 minutes, at which time H2O2 was 

washed out. Cells were analyzed by flow cytometry for Annexin V 24 hours after insult 

using a FITC-Annexin V Apoptosis Detection Kit (BD Biosciences). 

BrdU labeling: Age matched wild type or mdx animals were injected intraperitoneally 

with BrdU in saline (50mg/kg) daily for 28 days. Animals were sacrificed two weeks 

after the final BrdU dose. Myoblasts cells were prepared as above, and BrdU was 

detected using a BrdU for Flow Cytometry Kit (BD Biosciences).  

In Vitro Differentiation Assay: Live CD34+ Sca-1- CD31- CD45- cells were sorted from 

wild type mouse EOM by flow cytometry and cultured on collagen-coated plates in 

Ham’s F10 medium (Invitrogen) supplemented with 20% FCS (Atlas Biologicals) 2.5 

ng/mL recombinant human bFGF (R&D Systems) and 100U/ml penicillin, 100ug/ml 

streptomycin (Invitrogen) as previously described [191]. Differentiation into myotubes 

was induced with DMEM  supplemented with 5% horse serum (company?) and 

antibiotics as described above [191]. 

Immunohistochemistry: Cultured cells were fixed in 4% paraformaldehyde for 10 

minutes, blocked with 10% horse serum and Avidin/Biotin Blocking kit (Vector 

Laboratories, Burlingame, CA) and incubated with anti-mouse desmin antibody (1:100) 

(abcam, Boston, MA). Desmin was visualized using the Vectastain ABC kit (Vector 

Laboratories) followed by incubation with diaminobenzidine. 

Statistical Analysis: All data was analyzed for statistical significance using Student’s t-

tests for paired data, and for all other data, analysis of variance (ANOVA) and Dunn’s 

multiple comparison tests using the Prism and Statmate software for Macintosh 
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(Graphpad, San Diego, CA) or SigmaStat 2.03 (SPSS Science, Chicago, IL). For data 

collected as percentages, angular transformation of the data and ANOVA tests were 

performed using Microsoft Excel for Macintosh. Errors were calculated based on the 

propagation of errors associated with each measurement. An F-test was used to verify 

that the variances were not significantly different.  Data was considered significantly 

different if p≤0.05. 
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Results 

Cell Death Decreased in EOM Progenitor Cells 

Initial comparison of wild type (WT) EOM and limb muscles revealed a difference in the 

percentage of cells taking up 7AAD, a marker of dead and dying cells (Fig 1A).  Further, 

cells were extracted from EOM and limb muscles of WT, mdx and mdx-utrophin-/- 

(DKO) were stained with 7AAD. As a result of the cell isolation technique alone, results 

show that significantly fewer mononuclear cells from EOM stained positive for the cell 

death marker compared with those derived from limb skeletal muscle in all animals (P= 

0.0012, n=4) (Fig 1B).   

Since just the process of digesting and staining skeletal muscle causes injury and 

subsequent death of mononuclear cells, we investigated the possibility that cells from 

EOM might be more resistant to injury than similar cells derived from limb skeletal 

muscle. CD34+ cells from EOM and hindlimb muscles of WT mice were cultured with 

H2O2 for 3 hours and stained with a marker of early apoptosis, Annexin V, 24 hours later. 

More untreated cells from limb muscle became apoptotic even without treatment (P< 

0.0001, n=3) (Fig 1C). EOM-derived CD34+ cells were not sensitive to the H2O2 insult, 

but this exposure resulted in greater numbers of apoptotic cells from limb skeletal muscle 

than control limb cells (P= 0.0011, n=3) (Fig 1C). 

EOM contains more precursor cells than limb muscle 

Antibodies targeting several known markers of stem and progenitor cells in 

muscle were used to characterize the myogenic precursor cell populations from both limb 

skeletal muscle and EOM of WT mice. Although the percentage of cells expressing any 
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given marker was similar, the total number of cells calculated per mg of muscle differed. 

EOM contained a significantly higher density of cells expressing each of the following 

antigens: CD34, Sca-1, pax-7 and m-cadherin (Fig 2A).   

Analysis of co-expression of CD34 and Sca-1 revealed a highly enriched 

population of cells expressing only CD34 in EOM compared with limb skeletal muscle 

by percentage (Fig 2B). Further analysis of the CD34+/Sca-1- cells demonstrated that 

37.55% of this population in EOM did not co-express the endothelial lineage marker 

CD31 compared with 12.2% in limb (Fig.2 C).  The CD34+/Sca-1- cells were examined 

for expression of the myogenic marker m-cadherin (Fig. 2 D).  In both EOM and limb the 

CD34+/Sca-1- cells did not express either marker (Fig. 2D, black histograms); yet CD34+ 

cells co-expressing Sca-1 mostly stained positive for m-cadherin (Fig. 2D, grey 

histograms). Note that the CD34+/Sca-1- cells are rare in limb, observable in the m-

cadherin data. CD34+/Sca-1- cells also do not express Pax-7 (data not shown). To 

simplify the description of the CD34+ /Sca-1- /CD45-/CD31- pax-7- m-cadherin- cells, this 

cell population will be simply referred to as the EOMCD34 cells. Since the EOMCD34 

cells were homogenously negative for pax-7 and m-cadherin, antibodies against these 

markers were not used in every experiment. 

EOMCD34 cells in muscle development 

Based on the observation that a population of CD34+ cells negative for the lineage 

markers CD45, CD31, pax-7 and m-cadherin is enriched in EOM, we considered the 

possibility that these cells might be a more primitive progenitor cell population. If this is 

true, we hypothesized that they should be more abundant in developing muscle. In fact, 
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the EOMCD34 cells comprise a larger percentage of the mononuclear cells from both 

EOM (32.9 ±0.57%) and limb (27.7± 0.48%) in neonatal mice compared with adult 

animals (Fig.3A). The population virtually disappears in limb skeletal muscle of adult 

(2.12± 0.11%) and aged (0.65± 0.30%) mice, while EOM maintains this population in 

adult (12.44± 0.18%) and even very aged (8.59± 2.14) mice (Fig.3). It is possible that a 

population of a more stem-cell like precursor cells may be responsible for the constitutive 

and ongoing remodeling of the EOM and may relate to their sparing in muscular 

dystrophy. The presence of the EOMCD34 cells in the EOM of very aged animals 

supports the hypothesis that these cells may participate in the longevity of the EOM 

remodeling process. 

EOMCD34 cells in dystrophic muscles 

If the EOMCD34 cells are important for the sparing of the EOM in muscular dystrophy, 

then they should be retained in the EOM from the mdx and DKO mouse models of the 

disease. EOM and limb muscle of age-matched adult mdx and DKO mice were 

investigated for the presence of the EOMCD34 cells.  Although there is a decrease of 

EOMCD34 cells in EOM of the mdx and DKO mice compared to wild type controls, they 

maintain a significantly enriched population (Fig. 4). The limb muscles from the mdx and 

DKO mice show a significant decrease in EOMCD34 cells that correlates with disease 

progression, with DKO limb muscles essentially zero, as the levels are not above isotype 

controls (Fig 4). Control EOM is16.7-fold greater, mdx EOM is 13.3-fold greater, and 

DKO EOM is 64.0-fold greater in the number of EOMCD34 cells per mg of muscle 

compared to comparable skeletal muscles from limb. Statistical analysis revealed an 
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interaction between strain and muscle source, indicating that EOMCD34 cells from 

muscle are more sensitive to disease than the same cells from EOM. Wild type mice used 

in preceding experiments were C57/Bl.6 mice. The observation that the dystrophic strains 

affected the percentage of EOMCD34 cells led us to test three different strains of inbred 

mice: Balb/c, C57/Bl.6, and C57/Bl.10, the background strain of the mdx and DKO 

mutants. There is a significant difference (P= 0.0036) in the percentage of EOMCD34 

cells between the wild type strains (Fig 4B), and the C57/Bl.10 mice had the highest 

percentage of these cells (10.37± 0.10%) (Fig 4B). 

EOMCD34 proliferate slowly in vitro and differentiate into myotubes 

If the EOMCD34 are important for muscle repair and remodeling, they must have 

myogenic potential. Thus, the EOMCD34 cells were sorted using flow cytometry and 

placed in culture. Cultured on plastic in standard muscle cell proliferation medium, the 

EOMCD34 cells were extremely slow growing over the course of 6 weeks, and did not 

reach confluence in this time period. As a result of their relatively loose adherence to 

polystyrene culture dishes, they stayed extremely small, round and phase-bright (Fig. 

5A). After 6 weeks, the cells were placed in differentiation medium and readily formed 

multinucleated myotubes (Fig. 5B). When the EOMCD34 cells were grown on glass 

coverslips, where they have increased adherence, addition of differentiation medium 

resulted in cell fusion into desmin-expressing multinucleated myotubes (Fig. 5C), 

demonstrating that they have myogenic potential.   

EOMCD34 cells proliferate in vivo 
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Since proliferation in culture is not necessarily reflective of in vivo behavior, we 

investigated the propensity of the cells to proliferate in vivo. Prior investigations revealed 

that mpcs proliferate without injury in normal adult EOM [121]. This is unlike mpcs of 

limb skeletal muscles, which remain quiescent until activated by muscle injury or disease. 

One hallmark of stem cells is that they proliferate slowly in vivo [257]. To assess the 

proliferation of EOMCD34 cells in vivo, WT and mdx adult animals were injected with 

BrdU intraperitoneally daily for 28 days, followed by a BrdU-free period of 14 days. 

Examination of CD34+ cells that co-expressed Sca-1 showed that many of these were 

BrdU+ in both mdx (61.27 ± 0.14%) and WT (69.78 ± 0.04%) animals (Fig. 6). The 

EOMCD34 cells were largely BrdU-negative, with only 19.7% and 15.0% positive for 

BrdU in WT and mdx EOM, respectively (Fig.6). It appears that in these short time 

periods, the CD34+/Sca1+ progenitor cells are more proliferative. Long-term studies are 

in progress to examine the turnover rate of the EOMCD34 cells.
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Discussion 

The mechanism by which EOM are spared in DMD has been of great interest since the 

phenomenon was first observed. In this study, we propose that constitutively different 

myogenic precursor cells may account for their resilience. EOM remodeling throughout 

life indicates that a source of progenitor cells must exist that does not develop the 

replicative senescence seen with satellite cells of aging and dystrophic muscle [258]. 

While further identification of this slowly cycling, long-lived population of myogenic 

precursor cells is still being investigated, this study reveals a potential candidate 

population. 

 The demonstration that myogenic precursor cells from EOM are less sensitive to 

injury than those from limb muscle has several implications. Although no pathologic 

changes are observed in EOM of animal models of DMD, the possibility that a lack of 

dystrophin results in tearing of the sarcolemma still exists. If EOM are subject to injury in 

muscular dystrophy, progenitor cells that are resistant to injury may allow for more 

robust repair, therefore sparing the muscles from pathology. Additionally, the relative 

resistance to apoptosis of the mpcs from EOM during isolation procedures supports our 

hypothesis that EOM-derived mpcs may be a better candidate for myoblast 

transplantation therapy in DMD. Since survival of transferred myoblasts has hindered the 

success of cellular therapy, a population that is able to withstand the insult of isolation 

and resist oxidative damage may enhance the feasibility of this procedure. 

 Different muscles contain varying numbers of satellite cells [128, 172, 173, 215]; 

however, the density of mpcs in EOM is significantly greater than in any of the hindlimb 
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muscles thus far examined. Perhaps more importantly, a highly enriched population of 

cells expressing only the general stem cell marker CD34, and negative for Sca1, CD31, 

CD45 and pax7, was observed in the EOM. The possibility that a more primitive 

population of mpcs is maintained in EOM is supported by the demonstration that 

EOMCD34 cells make up a large percentage of mononuclear cells in both EOM and limb 

of neonatal muscle. The EOMCD34 cells are likely important in developing muscle 

based on this data. The continued presence of the EOMCD34 cells in the EOM of aged 

animals supports the notion that a regenerative cell in EOM is responsible for their 

resilience to sarcopenic changes associated with aging muscle. Along these lines, their 

maintenance in EOM of mdx and DKO supports their potential for playing a role in the 

sparing these muscles from pathology. Since the DKO mice die at a young age, the data 

in figure 4 represent the number of EOMCD34 cells in young adult mice, when muscle 

degeneration and regeneration in the mdx mouse is occurring. The observation that the 

decline in EOMCD34 cells in limb muscles correlates with the increasing severity of 

disease supports the idea that these cells may play a role in disease progression; however, 

more studies are warranted. 

 In addition to the differences in EOMCD34 cell numbers in the mutant animals, 

we observed differences in the numbers between various WT strains (fig 4B). This may 

be reflective of genetic differences in DMD patients. Individuals with DMD show 

differences in disease progression and severity, indicating that a lack of dystrophin is not 

the only predictor of disease phenotype. Further investigations about cellular differences 

in patients may shed light on this issue in the future. 
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 Evidence that the EOMCD34 cells were very slow growing in culture and did not 

ubiquitously incorporate BrdU in vivo over 4 weeks suggest that they are perhaps a 

population of slow-cycling progenitor cells. Further investigations into this possibility are 

ongoing and may shed light on the identity of an important subpopulation of mpcs. How 

the EOMCD34 cells are related to other subpopulations of mpcs is unknown.  Thus far 

we have examined a selected group of markers to fractionate subpopulations of 

mononuclear cells from muscle. Ongoing studies are working to further define the cells at 

the molecular level. We do not propose that the EOMCD34 cells represent a homogenous 

population, but at this first stage of subfractionation, they are clearly defined and 

repeatedly isolated from adult muscle. 

 In conclusion, we have identified a population of mpcs in the EOM of multiple 

mouse strains, including two models of DMD. These cells are highly enriched in EOM 

and developing skeletal muscle. The EOMCD34 cells decline in hindlimb muscle with 

increasing age and disease severity. These cells may provide a mechanism by which the 

EOM are spared the pathologic changes associated with DMD and sarcopenic changes in 

aging muscle. EOMCD34 cells may provide a better candidate for myoblast therapy 

based on their resilience to apoptosis. Additionally, EOMCD34 cells are a long-lived 

population in aging EOM, which have undergone remodeling throughout life. For this 

reason, these cells may have increased proliferative potential. Finally, the EOMCD34 

cells may allow for completely autologous myoblast transplantation, which would greatly 

reduce the complications associated with long-term immunosuppression. 
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Figure Legends 

Figure 1. FACS dot plots show the forward-side scatter (top) and CD34/Sca-1 expression 

(bottom) gating strategies of mononuclear cells from muscle (A, left side). Histograms 

show the percentage of cells from a gate including satellite cells (top 3), or CD34+ Sca-1- 

(bottom 3), that are 7AAD+ (A).  Quantified percentages of dead or dying cells from 

EOM and Limb of WT, mdx, and DKO animals (n= 3) (B). Percentage of apoptotic cells 

defined by Annexin-V staining from cultured WT CD34+ cells 24 hours after treatment 

with H2O2 (n=3) (C). 

 

Figure 2. Quantification of freshly isolated, live, mononuclear cells from WT EOM and 

hindlimb muscles positive for markers indicated per mg of muscle (A). Identification of a 

population of CD34+Sca-1- enriched in WT EOM compared with limb. Top dot plots 

represent isotype control staining. Middle plots show gates for CD34+Sca-1- and 

CD34+Sca-1+ cells. Histograms show m-cadherin staining of each gated population; black 

histograms are CD34+Sca-1- cells, white histograms are CD34+Sca-1+ cells (B). Isotype 

control (white) and CD34 (black) staining of WT EOM or hindlimb mononuclear cells, 

line indicates CD34+ gate for bottom dot plots. Bottom plots show Sca-1 and CD31 

expression on CD34+ cells (C). 

 

Figure 3. Quantification of percentage of EOMCD34 cells from EOM and hindlimb 

muscles of neonatal, adult and aged WT mice (n=4). Cells were first gated on live, CD31- 

CD45= FACS dot plots. ANOVA P values for the effect of age and muscle are indicated. 
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Figure 4. Quantification of EOMCD34 cells per mg of muscle from EOM and hindlimb 

of WT, mdx, and DKO mice (n=4). Cells were first gated on live, CD31- CD45= FACS 

dot plots. ANOVA P values for the effect of age and muscle are indicated (A). 

Quantification of percentage of EOMCD34 cells from EOM and hindlimb of Balb/c, 

C57/Bl.10 and C57/Bl.6 mice (n=6). Cells were first gated on live, CD31- CD45= FACS 

dot plots. Stars indicate significant difference from Balb/c, cross indicates significant 

difference between C57/Bl.10 and C57/Bl.6 mice (B). 

 

Figure 5. A shows EOMCD34 cells cultured on plastic culture plates in myoblast growth 

media for six weeks. Differentiation on plastic culture plates of cells from A after one 

week of serum starvation (B). C demonstrates desmin staining of EOMCD34 cells 

differentiated on glass coverslips. 

 

Figure 6. WT and mdx mice were treated with BrdU for 28 days. 14 days later, cells 

were analyzed by flow cytometry for expression of CD34 and Sca-1 and subsequently for 

BrdU. Cells were first gated on live, CD31- CD45= FACS dot plots. Bars represent mean 

percentage of 3 experiments. ANOVA was performed following angular transformation 

and P values for the effect of strain and muscle are indicated.
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Summary 

The goal of this study was to investigate the myogenic precursor cells from 

extraocular muscle (EOM) in order to better understand the remodeling phenomenon, 

which may be responsible for their sparing in Duchenne Muscular Dystrophy (DMD). 

This is an important goal, as current cellular therapies for DMD have had disappointing 

results and could benefit from identification of better candidate cell populations for 

myoblast transfer. It was believed that more progenitor cells might be the mechanism of 

EOM sparing. While the conclusion may still be true, the dramatic differences seen in 

progenitor cell populations of EOM and hindlimb muscles stimulated as many new 

questions as they answered. 

  Many laboratories are seeking to better understand the subpopulations of 

myogenic precursor cells in order to improve transplant therapies for DMD. Indeed, some 

cell populations have shown better success rates than others and recent studies indicate 

that multiple populations may interact to repair injured muscle efficiently [202].  Our 

initial attempts to isolate myogenic precursor cells from EOM that were up-regulated 

compared to limb skeletal muscle began with a technique that was thought to separate 

more primitive precursor cells from those that were already committed, the Hoechst dye 

exclusion assay [194]. As the goal of these experiments was to characterize individual 

subtypes of cells within the mononuclear cell population, cells separated by this assay 

from the side population (SP) and the main population (MP) were characterized for 

expression of a variety of markers generally agreed upon in the literature to be more 

general precursor cell markers, CD34 and Sca1, and markers of muscle-committed 
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precursor cells, Pax7 and m-cadherin. Thus, it was quite unexpected to find that cells 

positive for both these types of populations were present in the SP and MP groups. The 

original analysis of these cells demonstrated that they were not myogenic in vitro, but had 

myogenic capacity in vivo. While SP cells may contain multipotent precursor cells, 

shown by their ability to differentiate into multiple lineages in vitro [99], clonal analysis 

of the cells has not been reported. Due to the heterogeneity of the SP population that we 

have shown, it is probable that preferential expansion of lineage-committed precursor 

cells may explain these results.  In fact, SP cells have limited myogenic potential in vivo, 

but were shown to enhance myoblast therapy by stimulating host myoblasts to migrate 

and proliferate [202]. The ability to specifically identify populations that contribute to 

muscle repair and regeneration will greatly enhance these ongoing studies. 

 My studies of SP cells revealed several issues of concern relative to their potential 

as candidates for cellular transplant therapy. Initial investigation into the number of SP 

cells from EOM and hindlimb muscles of rabbits and mice indicated that the muscle and 

species resulted in significantly different cell populations within the SP cells that effluxed 

the Hoechst dye. Therefore, it would be impossible to predict the regenerative capacity of 

SP cells from muscles and species that have not been well characterized. Additionally, 

the SP cells contained myogenic-committed progenitor cells based on their expression of 

Pax-7. This indicates that some of the heterogeneity of the SP population likely 

contributes to the differences in downstream progenitor cells and brings into question the 

idea that the SP cells are intrinsically multipotent. Clonal studies of SP cells are required 

to address this question.   
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There are two fundamental issues raised by the SP study, which suggest strongly 

that the Hoechst-dye efflux assay does not efficiently separate differentiated from 

nondifferentiated mpcs for myoblast therapy. The fact that many cells expressing 

common markers of stem and progenitor cells are present in the main population, which 

does not efflux the dye, means that many cells with potential to aid in muscle 

regeneration are excluded in this assay. From a clinical perspective, the amount of muscle 

available for isolation of progenitor cells is limited and excluding potentially valuable 

populations may not be an efficient way of harvesting cells for transfer. The second main 

concern with the Hoechst-dye efflux assay is its toxicity. When one of the primary 

hurdles of myoblast transfer is survival of the transplanted cells, it seems counter-

productive to prepare cells using agents that are injurious.  

 The EOMCD34 cell study was developed in an attempt to explain the continuous 

remodeling phenotype of EOM and perhaps the mechanism of EOM sparing in aging, 

DMD, as well as a number of related muscular dystrophies. The experiments performed 

support the idea that constitutively different progenitor cell populations may exist in the 

EOM. Mpcs are present at a much higher density in EOM than limb skeletal muscle, and 

one population that is positive for CD34 and negative for Sca1, CD31, CD45, Pax7 and 

m-cadherin (EOMCD34 cells) in particular is enriched by proportion. The EOMCD34 

cells appear to be less sensitive to injury-induced apoptosis than cells from limb skeletal 

muscle, although other EOM populations are also likely to possess this ability (fig 1A). 

Resistance to cell death is a desirable quality for cells being used in myoblast transfer 

therapy for reasons due to the potentially unfavorable environment present in diseased 
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and injured skeletal muscle. The EOMCD34 cells presence in multiple species, including 

disease models of DMD, indicates that this population is not a strain-specific artifact. The 

maintenance of this specialized population in the EOM of both aging mice and in two 

mice models of DMD supports that they may be involved in the EOM sparing in these 

two circumstances. Different strains did show varying contribution of these cells to the 

total mpc pool suggesting there may be genetic influences directing their development 

and maintenance, and human EOM need to be examined for the presence of this cell 

population. The EOMCD34 cells may be more “stem-cell like”, and this is supported by 

their very slow proliferative rate in vitro in myogenic growth medium. That these cells 

also have myogenic potential was clearly demonstrated in vitro; however, the question 

remains as to their potential multipotency. Although the EOMCD34 cells do not express 

common lineage markers for myogenic, endothelial, or hematopoietic cells, our 

molecular investigation of the EOMCD34 was not exhaustive. Studies to better define the 

molecular characteristics of the EOMCD34 cells are ongoing and will hopefully lead to 

greater insight about their identity.  

 Ultimately, identification of a population of mpcs that could be used for 

autologous transplantation in DMD has the potential to greatly enhance cellular therapy 

success. The major obstacles of cell survival, engraftment, and self-renewal will 

hopefully be surmounted when we are better able to define individual cell populations 

with myogenic capacity. We propose that the EOMCD34 cell population may be an 

important player in the future of cellular therapy. They show potential to survive injury 

and are long lived. Preliminary data not described in the study suggest that a fraction of 
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these cells also express CXCR4, a chemokine receptor involved in hematopoietic stem 

cell trafficking [259], and most express beta-1 integrin, which is critical for bone marrow 

derived mesenchymal stem cell trafficking [260]. Therefore, further investigation of the 

trafficking ability of EOMCD34 cells after transplantation is warranted.  

 Should the EOMCD34 cells show promise in transplantation experiments, which 

are underway, the goal of transplanting them for DMD cell therapy is to maintain 

proliferative potential, not to restore dystrophin expression. This can be seen as an 

advantage in terms of immune rejection. While they will not be able to prevent injury to 

muscle fibers, their long life span, ability to survive in a diseased environment, and 

ability to contribute to ongoing muscle remodeling may recapitulate the phenotype of 

EOM in limb and body muscles of individuals with DMD. If autologous cells are used 

and no foreign protein is produced, they will not be subject to immune surveillance. The 

expression of dystrophin animal models of DMD such as the dog and in DMD patients 

results in a completely foreign protein being produced, which in turn is attacked by the 

immune system. It is hoped that discovery of the mechanism of EOM sparing in DMD, 

related muscular dystrophies, and aging may lead to new therapeutic strategies. This 

study has outlined one of the first potential clinical applications. Future investigations of 

the EOMCD34 cells to further define the specific population that is most effective and 

efficient at muscle repair and regeneration are on-going, and may lead to exciting 

discoveries with the potential for translation into clinical treatment. 
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