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__________________         _  _        _ABSTRACT        _ _   _      ___      _   _ __   _  ___ 

ABSTRACT 

Skeletal muscle regeneration is a multifaceted process requiring the spatial and 
temporal coordination of myogenesis as well as angiogenesis.  While these processes are 
often studied independently, recent evidence from our lab has shown that the resident 
adult stem cell population within skeletal muscle, called satellite cells, begins secreting 
soluble growth factors likely to contribute to the proangiogenic response.  It seems 
plausible that the activation of satellite cells in regenerating muscle plays a critical role in 
the coordination of these two independent events as both the primary cell for myofiber 
replacement and as a contributor to revascularization.  Several growth factors are secreted 
by satellite cells, many with proangiogenic properties, including the growth factors 
vascular endothelial growth factor (VEGF) and hepatocyte growth factor (HGF).  Our lab 
has recently shown that VEGF is likely to play a role in this satellite cell mediated 
angiogenic response using an in vitro three dimensional microvascular fragment (MVF) 
construct both in co-culture with satellite cells as well as from satellite cell conditioned 
media (CM).  We used this MVF culture model coupled with treatment of satellite cell 
conditioned media in order to investigate the role of HGF in the satellite cell mediated 
angiogenic response.  The overall aim of this study is to investigate the role of HGF as a 
potential pro-angiogenic factor secreted by satellite cells during skeletal muscle 
regeneration.  Results from the study show elevated HGF protein levels in the satellite 
cell conditioned media where, upon neutralization of this protein, the angiogenic effect 
was decreased in a dose dependent manner. This reduction in angiogenesis however was 
recovered upon addition of recombinant HGF indicating that HGF is indeed a critical 
protein for the proangiogenic effect of satellite cell CM.  One final verification was via 
infection of satellite cells with an HGFα/β shRNA lentivirus prior to conditioning media, 

which resulted in a decrease in HGF protein secretion and reduction in angiogenic effect 
of the CM.  With the role for HGF in satellite cell mediated angiogenesis is now 
becoming apparent; next, we sought to mimic an injury state of muscle by placing 
satellite cells in hypoxic environments.  It is tempting to speculate that satellite cells may 
increase their angiogenic effect in these hypoxic conditions in order to maximize the 
revascularization of the injured muscle tissue.  Interestingly, it appears that satellite cells 
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decrease their proangiogenic effect if oxygen levels fall below a threshold level.  This 
decrease in pro-angiogenic effect in the hypoxic environment appears to be due to the 
decrease in HGF expression and protein secretion and is not compensated for by the 
increase in VEGF secretion also seen in the hypoxic response.  Furthermore, the 
regulation of HGF in these hypoxic conditions appears to be in part due to increased 
levels of hypoxia inducible factor (HIF), which are acting on the hypoxia response 
element (HRE) site found on the HGF promoter.  In the last set of experiments, this 
injury response was further investigated as the effect of satellite cell mediated 
angiogenesis was examined in the disease state of muscular dystrophy.  It has previously 
been shown that there is a reduced number of satellite cells in dystrophic muscle and that 
the remaining satellite cells appear to have diminished myogenic capacity (Blau, Webster 
& Pavlath 1983, Schultz, Jaryszak 1985, Webster, Blau 1990, Heslop, Morgan & 
Partridge 2000) Here, we also observed a reduction in angiogenesis from media 
conditioned by satellite cells from dystrophic muscle compared to healthy muscle.  While 
HGF gene expression and protein secretion increased in the dystrophic satellite cells, 
VEGF expression levels were reduced and thus may explain the reduction in 
angiogenesis. This suggests that the impaired myogenic properties of satellite cells 
observed in dystrophic muscle may also be accompanied by a diminished angiogenic 
potential as well.  These results also indicate that these impaired satellite cells may 
contribute to the reduction in capillary density previously observed in dystrophic muscle 
and may serve as a potential site for therapeutic intervention.  Overall, this study further 
strengthens the case for satellite cells as important mediators of the angiogenic response 
in regenerating muscle.  These results may help explain the ability of the body to regulate 
the critical process of coordinating myogenesis and angiogenesis during skeletal muscle 
regeneration.  Understanding this process is also important for conditions of muscle 
degeneration and weakness as seen with aged and dystrophic muscle.  It is clear that 
much work still needs to be done in this area as the implications and potential therapeutic 
interventions are numerous.  It appears that while satellite cells have long been identified 
and studied primarily as myogenic cells, there may be many more functions they serve as 
we continue exploring the complex physiological process of skeletal muscle regeneration. 
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 ____               CHAPTER 1: BACKGROUND AND SIGNIFICANCE                       _ 

CHAPTER 1: BACKGROUND AND SIGNIFICANCE  

SATELLITE CELLS  

Historical Perspective/Identification 
 

Skeletal muscle is a dynamic tissue that responds adaptively to a variety of 

environmental and physiological stimuli.  Like other biological systems, this adaptive 

strategy allows the muscle to maximize biochemical processes in order to cope with 

physiological challenges and stresses placed upon it.  Two major adaptable characteristics 

of skeletal muscle tissue are the ability to increase in size and thus increase in strength, as 

well as the ability to undergo repair upon damage.  While this characteristic plasticity of 

muscle has been recognized for centuries, the regulation and cellular basis of this has 

only begun to come to light in recent decades.   

Alexander Mauro made a paramount discovery nearly 50 years ago while 

examining electron micrographs of frog skeletal muscle fibers.  He observed a peculiar 

cell lying on the periphery of the skeletal muscle fiber and adopting the shape of 

neighboring nuclei.  Unlike the nuclei, however, this unique cell contained small amounts 

of cytoplasm and was seen “wedged” between the plasma membrane of the muscle fiber 

and the basement membrane.  Mauro described these cells on the surface of the muscle 

fiber as not distorting the fiber outward but instead protruding inward pushing the 

myofibrils of the muscle cell aside (MAURO 1961).  This unique satellite-like position 

on the periphery of the skeletal muscle fiber lead Mauro to aptly named these cells 

“satellite cells” (Figure 1.1).   
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Figure 1.1- Location of Myonuclei vs. Satellite Cells in Skeletal Muscle 
A) Transmission Electron Microscopy Image of Skeletal Muscle in Cross Section. B) Schematic 
of TEM Image Identifying the Location of the Plasmalemma and Basal Lamina (Rhoads, 
Rathbone & Flann 2009). 

 

Mauro went on to suggest several hypotheses regarding possible roles for satellite 

cells, which later proved to be quite accurate.  He proposed that these satellite cells might 

represent “dormant myoblasts” left over from embryonic muscle development and 

furthermore may be capable of responding to muscle damage thus regulating skeletal 

myogenesis.  While Mauro’s hypothesis provided keen insight into the role of satellite 
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cells in skeletal muscle, the definitive function of these cells remained largely unknown. 

Nearly ten years later, in 1971, elegant work by Moss and Leblond verified and 

established that the function of these satellite cells is indeed to provide new myonuclei to 

myofibers during skeletal muscle growth (Moss, Leblond 1971). Soon after in 1978, 

Snow was able to show that these satellite cells also function as the source of 

regenerating myoblasts during skeletal muscle repair following injury (Snow 1978).   

The function of satellite cells in muscle growth and repair was now becoming 

more apparent, however under normal conditions these cells appeared to remain primarily 

in an inactive state.  In fact, Shultz observed that these spindle shaped cells consisted of a 

substantial nuclear to cytoplasmic ratio with small nuclei and considerable amount of 

heterochromatin (Schultz 1976).  This was consistent with their predominant lack of 

cellular activity which is reversed upon stimulation resulting in the satellite cells 

becoming progressively more active eventually leading to new muscle fibers or new 

myonuclei as described above.   

Numerous other studies have further verified Mauro’s characterization of the 

satellite cell and further described the morphology and function of satellite cells.  It is 

now well accepted that these cells are the primary mediators of postnatal muscle growth 

and repair.  Furthermore, they are often described as the adult stem cell of skeletal muscle, 

because of their capacity to differentiate into other tissue types as well as to self renew 

and thus retain a stem cell population.  Because of their importance in skeletal muscle, it 

is not surprising that satellite cells have been identified in the skeletal muscles of not only 
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mammals but also in the skeletal muscles of fish (Matschak, Stickland 1995) and reptiles 

(Kahn, Simpson 1974).  

Further investigation of the function and behavior of the satellite cell requires an 

in depth knowledge of many aspects including their life cycle, their specific function in 

growth and repair and the intrinsic and extrinsic factors effecting the satellite cell.  The 

next few sections will attempt to summarize many of the critical discoveries in satellite 

cell literature relating to these topics in an attempt to highlight their importance in 

skeletal muscle growth and repair and their relevance for this study as potential mediators 

of angiogenesis within skeletal muscle. 
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Life Cycle 
 

As described above, satellite cells are primarily inactive during most periods of 

the adult life of an animal.  This state of rest is termed quiescence and refers to a cell in 

the G0 phase of the cell cycle.  In this dormant and undifferentiated state, the satellite 

cells exhibit limited gene expression or protein synthesis and remain in quiescence until 

becoming activated in response to either injury and/or mechanical stress (Carlson 1973a, 

Allen, Merkel & Young 1979, Bischoff 1986b, Darr, Schultz 1989).  Following 

activation, the satellite cells migrate out of their niche below the basal lamina, enter the 

G1 phase and are subsequently termed muscle precursor cells or myoblasts.  Once outside 

the basal lamina, satellite cells begin to proliferate and a population of the progeny 

ultimately differentiates and commit to a myogenic lineage.   

Upon differentiation these cells contribute to adult muscle mass in two unique 

ways.  The first is through fusion with pre-existing muscle fibers. The fusion of the 

satellite cell to a pre-existing fiber results in a contribution of additional nuclei to the 

multi-nucleated muscle fiber.  This addition can increase the number of nuclei on the 

muscle fiber allowing for muscle growth (hypertrophy) or can replace damaged nuclei in 

the repair process.  Furthermore, in response to injury, the satellite cell cannot only 

replace the damaged nuclei but is also able to physically replace damaged myofibers with 

newly regenerated muscle fibers (Figure 1.2).  In this second method of maintenance, the 

myoblasts fuse with other myoblasts forming new myotubes and ultimately new 

multinucleated fibers.  It is important to recognize that the formation of a new fiber does 
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not increase the fiber number (hyperplasia) under most conditions but rather is 

responsible for maintaining the original myofiber number in adult skeletal muscle. 

 

 

 

Figure 1.2- Life Cycle of the Satellite Cell in Adult Skeletal Muscle.  
 (Rhoads, Rathbone & Flann 2009). 
 

The ability of the satellite cell to maintain, repair and regulate muscle mass is 

dependent upon the satellite cells ability to respond to a variety of both intrinsic and 

extrinsic signals.  These signals are responsible for the up-regulation and repression of 

various transcription factors involved in cell cycle progression and hence the regulation 
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of myogenesis and other processes the satellite cell may impact.  These myogenic 

regulatory factors include muscle specific transcription factors (MRFs) as well as a set of 

transcription factors called paired box proteins 3 and 7 (Pax3 and Pax7).  The MRFs 

include myogenin (also named myogenic factor 4), myogenic determination factor 1 

(MyoD) and myogenic factor 5 (Myf5), which have all been shown to be necessary for 

muscle formation and presence of myogenic cells in adult skeletal muscle (Kassar-

Duchossoy et al. 2004).  Pax3 and Pax7 are not restricted to myogenic lineages but lie 

genetically upstream from Myf5 and MyoD and therefore have also been shown to be 

critical in this well orchestrated genetic program resulting in myogenesis (Seale et al. 

2000, Relaix et al. 2005). 

During quiescence, satellite cells express the transcription factors Pax7, Pax3 and 

possibly Myf5.  Pax7 has widely been recognized as being involved in expression of 

survival and anti-apoptotic factors.  Experiments utilizing Pax7-null mice demonstrate 

compromised satellite cell proliferation ultimately resulting in the loss of satellite cell 

numbers indicating that Pax7 expression is vital for satellite cell survival (Oustanina, 

Hause & Braun 2004, Kuang et al. 2006).  

Pax3, a close relative and paralog of Pax7, is essential for embryonic muscle 

development but its function in adult muscle is less well understood.  Similar to Pax7, 

Pax3 has been implicated as a participant in satellite cell progression and is transiently 

expressed during activation (Conboy, Rando 2002).  However, it is only detected in high 

levels in certain muscle types such as the diaphragm (Relaix et al. 2006, Day et al. 2007) 
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and therefore, the exact role of Pax3 in adult skeletal muscle maintenance remains largely 

unknown.   

Finally, Myf5 is thought to regulate proliferation rate and homeostasis 

(Beauchamp et al. 2000, Zammit et al. 2006a, Ustanina et al. 2007).   It is expressed at 

relatively high levels in freshly isolated satellite cells however there appear to be a small 

population of satellite cells that remain Myf5 inactive (Day et al. 2007, Kuang et al. 

2007).  Therefore, it is not known if Myf5 is expressed in quiescent cells and the exact 

role of Myf5 remains in question. 

Upon activation of the satellite cell, expression of Pax 7, Pax 3 and Myf 5 are 

retained but the cell begins to express the transcription factor MyoD.  Expression of 

MyoD may be required for satellite cell differentiation and is often thought of as the 

master myogenic transcription factor (Tapscott 2005).  There are studies however, 

indicating that satellite cells from MyoD null mice are able to transition into the 

differentiation phase but the process is delayed both in vitro and in vivo (Yablonka-

Reuveni et al. 1999, White et al. 2000).  

Transcription factors needed and involved in the proliferation phase appear to be 

identical to those expressed in activation; Pax3, Pax7, Myf5 and MyoD.  At this stage in 

the satellite cell program, most proliferating myoblasts will begin committing to 

differentiation indicated by the up-regulation of myogenin.  The requirement of 

myogenin expression for differentiation was confirmed using myogenin-null transgenic 

mice.  Loss of myogenin leads to a decrease in muscle size presumably by preventing the 

skeletal myoblasts contribution to postnatal muscle growth (Knapp et al. 2006).  During 
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commitment of myoblasts to the differentiation phase, expression of Pax3 and Pax7 is 

lost.  Recently it has also been shown that myogenin may act to facilitate down-

regulation of Pax7 during differentiation (Olguin et al. 2007).   

Finally, fusion of the myoblast to an existing fiber or to other myoblasts forming 

myotubes leads to the cessation of all myogenic regulatory factor expression except for 

myogenin expression.  The myoblast is now thought to be terminally differentiated and 

can no longer enter back into the cell cycle (Figure 1.3). 

 

 

Figure 1.3- Transcription Factors Regulating Satellite Cell Progression. 
The regulation of progression of the satellite cell and their progeny through the myogenic lineage 
is mediated by several transcription factors including the ones shown here (Rhoads, Rathbone & 
Flann 2009). 
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By definition, stem cells are able to both generate differentiated progeny as well 

as retain the ability to undergo self-renewal.  Importantly, satellite cells possess these 

qualities in that small populations of activated satellite cells exit the cell cycle and return 

to the quiescent state.  This is of obvious importance in the adult skeletal muscle for 

maintaining satellite cell numbers and hence the muscles regenerative capacity.  This idea 

was first described by Moss & Leblond (1970) suggesting either a stochastic event or 

asymmetrical division where one daughter cell is committed to differentiation and the 

second returns to quiescence (Moss, Leblond 1970).  Recent studies have shown that 

while most of the proliferating cells will suppress Pax7 expression and up-regulate MyoD 

leading to differentiation, there is a small population of these cells that will maintain 

Pax7, repress MyoD and return to quiescence (Zammit et al. 2004, Zammit et al. 2006b).  

The driving factors behind the molecular mechanisms regulating satellite cell self-

renewal and differentiation however remain poorly understood.   

Numerous satellite cell markers have been identified and may be useful for our 

future understanding of these cells.  For example, a quiescent satellite cell exhibits the 

distinct gene expression profile Pax7(+) and CD34(+) positive and CD45(-) and Sca1(-) 

negative expression (Montarras et al. 2005).  Furthermore, all cells becoming myogenic 

must express structural proteins (α sarcomeric actin, myosin heavy chain, desmin) as well 

as cell adhesion proteins (Neural cell adhesion molecules N-cam and M-cadherin).  

While Pax7 remains the most useful current marker for identifying quiescent satellite 

cells due to the availability of a high-quality antibody (Shefer et al. 2006) these other 

proteins can serve in other capacities.  For example, because Pax7 is expressed in both 
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quiescence and proliferation phases it is impossible to distinguish between satellite cells 

within these two phases through the use of Pax7 alone.  However, the exact stage of 

satellite cell progression can be identified through the use of Pax7 and another molecular 

marker, such as CD34.  Although not specific to satellite cells, CD34 is only expressed in 

quiescent satellite cells and can therefore help to distinguish satellite cells on isolated 

myofibers as well as identify cells in the quiescent state versus the proliferation state 

(Beauchamp et al. 2000).   
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Skeletal Muscle Growth and Repair 
 

Studies of adult mammalian organs have revealed tissue specific progenitor cells 

in virtually every tissue, including the satellite cells found in skeletal muscle.  In skeletal 

muscle, the muscle fiber number is fixed at birth and therefore the ability of the satellite 

cell to differentiate and self renew is absolutely necessary in providing the skeletal 

muscle with a remarkable ability to conform to the demands placed upon it.  Skeletal 

muscle degeneration may occur following direct injury such as crushing, puncturing, 

freezing or cutting (Jarvinen, Sorvari 1975, Karpati, Carpenter & Prescott 1982, PRICE, 

HOWES & BLUMBERG 1964); ischemia (Hanzlikova, Gutmann 1979); intense exercise 

(Wernig, Irintchev & Weisshaupt 1990, Armstrong 1990, Ogilvie et al. 1988, Lieber, 

Woodburn & Friden 1991); direct application of local anesthetics (Basson, Carlson 1980, 

Dolwick et al. 1977, Foster, Carlson 1980); and a variety of neuromuscular diseases 

including muscular dystrophy (Mastaglia, Kakulas 1969). 

The regenerative ability of muscle after injury has long been recognized.  In 

particular, large number of myotubes normally are formed in only a few days after acute 

muscle damage (Clark 1946, ADAMS, WALTON 1956).  Early hypotheses proposed 

that new myofibers were generated via budding of myotubes from existing injured fibers 

(Clark 1946), however further studies demonstrated that the repair occurs through 

differentiation and subsequent cell fusion of activated satellite cells (MAURO 1961, 

Snow 1978).  Further studies showed in vivo-labeled and clonally cultured in vitro-

labeled satellite cells that were able to participate in the regeneration of damaged muscle 

when transplanted in vivo (Snow 1978, Lipton, Schultz 1979).   
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As noted above, satellite cell number and regenerative capacity is thought to 

remain nearly constant through multiple cycles of injury and repair.  Many studies have 

shown this, including a recent study by Collins et al., 2005 in which single myofibers 

were transplanted into dystrophic (mdx-nude) hosts.  These fibers contained only 7-22 

satellite cells but were able to give rise to over 100 new myofibers contributing an 

estimated 25,00-30,000 differentiated myonuclei (Collins et al. 2005).   

Muscle growth or hypertrophy is also regulated by satellite cells through a similar 

biological process.  During growth, the satellite cells do not fuse to other myoblasts as 

seen in regeneration, but rather the activated satellite cells fuse to preexisting post-mitotic 

myofibers (Figure 2).  This fusion of the satellite cell results in the addition of new 

myonuclei on the multi-nucleated muscle fiber thus leading to an increased potential for 

protein accretion (reviewed in Allen et al., 1979).   

It has been shown that muscle hypertrophy is accompanied by an increase in 

muscle DNA which is thought to be limited by the number of myonuclei per muscle fiber, 

defined by what is called a nuclear domain (Allen, Roy & Edgerton 1999).  It is thought 

that each myonuclei governs a finite cytoplasmic volume, and skeletal muscle attempts to 

maintain a constant myonuclear to cytoplasmic ratio, or myonuclear domain.  To this end, 

myonuclear number decreases with muscle atrophy and fiber damage, and increases with 

hypertrophy and regeneration to maintain a constant myonuclear to cytoplasmic ratio 

(Hikida et al. 1997, Allen et al. 1995, Allen et al. 1997, Roy et al. 1999).   

The overall decrease in the percentage of satellite cells in skeletal muscle during 

aging of an organism is a reflection of another important function of satellite cells, 
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contributing to muscle growth during development.   More specifically, the number of 

satellite cells as a percentage of myonuclei is highest in rapidly growing neonatal animals 

comprising upwards of 30% of myofibers-associated nuclei and upon maturation 

decreases to a steady-state around 5% in the adult and old animal as satellite cells are 

incorporated into growing fibers (Cardasis, Cooper 1975).  In addition to the steady 

decline in the percentage of satellite cells with age in healthy animals, a noteworthy 

observation for my study is that the percentage of satellite cells is thought to decrease 

even further in disease states as seen with muscular dystrophy and may be critical for 

further understanding and future treatment of these myopathies.  

A series of elegant studies confirmed the necessity of these satellite cells for 

muscle growth and regeneration.  Specifically, following satellite cell destruction in vivo 

by irradiation (Rosenblatt, Parry 1992) or reduction using hind limb unloading (Darr, 

Schultz 1989), the normal increases in myonuclear number and fiber volume during 

postnatal growth and regeneration are reduced.  While the importance of satellite cells in 

muscle remodeling is clear, there are multiple biochemical pathways involved in this 

process that have possible effects on satellite cell regulation including numerous intrinsic 

and extrinsic factors. 

 

Intrinsic and Extrinsic Factors 
 

The capacity of satellite cells to increase muscle mass and repair damaged muscle 

makes them essential to normal function and maintenance of the skeletal muscle as a 

whole.  Many extrinsic and intrinsic factors have been shown to influence muscle mass 
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often having direct effects on the satellite cells themselves.  The pathways leading to this 

regulation, nonetheless must be under tight regulation to determine when, how many and 

which satellite cells enter the cell cycle as well as regulating general cell kinetics 

including rates of proliferation and differentiation once the cell cycle has been initiated. 

To date, scientists have identified numerous factors that regulate satellite cells 

including hormones, growth factors and cytokines.  Many of these factors arrive from the 

circulation or from the various other cell types found in muscle tissue including cells 

associated with vascular, neural, adipose and connective tissues.  It has also been shown 

that many of these growth factors are synthesized by the myofibers and satellite cells 

themselves, which can act in both an autocrine and paracrine manner.  Below is a list of 

factors known to impact satellite cells in particular (Table 1.1), however, this continues to 

grow and may be one of the major unexplored areas of satellite cell biology.  Two growth 

factors, Hepatocyte Growth Factor and Vascular Endothelial Growth Factor, are of 

particular importance to this dissertation and will be discussed in more detail below. 



 28 

 

 

 

 

(Johnson et al. 1998) 
 
(Allen, Boxhorn 1989) 
(Bischoff 1997) 
(Robertson et al. 1993) 
 
(Filigheddu et al. 2007) 
(Zhang, Zhao & Mulholland 2007) 
 
(Allen et al. 1995) 
(Miller et al. 2000) 
(Bischoff 1997) 
 
 
(Allen, Boxhorn 1989) 
(Florini, Ewton & Coolican 1996) 
 
(Florini, Ewton & Coolican 1996) 
(Doumit, Cook & Merkel 1993) 
 
(Cantini et al. 1995) 
 
(Quinn, Haugk & Grabstein 1995) 
 
(Yu et al. 2008) 
 
(Barnard et al. 1994) 
(Austin, Burgess 1991) 
 
(Joulia et al. 2003) 
(McCroskery et al. 2003) 
 
(Robertson et al. 1993) 
 
(Joubert, Tobin 1989) 
(Johnson et al. 1998) 
(Robertson et al. 1993)(Zentella, Massague 1992)(Greene, Allen 1991)(Li 2003)(Miller et al. 1988)(Spurlock 
1997)(Langen et al. 2004)(Germani et al. 2003a)(Arsic et al. 2004a)(Christov et al. 2007a) 
 

 
 
Table 1.1- Modulation of Satellite Cells by Various Factors 
(Rhoads, Rathbone & Flann 2009). 
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HEPATOCYTE GROWTH FACTOR 
 
 Hepatocyte growth factor (HGF) is a pleiotropic growth factor originally 

identified and named for its role as a potent mitogen for mature hepatocytes in primary 

culture (Nakamura, Nawa & Ichihara 1984, Nakamura, Nawa & Ichihara 1984, Russell, 

McGowan & Bucher 1984, Thaler, Michalopoulos 1985).  HGF was soon after purified 

and molecularly cloned in 1989 (Nakamura et al. 1989, Miyazawa et al. 1989).  Over the 

next few years, HGF’s behavior as a motogenic stimulator throughout the body promoted 

its independent discovery and acquisition of several names including scatter factor (SF), 

tumor cytotoxic factor and fibroblast-derived epithelial growth factor.  While originally 

thought to be unique proteins, further analysis of the cDNA and amino acid sequences 

revealed that these molecules were identical with HGF (Gherardi, Stoker 1990, Weidner 

et al. 1991, Weidner et al. 1991, Furlong et al. 1991).  

 The HGF protein is a hetrodimer composed of a 69-kDa alpha subunit and a 45-

kDa beta subunit. HGF has a high affinity for its receptor, the c-met proto-oncogene 

product  (Naldini et al. 1991).  This C-met or Met receptor is a 195-kDa transmembrane 

receptor tyrosine kinase consisting of a 145-kD Beta subunit and a 50-kDa alpha-subunit 

(Cooper et al. 1984, Park et al. 1987).  The c-met receptor is widely expressed in cells 

throughout the body and the activation of c-met by HGF results in a wide cascade of 

downstream signaling as described below. 

HGF has been identified as having multipotent characteristics responsible for 

many complex biological processes.  HGF is unique, however, in that to date it is the 

only known growth factor that can activate satellite cells.  This discovery included a 
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critical observation first made by Biscoff who observed that crushed muscle extracts were 

able to stimulate satellite cells to exit the quiescent (G0) state and enter the cells cycle 

(G1) (Bischoff 1986a).  A series of experiments by Allen et al. later determined that the 

factor responsible for this effect was HGF (Allen et al. 1995).  Because of this ability to 

activate satellite cells, HGF plays a unique and critical role in the regulation of 

myogenesis.   

HGF has since been shown to increase proliferation and decrease differentiation 

in satellite cells (See Table 1.1).  HGF is synthesized by satellite cells and myotubes and 

has been found bound in the extracellular matrix of skeletal muscle tissue.  These 

characteristics give HGF the unique ability to stimulate the activation of quiescent 

satellite cells in vitro and in vivo.  Importantly, it was later demonstrated that direct 

intramuscular injection of HGF causes early activation of satellite cells, giving 

physiological relevance to this growth factor as a therapeutic agent for satellite cell 

activation (Allen et al. 1995, Tatsumi et al. 1998, Sheehan et al. 2000). 

Satellite cells express the c-met receptor on their surface and their location 

adjacent to the extracellular matrix allows for rapid binding of HGF.  In fact, it has been 

shown that within 15 minutes following injury, HGF is released and localized to the c-

met receptor in a nitric oxide-dependent manner (Tatsumi et al. 2002b, Anderson, 

Wozniak 2004, Anderson 2000).  The activation of c-met by HGF results in the 

phosphorylation of tyrosine and downstream signaling of the MAPK/ERK signaling 

pathway.  This leads to a decrease in the cell cycle inhibitor p27kip1 which allows the 
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cell to withdraw from quiescence, pass through the G1:S checkpoint and ultimately 

synthesize DNA (Leshem, Halevy 2002).   

One can understand the critical role HGF plays in skeletal muscle growth and 

repair due to its regulation and activation of satellite cells.  While this is true, it is 

important to also consider other cell types that contribute to the cellular heterogeneity of 

healthy skeletal muscle including connective tissue and blood vessels.  In particular, HGF 

has been shown to be a stimulator of vascular growth, a process termed angiogenesis.  

While previously recognized for the ability to scatter endothelial cells in vitro, the proof 

of HGF’s proangiogenic effect came in 1992 when Bussolino et al. identified HGF as a 

vascular mediator in a rabbit cornea assay (Bussolino et al. 1992b).  Since then numerous 

studies have validated this proangiogenic effect and much work has been done targeting 

HGF for treatment of vascular diseases and tumor growth (Sengupta et al. 2003a, 

Taniyama et al. 2001, Kuba et al. 2000, Grant et al. 1993a, Ding et al. 2003).   

While these systems of myogenesis and angiogenesis are often studied 

independently, the coordination is critical to muscle regeneration and repair.  In particular, 

HGF represents a unique growth factor in that it is secreted by the satellite cell upon 

activation and is known to mediate both myogenesis and angiogenesis.  To date, very few 

studies have examined the role of HGF secreted from satellite cells on angiogenesis and 

therefore will be the major focus of this dissertation (See Specific Aims & Summary). 
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VASCULAR ENDOTHELIAL GROWTH FACTOR 

 Vascular endothelial growth factor (VEGF) is another multipotent growth factor 

best known as a major regulator of physiological and pathological angiogenesis.  

Unknown at the time, VEGF was first described as a novel protein that increased 

permeability in tumor associated blood vessels and was termed vascular permeability 

factor (Senger et al. 1983).  Nearly 5 years later an endothelial growth factor was 

characterized as a 45 kDa heparin binding angiogenic factor displaying high specificity 

for endothelial cells (Gospodarowicz, Abraham & Schilling 1989, Ferrara, Henzel 1989).  

It was subsequently realized that this permeability factor and the later described 

endothelial cell growth factor were both encoded by a single VEGF gene.   

Since its discovery in the 1980s, it has since been shown that VEGF exists in multiple 

isoforms of variable exon content.  These isoforms are formed by alternate splicing of the 

VEGF gene resulting in six active disulfide linked heterodimers ranging from 121 to 206 

amino acids in length (Keck et al. 1989, Leung et al. 1989, Tischer et al. 1989).  All 

isoforms are bioactive and can stimulate endothelial cell proliferation and angiogenesis 

(Park, Keller & Ferrara 1993). 

These initial discoveries of the VEGF protein were followed by identification of 3 

main receptors; VEGFR-1 (Flt-1), VEGFR-2 (KDR/Flk-1) and VEGFR-3 (Flt-4).  These 

receptors were first discovered at the level of binding cross-linking studies (Vaisman, 

Gospodarowicz & Neufeld 1990, Plouet, Moukadiri 1990) and then by identification of 

the specific genes that encode the VEGF specific tyrosine kinase receptors (de Vries et al. 

1992, Terman et al. 1992).  VEGFR-2 is thought to be the main receptor that mediates the 
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angiogenic and permeability effects of VEGF while VEGFR-1 has been proposed as a 

“decoy receptor” limiting access of free VEGF and VEGFR-3 seems to have a role on the 

lymphatic endothelium (Arsic et al. 2004a).   

Vascular endothelial growth factor, as the name implies, is expressed in the 

spatial and temporal association with the physiological events of angiogenesis and in 

vitro (Shweiki et al. 1993, Jakeman et al. 1993).  This was demonstrated first through 

inhibition of VEGF activity in endothelial cells of tumor-associated blood vessels, which 

resulted in the inhibition of tumor growth (Kim et al. 1993, Millauer et al. 1994).  It was 

later shown to be an essential protein for development in that the loss of just one of the 

two VEGF alleles leads to embryonic death because of defects in the development of the 

cardiovascular system (Carmeliet et al. 1996, Ferrara et al. 1996).  Furthermore, a 

decrease in VEGF levels or a disruption in the genes coding for the receptors can also 

result in severe abnormalities in vascular development and even death (Fong et al. 1995, 

Shalaby et al. 1995).  Simple experiments in culture show that endothelial cells in a 

medium containing suitable growth factors, like VEGF, will spontaneously form capillary 

tubes, even when isolated from all other types of cells.  Advances continue to be made 

and VEGF is now well established as a key regulator of vasculature that enhances vessel 

permeability and contributes to endothelial cell survival and migration. 

While originally described as an endothelial specific growth factor, recent 

evidence suggests that the effects of VEGF might extend to a variety of other cell types 

as well.  In particular VEGF has been found to have neuroprotective effects in vivo and in 

vitro (Lambrechts et al. 2003, Jin et al. 2002) and is expressed in schwann cells 
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(Schratzberger et al. 2000).  It has been shown to promote hepatocyte proliferation and 

reduce liver damage in mice exposed to hepatotoxin (LeCouter et al. 2003).  It may be 

important in cartilage and bone formation by promoting osteoblast migration and 

differentiation (Zelzer et al. 2002, Street et al. 2002).  VEGF receptors are expressed in 

smooth muscle cells which respond via chemoattraction in culture (Ishida et al. 2001, 

Wang, Castresana & Newman 2001).  And finally, VEGF and its receptors VEGFR-1 and 

VEGFR-2 are expressed in skeletal muscle fibers (Rissanen et al. 2002).  In fact, is it now 

thought that VEGF is found in nearly all cell types including satellite cells (Christov et al. 

2007a, Germani et al. 2003b, Rhoads et al. 2009).   

With skeletal muscle in particular, it is thought that in normal muscles VEGF and 

its receptors are highly expressed in the vascular structures but not in the muscle fibers 

themselves.  However, after experimental damage or exposure to a hypoxic environment, 

the fibers as well as the satellite cells show strong expression of both VEGF and its 

receptors where it appears that VEGF plays an important role in myoblast migration, 

proliferation, differentiation and other key processes in muscle regeneration (Germani et 

al. 2003a, Arsic et al. 2004a, Rissanen et al. 2002, Tuomisto et al. 2004, Wagatsuma, 

Tamaki & Ogita 2006, Christov et al. 2007b, Bryan et al. 2008).  The pronounced effect 

of hypoxia on VEGF involves the transcription factor hypoxia inducible factor-1 (HIF-1) 

described in more detail below (See HIF-1 & Hypoxia section).  Hypoxia and HIF not 

only induces VEGF protein production but also stabilizes VEGF mRNA (Semenza et al. 

1996) and increases gene expression of both VEGFR-1 and VEGFR-2 (Tuder, Flook & 

Voelkel 1995).  Subsequent studies have now shown that satellite cells express VEGF 



 35 

under basal conditions as well as in response to physiological stimuli such as contractile 

activity and hypoxia (Rhoads et al. 2009, Jensen et al. 2004, Jensen, Bangsbo & Hellsten 

2004, Ciafre et al. 2007, Dehne et al. 2007, Arany et al. 2008).   

While the role of VEGF in angiogenesis has been extensively studied, its role in 

muscle regeneration, in particular VEGF’s role in satellite cell activity and its biological 

interaction with other growth factors, leaves much to be studied.  Like HGF, this growth 

factor represents an interesting protein in the study of muscle regeneration because it is 

not only secreted by the satellite cells but also has a large impact in angiogenesis as well 

as an effect on satellite cells and myogenesis. 
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HYPOXIA INDUCIBLE FACTOR-1 
 
 Mammalian cells are exposed to many dynamic microenvironments and thus must 

possess the ability to adapt to these ever-changing states.  With skeletal muscle in 

particular, hypoxia is a common stress placed on the cells as the partial saturation of 

oxygen can fluctuate from <1% to 10% in skeletal muscle tissue (Greenbaum et al. 1997, 

Richardson et al. 1998).  Hypoxia has been shown to activate hundreds of genes, which 

are important in the cellular and tissues adaptation to these low oxygen conditions 

including cell survival, cell proliferation, cell migration, vasomotor regulation, transport, 

apoptosis, glucose metabolism, erythropoiesis, angiogenesis and others.  One of the key 

mediators of this hypoxic response is via the transcription factor, hypoxia inducible 

factor-1 (HIF-1). 

 HIF was initially identified as a transcription factor that regulated erythropoietin 

gene expression in response to a decrease in oxygen availability in kidney tissue but has 

since been shown to be found in nearly all mammalian cells including the satellite cells of 

skeletal muscle (Wang, Semenza 1995).  HIF-1 is composed of two subunits, an 826 

amino acid HIF-1α and a 789 amino acid HIF-1β.  While HIF-1β is thought to be 

constitutively active and thus readily found in cells under all oxygen conditions, HIF-1α 

is virtually undetectable in normal oxygen conditions due its rapid proteosomal 

degradation.  Therefore, because HIF-1 is only active as a heterdimer, HIF-1α levels must 

be induced in order for the HIF-1 transcriptional complex to be functional.   

 The oxygen sensitivity of HIF-1α and not of HIF-1β is due to the oxygen-

dependent degradation domain (ODD) on the HIF-1α subunit (Huang et al. 1998).  
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Degradation of HIF-1α in normoxia is triggered through this domain by hydroxylation on 

proline residues 402 and 564 by PDH2, a proline-hydroxylase.  Hydroxylated HIF-1α is 

then recognized by pVHL, the product of von Hippel Lindau protein.  Additionally, it is 

thought that lysine acetylation of HIF-1α in normoxic conditions also targets HIF-1α for 

degradation by the proteasome.  Once recognized by pVHL, HIF-1α is ubiquitinated and 

subsequently degraded by proteosomes.   

In hypoxic conditions however, this prolyl hydroxylation of HIF-1α is blocked 

and acetylation is down regulated.  This permits the stabilization of HIF-1α and 

translocation of the subunit from the cytoplasm into the nuclei, thus forming the active 

HIF-1 transcription complex through dimerization with HIF-1β.  In fact, HIF-1 levels 

have been shown to increase exponentially as the level of oxygen decreases (Jiang et al. 

1996).  Therefore, HIF-1α is thought of as the main functional protein of the HIF-1 

complex because of the striking differences in oxygen sensitivity and transactivation 

ability between the two subunits.   

Once bound as a heterodimer, the HIF-1 complex can then bind to hypoxia 

response elements (HRE) found in the promoter regions and thus can regulate 

transcription of many genes.  In fact, HIF has been shown to induce more than one 

hundred genes including VEGF, HGF and others involved in angiogenesis and the 

hypoxic response (Ke, Costa 2006, Semenza 2003).  For example, during hypoxia, 

aerobic metabolism is shut down leading to a decrease in available energy.  A switch to 

anaerobic metabolism is activated to help maintain energy supply.  HIF has been shown 
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to regulate almost every aspect of anaerobic metabolism through the regulation of various 

genes including glucose transporter-1 (Glut-1) and most of the glycolytic enzymes. 

Experimentally, the importance of the HIF-1 complex can be observed as HIF-1α 

knockout mice die in utero due to cardiovascular malformations and deficiencies in 

neural development (Ryan, Lo & Johnson 1998).  Further complicating the study of HIF 

is it very short half-life of less than five minutes under normal oxygen levels (Wang, 

Semenza 1995, Huang et al. 1998).  One laboratory method for studying HIF is through 

the use of cobalt ions, often in the molecular form of cobalt chloride (CoCl2).  These 

cobalt ions are used to mimic hypoxic conditions because they inhibit binding of the 

prolylhydroxylated HIF-1α  to pVHL and thus prevent its degradation (Yuan et al. 2003).  

CoCl2 will be used in several experiments found herein to mimic hypoxia, but are used 

sparingly as their effect on multiple physiological processes is likely. 

As with other tissues, HIF seems to play a critical role in the hypoxic response in 

skeletal muscle.  In contrast to other tissues, however, skeletal muscle appears to express 

fairly high amounts of HIF-1α in normoxia as well as in hypoxia (Kubis et al. 2005).  

This may be due to the extreme microenvironments found in skeletal muscle, particularly 

in exercising muscle, but the reasons remain unknown (See Hypoxia section for more 

details).  One recent study in C2C12 cells (immortalized mouse myoblasts) showed that 

while HIF-1α is found during activation and proliferation, there is an upregulation of 

HIF-1α during differentiation and the knockdown of HIF-1α via siRNA inhibited 

myoblast differentiation significantly (Ono et al. 2006).   
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As described, HIF appears to play a major role in regulating satellite cells and 

thus may play a major role in muscle regeneration.  In particular with muscle damage and 

repair, there is a hypoxic environment, which is a natural stimulant for angiogenesis and 

is likely regulated by HIF.   Furthermore, HIF is likely to be a critical factor because of 

its understood and still unidentified effects on VEGF and HGF expression, production 

and secretion in satellite cells. One recent study showed that injection of stabilized HIF 

via recombinant AAV, markedly increased capillary sprouting and proliferation while 

VEGF alone was unable to signal the formation of proper capillary structures (Pajusola, 

Alitalo, 2005).  These effects make HIF an important factor in studying the role of 

satellite cells in skeletal muscle repair and are thus a major focus of this thesis. 
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HYPOXIA  
 

 Oxygen is a critical element in our body that is utilized by the cells to produce 

energy through biochemical processes primarily in the mitochondria.  This process, 

termed aerobic metabolism, determines the amount of oxygen consumed by each cell and 

varies in each cell depending upon the cell’s metabolic requirements.  These oxygen 

demands of the cell and thus the organism as a whole are met through numerous 

physiological processes ultimately leading to increased uptake of oxygen from the 

ambient air into the bloodstream all the way down to the mitochondria within our cells, 

often termed the final oxygen sink.   

While the demands of the cells are most often met by the above system, there are 

situations where the oxygen supply to the cells is insufficient to meet their metabolic 

demands.  The causes of hypoxia are numerous, and there have been numerous studies 

examining the effects of this condition on various tissue types.  One interesting result of 

continuous exposure to hypoxic conditions is a conditioned termed “cell preconditioning”.  

This is a phenomenon first identified in myocardial tissue where short-term cycles of 

ischemia separated by reperfusion lead to markedly limited infarct size (Kloner et al. 

1998).  This mechanism has since been identified in several other tissue types where 

mitochondria appear to be the site of biochemical processes strictly involved in the 

cellular survival and death in conditions of hypoxia-mediated oxidative stress.  However, 

it is still not clear what in the cell is acting as an “oxygen sensor”, but several oxygen 

regulated changes have been seen to occur including cytochrome oxidase alterations, 
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release of vasoactive substances like Ca++ or Nitric Oxide, ROS generation, 

translocation of protein-kinase C, mechanistic changes in K+ATP channels, and changes 

in levels of HIF transcriptional protein among other. 

At rest, the amount of oxygen consumed in one minute per kilogram of 

bodyweight (VO2), averages about 3.5 ml/min/kg.   With exercise, however, there is a 

direct effect of work intensity on O2 uptake with ~90% of the O2 uptake being a result of 

skeletal muscle oxygen consumption (Whipp, Wasserman 1972).  Max VO2 is a common 

measurement made and is a good indication of just how much oxygen our skeletal 

muscles can utilize.  The average VO2 max for adults ranges from 35-51 ml/kg/min 

depending on sex.  In trained endurance athletes these levels can be as high as 90 

ml/kg/min as seen with the ever-popular Lance Armstrong having a reported VO2 of 

around 85 or with the highest recorded VO2 max of 94 ml/kg/min from a Norwegian 

cross country skier Bjorn Daehlie.  These differences in resting VO2 and VO2 max 

highlight the incredible levels of oxygen consumption in exercising skeletal muscle. 

 While the body adjusts to changing oxygen demands in the skeletal muscle tissue, 

based on recent improvements in NMR techniques for myoglobin saturation, the resting 

intracellular PO2 in human skeletal muscle has been estimated to be ~34mmHg, dropping 

to ~23 mmHg when subjects breathe ambient 10% O2 (Tschakovsky, Hughson 1999) and 

with near maximal exercise, intracellular PO2 drops to values as low as 2-5 mmHg 

(Richardson, Newcomer & Noyszewski 2001).  Furthermore, considering that the best 

estimates of intracellular PO2 are based on average values within a relatively large 

muscle mass, it is likely that local temporal (DeLorey, Kowalchuk & Paterson 2003a) 
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and spatial (Lo, Fuglevand & Secomb 2003) PO2 inhomogeneities exist during dynamic 

exercise, resulting in areas of even further localized reductions in PO2. 

 As one can imagine, due to these dynamic variables, hypoxia cannot be easily 

defined in any in vivo system as a threshold PO2 below which cells are O2 deficient.  

There is a range, for example, over which cells fully adapt to lower PO2 levels, 

sometimes referred to as “adaptive cell hypoxia,” where compensatory mechanisms are in 

place to sustain metabolism and energy utilization in a changing environment (Connett et 

al. 1990).  The PO2 that might be considered “hypoxic” depends on many variables 

including diffusion distances, blood flow velocity, metabolic rate, myoglobin 

concentrations, the type of contraction, the fiber type, the Km for O2 of cytochrome 

oxidase, and the dynamic influence of NO on mitochondrial electron transport (DeLorey, 

Kowalchuk & Paterson 2003b).  The fact that skeletal muscles use local reductions in 

cellular PO2 to their advantage during exercise to improve the overall flux of O2 from the 

capillary provides a window into the complexity of defining skeletal muscle tissue as 

hypoxic, since muscles lower PO2 to a minimum value to sustain O2 delivery and prevent 

O2 deprivation during contraction. 

 While, skeletal muscle in particular possesses the remarkable ability to withstand 

chronic ischemia, there are definite changes in the muscle, which occur at varying levels 

of O2.  Some of the first reported physiological changes that occur in skeletal muscle due 

to hypoxia came from work done by Valdivia in 1958 comparing mammals native to the 

Andeas compared to low-land control animals.  The high-land animals had a much larger 

muscle capillary density and was one of the first examples of changes in skeletal muscle 
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oxidative capacity (VALDIVIA 1958).  Soon after came Reynafarje’s landmark paper in 

1962 where Reynafarje observed skeletal muscle adaptations in Peruvian miners which 

included increases in cytochrome c reductase activity and myoglobin in the skeletal 

muscles of these high-altitude residents as compared to low-landers (REYNAFARJE 

1962).  Soon after, other modes of hypoxia induction were studied including increases in 

oxidative capacity stimulated by hypoxia from endurance exercise, including increases in 

muscle mitochondrial enzyme activity (Holloszy 1967).   

 While these papers begin to illuminate the adaptable oxidative capacity of skeletal 

muscle as a whole, interesting morphological changes also occur at the cellular myofiber 

level as well.  In particular, newly developed muscle fibers in ischemic conditions tend to 

be smaller than those of healthy nonischemic myofibers (Scholz et al. 2003).  While this 

may be due to other factors, interestingly, chronic exposure to high altitude can also 

result in smaller myofibers area and lower muscle mass in mountaineering as well as in 

those who live a high altitude for generations (Howald, Hoppeler 2003).  These 

observations suggest that this decreased oxygen tension or hypoxic environments are 

sufficient to alter the kinetics of the resident satetellite cells. 

 While this alteration of myoblast kenetics is well accepted, most previous 

attempts to characterize factors responsible for satellite cell kinetics have focused largely 

on growth factors as well as mechanical signals such as stretch.  Until recently, the roles 

of gases on satellite cells had been largely ignored.  In particular, the percentage of O2 

used for most satellite cell cultivation in vitro is almost always 20% O2.  This is despite 

the physiological levels described previously of closer to resting skeletal muscle tissue O2 
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concentrations again ranging between 2% - 5% (Kunze 1976, Heinrich et al. 1987, Evers, 

Odemis & Gerngross 1997).  Other studies have found an even broader range from 1% to 

10% in healthy muscle (Greenbaum et al. 1997, Richardson et al. 1998).  In damaged or 

disease states these O2 levels can become even lower.  For example, cases of ischemia 

may lead to further oxygen depletion eventually leading to cell death and necrosis of the 

muscle tissue.  Studies have shown that even after exhaustive endurance exercise, muscle 

damage can be produced due to ischemia (Ebbeling, Clarkson 1989). 

More recent studies have investigated in vitro culturing of satellite cells at more 

“physiological levels” resulting in numerous changes in satellite cell kinetics and 

function.  In particular, several studies have shown that satellite cells have significant 

increases in proliferation rates, decreased satellite cell adipogenesis and increased 

myogenesis in low levels of O2 (3-6%) compared to the normoxic 20% O2 levels 

(Chakravarthy, Spangenburg & Booth 2001, Csete et al. 2001).  More recently however, 

further studies on the effect of hypoxia on satellite cells revealed that in atmospheric 

conditions below 2% O2, both proliferation and differentiation of satellite cells decreases 

(Yun, Lin & Giaccia 2005b).  Overall it is obvious that much work remains to fully 

elucidate the effects of changes in O2 levels on satellite cells kinetics and behavior.   

One area that is particularly important to my research involves looking at the effects of 

O2 levels on satellite cell secretion of various growth factors.  As described above, 

satellite cells have been shown to secrete several growth factors which play important 

role in both autocrine and paracrine responses, but there have been very few studies on 

the role of O2 levels impact on their secretion.   
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The two factors of particular interest to this thesis study, HGF and VEGF, are two 

of such secreted factors that appear to be influenced by changes in O2 levels.  In fact, 

preliminary data from our lab shows increased VEGF expression and protein with lower 

levels of O2 (1%) compared to normoxic levels (20%).  The increases in VEGF are most 

likely through the regulation of HIF-1.  As described above, hypoxia has also been shown 

to improve stability of the VEGF mRNA as well as increase the gene expression of the 

VEGF receptors, Flt-1 and Flk-1 (Semenza et al. 1996, Tuder, Flook & Voelkel 1995).  

HGF regulation and production in hypoxic levels however has not been well established.  

Early studies have shown HGF to be downregulated with hypoxia treatments of 

endothelial cells and vascular smooth muscle cells (Morishita et al. 1999) while others 

have shown that HGF is significantly upregulated in ischemic muscles (Jennische, 

Ekberg & Matejka 1993, Onimaru et al. 2002).   

While more studies need to be done in order to further elucidate the regulation of 

VEGF and HGF in hypoxic environments, it is clear that their expression, production and 

thus function may change with varying O2 levels.  It is likely that these growth factors are 

primarily involved in the angiogenesis process, in fact, it has been shown that 

administration of recombinant HGF is sufficient to induce angiogenesis in a hind-limb 

ischemia model, and both HGF and VEGF attenuated cell death by hypoxia in a dose 

dependent manner (Hayashi et al. 1999).  Ultimately, because satellite cells are absolutely 

necessary in skeletal muscle repair and they have been shown to produce both HGF and 

VEGF, more investigation needs to occur to further understand the regulation of HGF 

and VEGF in satellite cells under varying oxygen tensions. 
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THE COORDINATION OF MYOGENESIS AND ANGIOGENESIS IN MUSCLE 
DAMAGE & REPAIR 
 

The previous sections highlight the extensive research that has been done over the 

past two decades showing how skeletal muscle has the remarkable capacity for 

regeneration and adaptation to changes in its internal and external environment.  In 

particular, one of the long recognized adaptive responses of skeletal muscle is its ability 

to regenerate after injury (Mauro 1979, Carlson 1973b, Carlson, Faulkner 1983, Phillips, 

Knighton 1990).  As described, the injury and break down of muscle fibers can be caused 

by cytotoxins, trauma, mechanical stretch or genetic defects and to hypertrophic events 

like physical training or postnatal growth. While damage can occur through a variety of 

processes, regardless of the process responsible for the breakdown of muscle fiber, 

regeneration and adaptation will occur given the appropriate conditions including a viable 

population of satellite cells and an adequate blood supply.   

This ability of skeletal muscle to regenerate has been well established in all 

mammalian species (Carlson 1973a, Mauro 1979, Studitsky 1959, Mauro A., Shafiq S.A., 

Milhorat A. T. 1970), and many fundamental structural and functional characteristics of 

regenerating muscle have been delineated in laboratory settings using whole muscle 

(Hansen-Smith, Carlson 1979), minced muscle (Carlson 1973b), single muscle fibers in 

vivo and in vitro (Karpati, Carpenter & Prescott 1982) and satellite cell culturing (Allen 

et al. 1998).  One model in particular, which has shed much light into muscle repair, is 

the use of muscle transplants where following transplantation muscle progresses through 

a characteristic sequence of events of discontinuous regeneration (See EXPERIMENTAL 
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MODELS FOR STUDYING MUSCLE REGENERATION section for more detail) 

(Carlson 1973a, Carlson, Faulkner 1983).   

These sequential events begin with damage to the muscle fiber leading to intrinsic 

degeneration often characterized by disruption of the individual sarcomeric units, the 

mitochondria, and even interruption of the cell membrane.  The damage or even death of 

several myofibers leads to activation of the satellite cell followed by a period of satellite 

cell proliferation.  At the same time or shortly after, there is invasion of the macrophages 

and neutrophils allowing for cell mediated breakdown and removal of the damaged fiber. 

Upon removal of the damaged muscle fiber, regeneration of the new fiber begins often 

thought to occur within the persisting basil lamina of the original fiber thus maintaining 

muscle fiber number.  Finally there is fusion of myoblasts into multinucleated cells and 

formation of mature healthy muscle fibers. 

While damage and adaptation is a constant process in skeletal muscle tissue, there 

are several factors limiting the ability of skeletal muscle to regenerate after trauma or 

disease.  One major factor is the satellite cells ability to participate in fiber regeneration.  

While in healthy adult muscle satellite cell activity is likely never the limiting factor, it is 

important to recognize that satellite cell number does vary with age and disease and will 

discussed in more detail below (see myopathy & DMD section). Moreover, satellite cell 

distribution changes according to the various fiber types within the muscle.  In particular, 

oxidative muscles have a higher percentage of satellite cells (>6 times) than glycolytic 

muscles (Gibson, Schultz 1982).   The reason for these differences is still not clear, but it 

is thought that since oxidative muscles are used with greatest frequency, a larger 
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population of satellite cells may be required to counteract wear and tear and minor injury 

to the muscles.  Despite these differences in satellite cell number, again there appears to 

be no evidence suggesting satellite cell number as a limiting factor in muscle repair.   

While the number of satellite cells may be sufficient for repair, the signals for 

satellite cell activation, proliferation, migration and differentiation need to be present as 

well.  Early studies by Bischoff demonstrated that crushed skeletal muscle extract 

stimulated the proliferation of satellite cells in culture, whereas extracts from intact 

muscle had no effect in cultured cells (Bischoff 1986a).  This study highlighted the 

importance of soluble factors in the overall repair process of skeletal muscle particularly 

playing a critical role in regulating satellite cells role in myogenesis.   

A second major factor necessary for skeletal muscle regeneration is the 

revascularization of the newly formed tissue.  This occurs primarily through 

angiogenesis; a physiological process that involves the formation of new capillary blood 

vessels from preexisting vessels.  This process is required for growth and development 

and is critical to the maintenance and repair in many tissues including skeletal muscle.  In 

normal quiescent vessels, polarized endothelial cells line up joining together to form 

tubular structures forming a barrier between the flowing blood and the extravascular 

tissue.  Periendothelial cells, such as pericytes, fibroblasts and smooth muscle cells are 

also found surrounding the vessels and help reinforce these vascular endothelial networks.  

This reinforcement is critical for stabilization of the vessel through increased cell-cell 

contact, production of extracellular matrix proteins and in regulating luminal diameter.   

However, there are situations such as tissue damage or hypoxia where destabilization of 
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the preexisting vasculature occurs initiating the angiogenic pathways (LeCouter et al. 

2003, Carmeliet 2003). 

The process of angiogenesis involves an intergraded response resulting in a series 

of fairly well defined coordinated steps.  Angiogenesis begins when a variety of 

biological signals, including HGF and VEGF, activate the vascular cells, resulting in an 

increase in local blood vessel permeability at the site of where the new blood vessel is to 

sprout.  The extracellular matrix must then be degraded by proteases allowing for vessel 

cell migration and proliferation.  Finally, the cells begin to line the newly formed tubes, 

ultimately resulting in functional new vessels that join to other existing vessels 

completing a new capillary circuit. 

The importance of this angiogenic process is clearly demonstrated where upon 

removal of the vascular supply to a muscle, the majority of the myofibers except for a 

few at the periphery degenerate.  An elegant study by Hansen-Smith and Carlson 

highlighted this idea showing that in a muscle this size of a rat EDL (~100mg, total 

volume ~60mm3), capillaries can be observed on the surface of the muscle within 2-3 

days post grafting (Hansen-Smith, Carlson 1979).  Over the course of the next few weeks, 

a gradient of blood vessels slowly infiltrated the muscle tissue from the periphery toward 

the center of the muscle (Figure 1.4). 
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Figure 1.4- Summary diagrams illustrating the revascularization of free muscle grafts. 
Day 1: The larger vessels in the graft are severely ischemic and most capillaries have degenerated.  
The cut face of the muscle shows surviving muscle fibers (dark circles) and ischemic muscle 
fibers (central stippling).  Day 3: New blood vessels begin to grow into the graft.  Corresponding 
with this, a zone of muscle degeneration and regeneration (cross-hatching in cut surfaces) is 
established.  Day 5: Ingrowing blood vessels occupy a greater portion of the graft.  Some new 
vessels are growing down the lumens of old, degenerating ones, and some larger original vessels 
are re-utilized as vascular channels.  The flow of blood is indicated by arrows.  Day 10: The graft 
is completely revascularized, with an amalgamation of old and new blood vessels.  Within the 
peripheral zone of surviving muscle fibers, the central part of the graft is filled with thin 
regenerating muscle fibers.  (Reproduced from Hansen-Smith Fm, Carlson BM, Irwin KL. Am J 
Anat 1980; 158: 65-82)  

 

This revascularization allows for not only the supply of nutrients and gas to the 

regenerating tissue, but also provides an influx of phagocytic cells that remove the dying 

myofibers allowing for proper regeneration of the muscle.  This revascularization or 

angiogenic process appears to occur in two ways, from microvascular sprouting of blood 

vessels fragments within the graft outwards to the vessels in the host tissue or sprouting 

from blood vessels within the host into the graft (Burton, Carlson & Faulkner 1987).  It 
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appears to be a combination of both angiogenic processes, which allow for 

revascularization of the graft with the host’s vasculature.  Regardless, it is clear that the 

regeneration of new myofibers trails behind the revascularization process and this process 

occurs from the periphery towards the center. 

As expected, the time frame for this process is dependent upon the size of the 

damaged muscle.  This idea can be seen in experiments reporting the time for fiber 

regeneration in rat EDL muscle is approximately 7 days whereas the regeneration time 

for a cat EDL muscle of ~30-fold greater mass is several weeks (Hansen-Smith, Carlson 

1979, Faulkner et al. 1983) (Figure 1.5). Furthermore, grafts of >5g do not become 

revascularized and the center of these muscles are replaced with connective scar tissue 

(Markley, Faulkner & Carlson 1978a). 
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Figure 1.5-A schematic representation of a cross-section through an entire muscle graft. 
 Each wedge represents the histological changes, from the periphery to the center of the graft, at 
different time intervals.  Prior to grafting, the population of fibers through the muscle is 
homogeneous in size and shape (zone H).  One day after grafting, two distinct populations of 
fibers are evident.  Fibers at the periphery of the graft (zone A) have survided ischemia.  The 
majority of fibers in the grft undergo an intrinsic destruction as a result of ischemia (zone B).  
Some of the satellite cells from the original fibers survive.  By the 3rd day after grafting, the 
periphery of the graft has become revascularized.  On the 5th day after grafting, the region of cell-
mediated destruction (zone C) has reached the interior of the graft.  Regeneration of new fibers is 
underway more peripherally.  Zone D represents the region in which myoblasts and primary and 
secondary myotubes, predominantly within the original basal lamina, are found.  At the end of the 
first week the graft consisting of surviving fibers (zone A, immature regenerating fibers (zone E), 
and myotubes (zone D).  (Hansen-Smith, Carlson 1979) 
 

Many factors are known to be involved in stimulating and regulating this 

angiogenic process including; soluble molecules, mechanical forces like shear stress and 

mechanical stress, the interaction between the cell and the extracellular matrix (ECM), 

and interactions between adjacent endothelial cells.  It is important to consider that 
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endothelial cells of different vascular beds express specialized morphologies and 

functions appropriate to their location.  This idea indicates that the chemical and 

biomechanical environment is important and ultimately critical in this regulation.  

Furthermore, large differences from cell to cell may seem insignificant when viewed over 

entire vascular beds spanning thousands of endothelial cells.  However, as indicated by 

localization of artherosclerosis, these differences in microstimuli of just a few cells is of 

great importance.  Endothelial cells respond to this microstimuli, which ultimately 

determines the cells physical properties through direct interaction and by initiating a 

cascade of intracellular events through secondary messengers leading to transcriptional 

and structural changes. 

Again, much of the early work done on angiogenic signaling involved the study of 

soluble factors with membrane receptors, particularly growth factors.   The primary 

growth factors thought to be involved in angiogenesis include vascular endothelial 

growth factor (VEGF), hepatocyte growth factor (HGF), platelet-derived growth factor 

(PDGF), fibroblast growth factor (FGF), and transforming growth factor β (TGF-β).  

While these all contribute to angiogenesis, HGF and VEGF are again of particular 

interest as they are both secreted by the satellite cells and are known to be important in 

the angiogenic and myogenic processes. 

It is clear that the coordination of these two events, fiber regeneration 

(myogenesis) and regeneration of the vasculature (angiogenesis), is critical for successful 

tissue repair and development.  While this synergistic relationship is well accepted, the 

signals for revascularization in such models have not been well established.  It is evident 
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however that there are numerous factors contributing to these two critical events some of 

which appear to have overlapping effect on both processes of angiogenesis as well as 

myogenesis.  This dissertation study will begin looking at some of these possible signals, 

with particular focus on several growth factors known to be secreted by the satellite cells 

during skeletal muscle repair and remodeling. 
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MUSCLE MYOPATHY AND DUCHENNE MUSCULAR DYSTROPHY 
  

Movement is a fundamental characteristic of all living organisms.  In fact, across 

the entire spectrum of life the molecular mechanisms of movement are very similar, 

involving motor proteins such as myosin, kinesin and dynein.  In animals, movement has 

developed to the highest degree, with the evolution of muscular tissue.  Skeletal muscle 

in particular converts chemical energy from ATP into the mechanical energy of muscle 

contraction resulting in outwardly visible movements and mobility.  Because such 

movement is critical to life, there are life threatening diseases of the muscle termed 

myopathies simply meaning muscle disease or translated literally into “myo” Greek for 

“muscle + “pathy” Greek for “suffering or disease”.  Myopathies have been recognized 

for centuries and can be caused by numerous factors, with all myopathies resulting in 

muscle fibers that do not function properly leading to muscle weakness and degeneration 

and thus impaired mobility and ultimately even death.   

Etiologies of myopathies vary widely and can have a genetic or nongenetic basis 

and thus can be caused by factors such as endocrine dysfunction, metabolic disorders, 

muscle infection, inflammation, and drugs.    In the last twenty years, the genetic basis for 

most of the inherited myopathies and these diseases have been found to result from loss 

of function of structural components of the muscle basal lamina (e.g., MCD1A), 

sarcolemma (e.g., the sarcoglycanopathies), nucleus (e.g., EDMD) and sarcomere (e.g., 

the nemaline myopathies). A few have even been associated with abnormalities in the 

genes for muscle enzymes (e.g., calpain and fukutin).  While much work has been done 
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in this area, many of these myopathies have no known cure and present a major aim for 

future scientific research. 

Muscular Dystrophy in particular is the second most common inherited disease in 

humans, effecting 1 in every 3,500 males born.  In the United States alone, between 400 

and 600 boys are born with these conditions each year.  Muscular Dystrophy is just one 

of several myopathies that causes muscle degeneration, quickly leading to disabilities and 

often death.  Most genetic myopathies are caused by genetic defects in the contractile 

apparatus of muscle and are defined by a distinctive histochemical or ultrastructural 

change in the muscle biopsy. Muscular dystrophies, in contrast, are diseases of muscle 

membrane or supporting proteins and are generally characterized by pathological 

evidence of ongoing cycles of muscle degeneration and regeneration.     

The conversion of electrical signal from a neuron to a mechanical response in the 

skeletal muscle involves stabilization of many of the internal and extracellular structures 

of the muscle.  One important protein linking the internal cytoskeleton to the extracellular 

matrix is the molecule dystrophin.  The dystrophin gene is an extremely large gene 

spanning over 2.4 million base pairs, which code for the 427kD protein, Dystrophin.  The 

entire coding sequence was published in 1988 by Koenig and Monaco (Koenig, Monaco 

& Kunkel 1988), who described a long rod shaped protein wound into an interlocking 

lattice similar to the earlier identified cytoskeletal protein, spectrin.  In addition to this 

large (spectrin-like) rod domain, three other domains were described including an amino-

terminal actin binding domain, a cystine rich domain, and a carboxyl-terminal domain  

(Figure 1.6).   
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Because of its localization to the sarcolemma and similarity to spectrin, 

dystrophin was first thought to be a membrane cytoskeletal protein (Hoffman, Kunkel 

1989).  However, its function remained unclear until biochemical experiments 

demonstrated tight association of dystrophin with sarcolemmal glycoproteins forming 

what is now called the dystrophin-glycoprotein complex.  This complex was soon 

purified revealing several sarcolemmal proteins and glycoprotein components (Ervasti et 

al. 1990, Yoshida, Ozawa 1990) (Figure 1.6).  One of the glycoprotein components in 

particular, β-dystroglycan, binds to the cystine rich domain of the dystrophin protein.  β-

dystroglycan is also joined to 4 other sarcolemmal glycoproteins making up what is 

known as the dystrophin associated glycoprotein complex.  These dystrophin associated 

glycoproteins are then linked to α-dystroglycan, which is present on the outside of the 

cell and links the sarcolemma to the extracellular membrane via the muscle isoform of 

laminin called merosin found in the basement membrane (Figure 1.6).   
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Figure 1.6- Schematic of the dystrophin-glycoprotein complex 
(Modified from McComas 1996 (McComas 1996)) 

 

The linkage of dystrophin to the extracellular matrix through this dystrophin-

glycoprotein complex is likely to provide an important mechanism for anchoring 

myofibers to the basement membrane.  This attachment also stabilizes the sarcolemma 

and protects it from stresses developed during the muscle contraction.  Absence of this 

protein renders the sarcolemma susceptible to damage leading to a reduction in force and 

ultimately to muscle cell necrosis. 

 Deletion of the dystrophin protein is precisely what occurs in the x-linked 

recessive disease of the muscle called Duchenne muscular dystrophy (DMD).  In fact, 
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this structurally important dystrophin molecule received its name from the earlier 

recognized muscle disorders generalized as muscular dystrophies.  It is now clear that 

DMD and loss of dystrophin results in rapid damage to the skeletal muscle caused by a 

lack in reinforcement and stabilization of the plasmalemma preventing it from tearing 

during contraction and relaxation.  This damage causes disruption of enzymatic processes 

and necrosis of the muscle leading to noticeable weakness in proximal muscles of boys 

by age 3 or 4.  The disease progresses quickly to more distal muscles and usually leaves 

the patients unable to walk and wheelchair bound by age 12.  By their mid to late 20’s 

patients will usually die from respiratory or cardiac failure.  

While improved clinical management has extended the life expectancy of patients 

in recent years, there is still no cure for this horrible disease.  The main goal in treatment 

of DMD is often to maintain ambulation for as long as possible and to manage associated 

complications.  One common treatment method is physical therapy involving strength 

training to help counteract the loss of muscle tissue and loss of strength.  In fact, several 

studies using dystrophic mice have shown that force and endurance exercise delays 

muscle degeneration (Sayers 2000).  However, while strength training is commonly used, 

the benefits are still in question due to a lack of research in the area.   

Furthermore, due to the nature of the disease there have been limited human 

studies, most of which involve only short treatment durations; usually less than one year.  

Therefore, other models have been used including the dystrophic (mdx) mouse model, 

which has historically been the primary model for studying this disease.  The mdx mouse, 

like human dystrophy, is an X-linked myopathic mutant, which was initially identified 
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based on elevated levels of pyruvate kinase in the serum and histological lesions 

suggestive of muscular dystrophy (Bulfield et al. 1984).  Further genetic studies revealed 

that dystrophin was lacking in both the human and murine diseases (Hoffman, Brown & 

Kunkel 1987, Sicinski et al. 1989).  Interestingly, in young and adult mdx mice (up to 52 

weeks old), there is continuous muscle fiber necrosis but this is compensated by vigorous 

regeneration leading to hypertrophic muscles.  Because of this, many argue that while the 

mdx mouse serves as a nice model lacking the dystrophin gene, these mice show little to 

no clinical signs or functional characteristics of the disease including no loss of 

mobilization and therefore may be a poor model.   However, in old mdx mice (65-104 

weeks) this regeneration declines while the necrotic process persists (Pastoret, Sebille 

1995b, Pastoret, Sebille 1995a).  The combination of abnormal muscle fiber morphology, 

muscle degeneration, skeletal muscle necrosis, and abnormal muscle physiology make 

these old mdx mice similar to those described in other dystrophinopathies in animals and 

humans (Lefaucheur, Pastoret & Sebille 1995).   

While less frequently used, the golden retriever dog model is gaining recognition, 

as it is the only animal model specifically reproducing the alterations in the dystrophin 

including the full spectrum of the human pathology.  This includes early and severe 

muscle degeneration with nearly complete loss of motility and walking ability, with death 

occurring due to respiratory failure usually around 1 year of age.   

Another physiological state resulting in decreased regenerative capacity is seen in 

aged muscle where previous previous experiments have shown that satellite cells from 

aged muscles have limited ability to replicate and aid in the myogenic process (Decary et 
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al. 1997, Machida, Booth 2004, Lees, Rathbone & Booth 2006). One hypothesis is that 

with age the satellite cells have undergone numerous cell cycles and bouts of activation 

and proliferation eventually leading to this diminished myogenic ability.  It is our thought 

that along with this diminished activity and myogenic effect, there may also be 

diminished potential to stimulate angiogenesis.  In fact, preliminary results from our lab 

show that medium conditioned by satellite cells from aged animals indeed does have a 

decreased ability to stimulate angiogenesis.   

One can envision a similar situation in dystrophic muscle where continuous 

cycles of damage leads to accelerated satellite cell activation and repair causing satellite 

cells to again decrease myogenic (and potentially angiogenic) capacity.   In fact it has 

been shown that there is a decrease in proliferation of satellite cells from DMD muscle 

(Blau, Webster & Pavlath 1983).  Furthermore, there appears to be an age related decline 

in the replicative life span of DMD myoblasts (Webster, Blau 1990) and the remaining 

cells appear to be myogenically exhausted (Heslop, Morgan & Partridge 2000). 

Again, it is suggested that the development of this muscular dystrophy could be 

the result of defective regenerative capacity of the muscle, more specifically due to 

diminished myogenic capability of the satellite cells.  Interestingly, it has also been 

shown that in dystrophic muscle, total capillary density per muscle is reduced (Nguyen et 

al. 2005).  For these experiments, we will utilize mdx model of aged mice to further 

investigate the potential role of diminished angiogenic potential of satellite cells in 

dystrophic muscle. 
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EXPERIMENTAL MODELS FOR STUDYING MUSCLE REGENERATION 
 
 
 As with all experimental models, the choice for an animal model in studying 

mammalian skeletal muscle regeneration is largely dependent upon the question that is 

being asked.  In general, one can choose to study this regenerative process in vivo or in 

vitro with obvious advantages and disadvantages of each. For example, some questions 

may concern the overall success of regeneration of a muscle as a whole and thus may be 

better studied in an in vivo model. This becomes complicated when trying to discern the 

interactions between the regenerating muscle and other tissues in its local or general 

environment.  On the other hand, other questions may require a more detailed 

examination of specific cellular mechanisms and properties and thus are better studied in 

a more controlled in vitro cell culture environment.  While in vitro methods allow for 

more biochemical and molecular analysis at specific stages of regeneration, the 

applicability of this comes in question when returning back in vivo.  Both models have 

their pros and cons and thus choosing the best model to analyze the posed question is of 

critical importance.  The following section will briefly discuss various models commonly 

used to study muscle regeneration including the models we’ve chosen for the experiments 

found herein. 

 Prior to the 1950s, it was thought that skeletal muscle tissue was unable to 

regenerate.  Ironically, the first known model for studying muscle regeneration originated 

in this era. The founder of this technique was a man named Studitsky (Studitsky 1959), 

who simply chopped skeletal muscle into one mm3 and then reimplanted this back into 
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muscle beds.  To many people’s surprise, new muscle did regenerate and a new era of 

skeletal muscle biology would quickly emerge.  Despite its origin, this model has proven 

to be quite useful for the study of certain aspects of muscle regeneration.  Primarily on a 

histological level, this model shows nicely the progression of muscle regeneration from 

satellite cell activation and differentiation to revascularization and reinnervation (Carlson, 

Gutmann 1972).  Like many other in vivo models however, this model is basically an 

ischemic environment, which triggers regeneration and it is nearly impossible to separate 

out the impact of other neighboring cells and tissues. 

 Another in vivo model is the free muscle graft, which was first used to study the 

differences in regeneration between fast vs. slow myofibers (Carlson, Gutmann 1975).  

The free muscle graft is another form of an ischemic model and has uncovered multiple 

factors of regeneration including most notably, reinnervation and revascularization.  

Interestingly, grafted muscles are only able to recover ~30% of their force compared to 

controls.  However, if a motor nerve is implanted in the newly grafted muscle this force 

increases to ~50% and if the original nerve is allowed to remain intact the force returns to 

~90% (Carlson 1981).  This model also allows for observing skeletal muscle 

revascularization in the newly implanted muscle graft.  Studies using this model have 

shown that there is a size limitation to the muscle graft as regeneration of muscle tissue 

follows behind revascularization.  

 In vivo cross transplantation is a model which allows the investigator to intermix 

variables in the experiment and thus help tease out various contributing factors to muscle 

regeneration.  For example much of the early work done using this model looked at cross 
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transplantation of normal vs. dystrophic mice (Salafsky 1971, Neerunjun, Dubowitz 

1975).  Other work showed that fast twitch muscle cross transplanted with a slow motor 

nerve would cause the fast twitch muscle to change to a slower phenotype (Gutmann, 

Carlson 1975).  More recent work has looked at cross age transplantation as well as cross 

transplantation in normal vs. diabetic rats (Carlson, Faulkner 1989, Gulati, Swamy 1991). 

 A more recent in vivo model is the parabiosis model where the vascular system of 

two organisms are surgically joined.  This model is especially useful for studying 

humoral influences upon regenerating processes.  Recent work from Conboy’s lab 

(Conboy et al. 2005) showed that the parabiotic connection with a young mouse was 

sufficient to restore much of the proliferative and regenerative capacity of satellite cells 

which had been diminished due to age. 

 Finally, there are numerous in vivo regeneration models that utilize damage or 

ischemia to trigger the regenerative response.  Some of these injury models include 

bupivicaine (marcaine) injections, myotoxin injections, direct crushing or contusions of 

the muscle, heat or cold injury, stretch or exercise induced damage, denervation models, 

or ischemic models including ligation or compression of major limb arteries.   

Again, while these in vivo models serve as great tools for studying muscle 

regeneration, often it is necessary to utilize in vitro models, which allow for more 

detailed and controlled examination of specific aspects of regeneration.  Furthermore, 

because satellite cells are the source of muscle regeneration and fiber repair, these cells 

are often used in culture and is a model that has become central to our understanding of 

skeletal muscle regeneration.  There are basically two in vitro cell culture systems 
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commonly used.  One is a monolayer of satellite cells and the other is a single muscle 

fiber culture with satellite cells still in tact.  In both cases, the general cellular processes 

of satellite cell activation, proliferation and differentiation can be studied.  

 In order to tease out specific physiological processes within the satellite cell, the 

monolayer is often the model of choice.  A majority of the work aimed at exploring 

satellite cell physiology has been done using immortalized myogenic cell lines.  There are 

strong practical reasons for using these cell lines rather than using primary satellite cells.  

Primarily, the reason stems from the tedious and difficult task of isolating primary 

satellite cells, which are both rare in the muscle and make up only a small fraction of the 

muscle tissue.  Because of this, many scientists will choose not to use primary satellite 

cell cultures or if they do use them, they often expand them out in culture to accumulate 

sufficient numbers for biochemical analysis.   

In our lab and for the experiments discussed herein, we have chosen to use 

primary satellite cells isolated directly from the animal without expansion in culture.  

This is important because it has been shown that the physiology and cellular properties of 

myoblast cell lines is much different than primary satellite cells used in our lab.  One 

study observed that over 25% of the regulatory genes surveyed were present in C2C12 

cells but absent in satellite cells (Cornelison 2008).  Furthermore, the process of 

passaging and expanding the cells leads to changes in morphology and cell behavior.  

Because of this and despite the tedious task of isolating primary satellite cells, we feel 

that our primary satellite cell isolation with no expansion allows for the most accurate 

representation and behavior of satellite cells in vivo. 
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One final consideration for choosing appropriate models it the selection of 

appropriate animals with respect to age, disease, injury, endocrine status or other 

physiological characteristics.  For example, it has been shown that there is a lag in 

proliferation from satellite cells isolated from old vs. young muscle (Schultz, Lipton 

1982a) and possibly an increased activation in satellite cells isolated from mdx mice 

versus control.  Also, muscles from different species may not exhibit the same responses 

as seen with TGF-B, which inhibits rat satellite cell differentiation and depresses 

proliferation (Allen, Boxhorn 1989) but in ovine satellite cells, TGF-B inhibits 

differentiation while stimulating proliferation (Hathaway et al. 1991). 

While all of these factors have been taken into consideration in determining the 

experimental model used for these studies, there is another advantage to the cell culture 

system with which we have taken advantage of for the experiments found herein.  In 

particular, much of the work done was investigating the soluble factors released by 

satellite cells that may contribute to angiogenesis.  This primary satellite cell culture 

allows us to place defined media onto the satellite cells and then leave this media on the 

cells to become conditioned.  In other words, the satellite cells secrete various soluble 

factors into the media allowing us to examine these specific factors in more detail and to 

explore the possible role of these factors in other regenerative processes like angiogenesis. 

In order to evaluate the angiogenic potential of these satellite cells, we chose to 

utilize a freshly isolated microvascular fragment (MVF) model designed and described 

by Hoying et al. (Hoying, Boswell & Williams 1996).  Many other models may be used 

for angiogenic measurements, however these will not be described in great detail as this 
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model is used in our experiments solely as a measurement of angiogenic capacity.  We 

chose to use the MVF model described by Hoying et al. in particular because it is a fresh 

isolation of the microvessel fragments placed into a three dimensional collagen gel.   As 

with the freshly isolated primary satellite cells we again felt this model most 

appropriately duplicated the cellular and extracellular components of the in vivo 

angiogenic process.  In particular, the fragments used in the MVF model have been 

characterized by Hoying et al. at the time of isolation and exhibited characteristic 

ablumenally associated cells including smooth muscle cells and pericytes.  Furthermore, 

inclusion of endothelial cell growth factors to the microvessel fragments in 3-D culture 

resulted in the accelerated elongation of tube structures and those with angiostatic 

capacity inhibited vessel tube elongation.  Unlike other cultured endothelial cell preps, 

which more closely represent the process of vasculogenesis, this fresh microvascular 

fragment prep provides us a great model for examining the mechanisms regulating 

angiogenesis. 

Together, the use of primary satellite cell cultures in conjunction with fresh 

microvascular fragment isolations in 3-D collagen gels gives us the unique ability to alter 

specific culture conditions to examine the mechanisms regulating angiogenesis in an in 

vivo system.  These methods are described in more detail in the methods sections 

throughout the upcoming chapters. 

 



 68 

SUMMARY AND SPECIFIC AIMS 
 

In summary, skeletal muscle is a dynamic tissue that responds adaptively to the 

numerous of environmental and physiological stimuli placed upon it.  This characteristic 

plasticity of muscle is in large part due to the resident adult stem cells found in skeletal 

muscle tissue, called satellite cells.  Satellite cells, named for their location between the 

plasmalemma and basal lamina, are primarily inactive during most periods of the adult 

life of an animal and remain in quiescence until becoming activated in response to either 

injury and/or mechanical stress where they migrate out of their niche below the basal 

lamina, proliferate, differentiate and fuse to existing myofibers allowing for muscle repair 

and growth.   

The ability of the satellite cell to maintain, repair and regulate muscle mass is 

dependent upon the satellite cells ability to respond to a variety of both intrinsic and 

extrinsic signals.  These signals are responsible for the upregulation and repression of 

various transcription factors involved in cell cycle progression and hence the regulation 

of new muscle tissue formation, a process termed myogenesis.  Numerous factors have 

been identified to play a role in this myogenic process, including several factors that are 

synthesized by the satellite cells and myofibers themselves.  This upregulation of various 

genes and increased protein synthesis upon activation allows the satellite cell to 

potentially act in both an autocrine and paracrine manner.   

One of the key growth factors in satellite cell regulation is hepatocyte growth 

factor (HGF).  Originally identified as scatter factor for its ability to affect cell migration, 

HGF has since been shown to stimulate satellite cell activation and increase proliferation 
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in vitro and in vivo (Allen et al. 1995, Miller et al. 2000, Tatsumi et al. 1998).  HGF is 

synthesized by the myotubes as well as satellite cells themselves and therefore make it a 

critical protein in the study of muscle growth and repair. 

Another important growth factor found to be secreted by satellite cells is vascular 

endothelial growth factor (VEGF).  VEGF is recognized mainly for its regulation of 

endothelial cell migration, survival and permeability as well as regulation of vascular 

formation, a process termed angiogenesis.  While VEGF does not activate satellite cells 

like HGF, it has been shown to increase satellite cell proliferation, differentiation and 

migration (Germani et al. 2003a, Arsic et al. 2004a, Christov et al. 2007a).  As with HGF, 

the known functions of the VEGF protein make it another important factor for muscle 

regeneration. 

The up-regulation and secretion of these two growth factors from satellite cells is 

of obvious importance to the autocrine and paracrine regulation of the satellite cell itself.  

However, in muscle growth, repair and regeneration there must also be consideration 

regarding stimulation of signaling pathways leading to regeneration of the vasculature.  It 

can be imagined that the coordination of these two events, fiber regeneration 

(myogenesis) and regeneration of the vasculature (angiogenesis), is critical for successful 

tissue repair and development. While this synergistic relationship is well accepted, the 

signals for revascularization in such models have not been well established.   

To date, there are numerous factors that have been shown to exert angiogenic 

effects, including the two previously mentioned growth factors, VEGF and HGF, which 

have been shown to stimulate angiogenesis in vivo and in vitro (Silvagno et al. 1995, 
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Gherardi et al. 1989).  Because HGF and VEGF are both secreted by the satellite cells 

and are important regulators of both myogenesis and angiogenesis, it is our hypothesis 

that satellite cells could be involved in muscle maintenance not only as the adult muscle 

stem cell contributing directly to fiber repair but also as a source of secreted factors that 

may stimulate angiogenesis.  In fact, preliminary data in our lab has shown that co-

cultures of satellite cells or medium conditioned by these satellite cells have an 

angiogenic effect.  Taken together, it appears that HGF and VEGF may have similar roles 

in mediating angiogenesis.  Interestingly, however, in endothelial cells the genes 

significantly up-regulated or down-regulated by VEGF versus HGF had little overlap 

indicating potentially distinct signal transduction pathways (Gerritsen et al. 2003).   Thus, 

the first aim of this project is to examine the role of HGF in satellite cell mediated 

angiogenesis. 

While it is critical to understand the growth factors involved in satellite cell 

mediated angiogenesis, it is also important to consider the dynamic microenvironment 

surrounding the satellite cells in vivo.  Of particular importance to the study of 

angiogenesis in skeletal muscle is the partial saturation of oxygen, which has been found 

to fluctuate on a broad range from 1% to 10% in healthy muscle (Greenbaum et al. 1997, 

Richardson et al. 1998).  Furthermore, in damaged or disease muscle O2 levels may 

decline to levels substantially lower than 1%.  Despite the broad range of physiological 

O2 levels, most in vitro experiments with satellite cells are carried out under 20% oxygen, 

in what is termed “normoxic” conditions.  The few studies that have examined satellite 

cells in varying oxygen states found significant changes in cell function in what are 
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termed “hypoxic” environments particularly with changes in proliferation and 

differentiation rates.  These observations are of particular importance to our study of 

satellite cell mediated angiogenesis and suggest that variable O2 levels will alter the 

angiogenic capacity of satellite cells as well.   

While hypoxia is generally considered to represent a fundamental stimulus for 

angiogenesis, the mechanisms responsible for its angiogenic activity remain enigmatic.  

Once again, two likely candidates involved in this satellite cell mediated angiogenic 

response to hypoxia are the growth factors VEGF and HGF.  There are many studies that 

report an increase in VEGF expression and protein in various cell types under hypoxia 

conditions (Shweiki et al. 1992, Minchenko et al. 1994), including preliminary results 

from our lab showing an increased expression in satellite cells.  HGF has also been 

shown to play an important role in angiogenesis, however, the regulation of local HGF 

production under hypoxia has not been well established.  Again, previous work in 

environments of varying oxygen saturation has reported inconsistent changes in cell 

kinetics and function.  It is evident that additional research should be conducted in order 

to investigate the seemingly important role of satellite cells in this interplay between 

myogenesis and angiogenesis in both hypoxic and normoxic environments.   

While HGF regulation in hypoxic conditions remains relatively enigmatic, it is 

known that hypoxia activates a number genes which are important to cellular adaptation 

to this low oxygen environment.  These genes are implicated in many different cellular 

functions including cell proliferation and survival, glucose metabolism, erythropoiesis 

and angiogenesis.  It is thought that the response to hypoxic environments is principally 
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mediated through the transcription factor, hypoxia inducible factor (HIF).  Under 

normoxic conditions, HIF is rapidly degraded by the proteasome, however, under 

hypoxic conditions HIF is stabilized and permits activation of genes essential to this 

cellular adaptation to low oxygen environments.  HIF has been shown to induce more 

than one hundred genes and the HIF signaling pathway has been regarded as the central 

signaling pathway involved in hypoxia-induced responses.    

It seems logical that under hypoxic conditions, the satellite cell would maximize 

their angiogenic capacity in order to enhance muscle repair and regeneration.  We have 

previously demonstrated this is the case as satellite cells increase VEGF production 

during hypoxia in a HIF-associated manner.  Few studies have examined HGF expression 

in skeletal muscles, particularly in hypoxic environments and those studies present 

conflicting data (Jennische, Ekberg & Matejka 1993, Onimaru et al. 2002, Hayashi et al. 

1999, Yun, Lin & Giaccia 2005a).  Furthermore there appears to be even less work 

investigating the effects of hypoxia on HGF expression and secretion in the satellite cell.  

This is surprising given the discrete and combined roles of satellite cells and HGF in 

skeletal muscle repair.  We hypothesize that HGF is also likely a major factor involved in 

the satellite cell angiogenic capacity, where the regulation of HGF may change in 

response to alterations in oxygen availability.   Because HIF is a key sensor of cellular 

oxygen status, we will also investigate the role of HIF as a possible regulator of HGF 

expression.  These important yet unexplored pathways lead to the second aim of this 

project, which is to determine the effects of hypoxia on HGF regulation in satellite 

cells.  
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Myopathies are diseases of the muscle in which the muscle fibers loose function 

eventually leading to muscle weakness and often irreparable damage.  The cause of this 

muscle damage is due to not only to direct injury of the myofibers, but in many cases, 

microvessel function that is also irreversibly compromised, leading to further dysfunction 

and even death of surrounding tissues.  Two well studied myopathies include Duchenne 

muscular dystrophy caused by a lack in the structural dystrophin gene as well as 

sarcopenia that accompanies the natural aging processes. In both conditions of dystrophy 

and sarcopenia, the function of the satellite cells in myogenesis as well as angiogenesis is 

of particular importance. 

Previous experiments have shown that satellite cells from aged muscles have 

limited ability to replicate and aid in the myogenic process (Decary et al. 1997, Machida, 

Booth 2004, Lees, Rathbone & Booth 2006). One hypothesis is that with age the satellite 

cells have undergone numerous cell cycles and bouts of activation and proliferation 

eventually leading to this diminished myogenic ability.  It is our thought that along with 

this diminished activity and myogenic effect, there may also be diminished potential to 

stimulate angiogenesis.  In fact, preliminary results from our lab show that medium 

conditioned by satellite cells from aged animals indeed does have a decreased ability to 

stimulate angiogenesis.   

One can envision a similar situation in dystrophic muscle where continuous 

cycles of damage leads to accelerated satellite cell activation and repair causing satellite 

cells to again decrease myogenic (and potentially angiogenic) capacity.   Interestingly, it 

has also been shown that in dystrophic muscle, total capillary density per muscle is 
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reduced (Nguyen et al. 2005).  If both myogenic and angiogenic function of satellite cells 

are found to be reduced, the data gathered will help better explain the causes leading to 

impaired muscle repair and fibrosis in dystrophic muscle.  Hence, the third aim of this 

project is to examine the angiogenic potential of satellite cells from dystrophic 

muscle. 

 Overall, the aim of this thesis project is to investigate the role of satellite cells in 

the angiogenic process of regenerating skeletal muscle.  The proteins VEGF and HGF are 

two primary candidates for this effect because they are both secreted by satellite cells and 

because they are known mediators of both angiogenesis and myogenesis.  While satellite 

cells have been well studied for their myogenic role, their function in angiogenesis 

remains largely unknown.  This study will investigate this interaction, including 

conditions involving hypoxic environments as well as the disease state of dystrophic 

muscle. The hypoxic environment is of particular importance to angiogenesis where the 

regulation of HGF in satellite cells remains unknown.  By further understanding the 

effects of satellite cells on angiogenesis and the effects of hypoxia on HGF regulation, we 

can attempt to find possible targets for therapeutic intervention particularly in cases of 

muscle dysfunction, as seen with muscular dystrophy. 
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_CHAPTER 2:  THE ROLE OF HGF IN SATELLITE CELL MEDIATED 
ANGIOGENESIS 

CHAPTER 2:  THE ROLE OF HGF IN SATELLITE CELL MEDIATED ANGIOGENESIS   

 

BACKGROUND 
 

Healthy skeletal muscle is a dynamic tissue that retains the ability to regenerate, 

grow and repair in response to physiological stimuli arising from various inputs such as 

the microenvironment, circulation or neuronal activity.  These processes impinge on 

myogenesis primarily as a result of the activation, proliferation and differentiation of the 

resident stem cell of skeletal muscle called satellite cells.  The role of the satellite cell has 

classically been restricted to myogenesis alone, however we have recently demonstrated 

that satellite cells possess the capacity to stimulate angiogenesis from pre-existing 

vascular segments (Rhoads et al. 2009).  This observation supports numerous studies 

which demonstrate that muscle fiber regeneration can only occur in areas of 

revascularization and underscore the idea that angiogenesis and myogenesis must occur 

concurrently (Hansen-Smith, Carlson 1979, Markley, Faulkner & Carlson 1978b).   

Damaged muscle releases factors capable of stimulating angiogenesis (Phillips, 

Knighton 1990), but the particular factors involved and the source of these factors remain 

relatively unknown.  Upon skeletal muscle injury or mechanical stress, satellite cells 

recruited to the repair process begin to release growth factors and are a logical contributor 

to this proangiogenic response.  Several satellite cell-derived growth factors have been 

shown to possess angiogenic properties in other cell systems, including vascular 

endothelial growth factor (VEGF), hepatocyte growth factor (HGF), and fibroblast 
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growth factor (FGF) (Allen et al. 1995, Distler et al. 2003, Kastner et al. 2000, Presta et 

al. 2005). Despite this evidence, only VEGF, possibly via regulation by the transcription 

factor hypoxia-inducible factor-1α, has been implicated as a part of the angiogenic 

capacity of satellite cells and indicates the need to identify and examine additional 

growth factors involved in satellite cell driven angiogenic response. 

 As a pleiotropic growth factor, HGF plays a predominate role in skeletal muscle 

growth and repair processes.  For example, HGF possesses the unique ability to activate 

satellite cells from a quiescent state (Allen et al. 1995).  Moreover, HGF enhances the 

mitogenic and motogenic characteristics of satellite cells.  Based on the strong role of 

HGF in myogenic processes coupled with demonstrated angiogenic properties makes 

HGF an attractive candidate to mediate the satellite cell’s angiogenic capacity and 

potentially coordinate myogenic and angiogenic processes.  In order to examine the role 

of HGF in satellite cell mediated angiogenesis, we used a model consisting of three-

dimensional microvascular fragment (MVF) construct and media conditioned by primary 

satellite cells. 

The remarkable diversity in the angiogenic signaling pathways provides many 

opportunities for therapeutic interventions.  Satellite cells in particular may provide an 

obvious target in regenerating skeletal muscle not only in their myogenic role, but also in 

helping mediate an angiogenic response.  The results from these studies further 

strengthen the case for this dual angiogenic-myogenic role of satellite cells in 

regenerating muscle and also may help elucidate novel targets for therapeutic 

intervention in the future.
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MATERIALS AND METHODS 

 

Animals 
 9- to 12-mo-old male Sprague-Dawley rats were used for all MVF constructs and 

in all primary satellite cell isolations.  All animal care use was conducted according to 

National Research Council guidelines and approved and supervised by the University of 

Arizona Institutional Animal Care and Use Committee.   

Satellite Cell Isolation 
 
 All satellite cell isolations were performed according to Allen et al. (Allen et al. 

1997) with slight modifications by Lees et al. (Lees, Rathbone & Booth 2006).   

Male Sprague-Dawley rats, aged 9-12 months, were sacrificed via CO2 

asphyxiation.  Immediately thereafter, the chest cavity was cut open and the heart was 

removed to allow bleeding.  The rat was shaved and cleaned with betadine and 70% 

ethanol.  The muscles of the leg and back were surgically removed under laminar flow 

hood and placed in sterile phosphate buffered saline (PBS; pH 7.4) on ice.   Any attached 

connective and adipose tissue was then removed and the cleaned muscle tissue was 

minced by hand with scissors for approximately 10 minutes.  5 grams of minced muscle 

was placed into individual 50ml conical tubes containing 30ml chilled sterile PBS and 

centrifuged at 1500 x g for 5 min.  The PBS was then removed and 35ml of sterile 

protease buffer (1.25mg/ml protease type XIV from Streptomyces griseus, P5147 Sigma, 

St. Louis, Missouri in PBS) was added to each tube and the mixture was triturated 5x 

each with a 25ml serological pipette.  The tubes containing the protease buffer/muscle 
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mixture ware then placed into a 37°C water bath for a 1 hour with intermittent inversions 

every 15 min. 

Following digestion, the tubes were centrifuged at 1500 x g for 5 min and the 

supernatants were removed by decanting.   Warm (37°C) sterile PBS was then added to 

each tube bringing the volume up to 22.5ml.  The mixtures were triturated 5x each with a 

10ml serological pipette and then centrifuged at 500 x g for 10 min.  The supernatants 

(containing satellite cells) were poured into new sterile 50 ml conical tubes.  Warm sterile 

PBS was again added (volume to 17.5ml), triturated 5x, centrifuged (500 x g for 8 min.), 

and the supernatant poured into the 50ml conical tubes containing the supernatant from 

the previous spin.  Warm sterile PBS was added one last time (volume to 12.5), triturated 

5x, centrifuged (500 x g for 3 min.), and the supernatant again added to the previous 2 

supernatant collections. 

The supernatants were then filtered using 100µm Steriflip® Filter Units 

(Millipore Co.).  The filtered supernatants were centrifuged for 5 min. at 1500 x g and the 

supernatant was aspirated off without disturbing the cell pellet.  The pellets were 

resuspended in 20ml warm pre-plate medium (Dulbecco’s Modified Eagle’s Medium 

(DMEM) + 10% Horse Serum + 1% Antibiotic-Antimycotic + 0.05% Gentamicin) and 

plated on uncoated 15cm culture dishes.  The plates were then placed in an incubator with 

a humidified atmosphere of 5% CO2 at 37°C for 2 hours. 

During these 2 hours, culture dishes were prepared by first coating the plates with 

poly-L-lysine (10mg/ml diluted 1:100 in sterile PBS) for 5 minutes.  The poly-L-lysine 

solution was then removed and the plates were washed 2X with sterile H2O.  The H2O 



 79 

was removed by aspiration and the plates were allowed to dry before being coated with 

fibronectin (10 µg/ml).  After 45 min. the fibronectin was replaced with growth medium 

(DMEM + 20% Fetal Bovine Serum + 1% Antibiotic-Antimicotic + 0.05% Gentamicin) 

and then warmed in the incubator until later use. 

After 2 hours, the pre-plate medium from the plates containing the resuspended 

cells was removed using a serological pipette and placed into a sterile 50ml conical tube.  

The tube was then centrifuged at 1500 x g for 5 min. and the pellet was resuspended in 

warm (37°C) growth medium and seeded onto the poly-L-lysine/Fibronectin pre-coated 

culture dishes.  Growth media was changed at 24 hours for all treatment conditions. 

 

Collection and Treatment of Satellite Cell Conditioned Medium  
 

Media was removed from plates with cultured satellite cells and the plates were 

rinsed 2X with “pre-conditioned medium” (DMEM + 500X Insulin Transferrin Selenium 

(ITS) at 2ul/ml).  The pre-conditioned medium was then left on the cells for 16 h at which 

time the now “conditioned medium” (CM) was removed via serological pipet, placed into 

conical tubes and centrifuged at 1500 x g for 5 minutes to remove debris.  The 

conditioned medium was then transferred into 10,000 molecular weight conical 

centrifugal filter units (Millipore Co.) alongside pre-conditioned media used as a control.  

Both sets were spun at 1500 x g concentrating the media to 10X.  The media was 

removed from the filter units and collected into 50ml conicals where the medium was 

filtered trough 0.22µm Steriflip units (Millipore Co.).  Media was then analyzed for HGF 

protein concentration using an HGF ELISA Commercial Kit (R&D Systems).  CM and 
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control media were also used for culturing with MVF, at which point the final volume 

was calculated and 2% FBS was added to both medium.  In further experiments, 

hepatocyte growth factor’s effect was inhibited in the CM with the addition of anti-HGF 

antibodies (R&D Systems) at concentrations varying from 2 µg/ml to 200 µg/ml.  From 

this data it was determined that 75 µg/ml would be used in subsequent experiments in 

order to inhibit the angiogenic effect of CM in an attempt to recover the effect through 

addition of 100 ng/ml recombinant HGF (R&D Systems).  For all experiments, media 

was stored at 4°C and used within one week or stored at -80°C until use. 

 

Rat Fat Microvascular fragment (MVF) Isolation 
 
 All rat fat microfragment isolations were performed according to Hoying et al. 

(Hoying, Boswell & Williams 1996). 

Male Sprague-Dawley rats, aged 9-12 months, were sacrificed via CO2 

asphyxiation.  The abdominal and groin region of the rat was shaved and cleaned with 

betadine and 70% ethanol.  The rat was placed under a laminar flow hood and an incision 

was made below the penis cutting laterally to expose the epididymal fat.  With forceps, 

the testes and epididymal fat pads were removed and placed onto sterile gauze pads.  The 

epididymal fat was separated, removed and placed into a 50ml conical tube containing 

PBS + 0.1% Bovine Serum Albumin (BSA).   

Once fully collected, the total fat volume was calculated and a collagenase + 

DNAse + PBS-BSA mixture was made accordingly; using 2mg/ml of Type 1 collagenase 

at 3x the fat volume + 1mg/ml of DNAse at 1.5x the fat volume + 0.1%BSA-PBS at 1.5x 
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the fat volume.  The fat was placed into a petri dish and minced with curved scissors for 

~10 minutes resulting in a smooth paste-like consistency.  The collagenase + DNAse + 

PBS-BSA mixture was filtered using 0.22µm steriflip filter and was then added to the fat 

mixture and collected into a 250ml flask.  The mixture was agitated briskly for ~6 min. in 

a 37°C water bath and then transferred evenly into 50mL centrifuge tubes.  The mixture 

was centrifuged at 400rcf for 4 minutes and the supernatant was decanted carefully 

without disturbing the pellet.  10mL of 1%BSA-PBS was added to each tube, titrated 4x 

and then centrifuged again at 400rcf for 4 min.  This was repeated two more times before 

the supernatant was filtered over a 500µm screen removing any large debris.  The flow 

through was collected and then run through a 30µm screen collecting the fragments on 

the screen.  The screen was submerged into 20mL of 0.1%BSA-PBS and then rinsed with 

5mL of BSA-PBS to completely collect all fragments.  The filtered suspended fragment 

solution was collected in a 50mL conical tube and the fragments were counted and then 

spun at 400rcf for 4 min.   

The supernatant was removed and the packed cells were resuspended in a 

collagen solution at 15,000 MVF/mL consisting of collagen at 3mg/ml, 4x DMEM at 

33% the total collagen solution volume, and sterile water.  250µl of the fragment-

collagen suspension was then placed into wells of a 48-well plate and then placed into the 

incubator for 15min.  250µl of warm (37°C) media (DMEM + 10%FBS) was placed onto 

the hardened collagen-fragment suspension and left in the incubator changing media 

every 4 days unless otherwise described for the individual experiment. 
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Quantification of angiogenesis was performed as described previously (Rhoads, 

2009).  Briefly, angiogenesis was characterized by the formation of smooth vascular 

sprouts which are morphologically distinct from the parent fragment containing smooth 

muscle cells and pericytes (See chapter 1, EXPERIMENTAL MODELS FOR 

STUDYING MUSCLE REGENERATION).  Only fragments physically independent 

from neighboring fragments were digitally imaged using bright field microscopy at 10X 

magnification.  Vessel sprout number and length were then determined by measurement 

of a line traced along each sprout using Image J software.  Sprout length and number 

were averaged from replicate experiments within each treatment group and included a 

minimum of 30 sprouts per treatment. 

 

HGFα/β shRNA Lentivirus Infection   
 

Primary rat satellite cells were isolated and plated into 6-well culture dishes at 

25,000 cells/well.  Growth media was removed and lentivirus particles were added in an 

8µg/ml polybrene solution at an MOI = 4.  These optimized concentrations were pre-

determined using detection copGFP control lentivius particles (sc-108084, Santa Cruz 

Biotechnology, Inc.).  For the experiment, HGFα/β shRNA lentivirus particles (sc-

77324-V) or control lentivirus particles (sc-108080) were added to the satellite cells for 

16 h before being removed and replaced with growth media.  24 h post transduction, 

conditioned media was collected as described above and analyzed for HGF protein 

content via HGF ELISA or used to culture MVF (as described above) and cells were 

lysed for gene expression analysis (as described below). 
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Analysis of Gene Expression  
 

Total RNA was isolated from primary satellite cells after treatment of hypoxia vs. 

normoxia and of HGFα/β shRNA lentivirus vs. control lentivirus infected cells using the 

QUIAGEN RNeasy Mini Kit (QIAGEN, Germantown, MD).  500 ng of total RNA was 

reverse transcribed using SuperScript III First-Strand Synthesis System for RT-PCR 

(Invitrogen, Carlsbad, CA).  Real-time SYBR green PCR assays were performed in 

triplicate in a 25-µl volume using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) + 

1ul primer set (HGF F’- cgagctatcgcggtaaagac, HGF R’- tgtagctttcaccgttgcag, VEGF F’- 

actccagggcttcatcattg , VEGF R’- aattgagaccctggtggaca) + diluted cDNA (5 ng). 

Flourescence was quantified with the iQ5 Real-Time PCR Detection System (Bio-Rad) 

and analysis was performed with iQ5 Optical System software (version 2.0, Bio-Rad).  

Each assay plate contained negative controls and the data was analyzed using a 5-point 

relative stand curve generated using serial 10-fold dilutions of cDNA prepared and 

pooled from experimental samples.  The unknown sample expression was determined 

from the standard curve and adjusted for ß-actin expression. 

 

Statistical Analysis 
 

Statistics were performed using analysis of variance and is presented as the mean 

± standard error of the mean. Statistical significance is denoted by differing letters at a 

preset level of significance of α = 0.05. 
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RESULTS 
 
  

Results reported previously by our lab show that the addition of media, which has 

been conditioned by satellite cells, results in an increased angiogenic response (Rhoads et 

al. 2009).  Here we began by repeating these experiments in order to assure proper 

experimental design and found similar results with statistically significant increases in 

both sprout number and sprout length from satellite cell CM compared to control media 

(Figure 2.1). 
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A 

    

  Control Media         Conditioned Media 

B 

 

Figure 2.1-  Effects of control vs. conditioned media on in vitro angiogenesis. 
In vitro angiogenesis was measured in MVF constructs as average sprout length (µm). MVF 
cultures were grown for 5 days in the presence of control media (DMEM + 2% FBS) or satellite 
cell culture conditioned media (CM in DMEM + 2% FBS).  A: Electron microscope images of 
parent microvascular fragments with new angiogenic sprouts.  B: Quantification of sprout length 
graphed as average sprout length ± SEM (p<0.05). 

a 

b 
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 Measurement of HGF in satellite cell CM by ELISA showed statistically greater 

levels of HGF protein in the CM compared to control media (326.5 pg/ml and 74.4 pg/ml 

respectively) (Figure 2.2). The secretion of soluble HGF from satellite cells into the 

media was then mimicked through addition of recombinant HGF to control media.  

Culturing MVF constructs with media containing rHGF caused an increase of more than 

threefold in sprout number and an increase in sprout length from 63µm with control 

media to 253µm with the addition of recombinant HGF (Figure 2.3).    

 

 
Figure 2.2-ELISA of HGF protein content in control media and CM from primary satellite 
cell cultures. 
Measurements were made on media after 16 hours of conditioning by satellite cell cultures (CM 
in DMEM) vs. control (DMEM).  Graphs are HGF protein averages in pg/ml ± SEM (p<0.05). 
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Figure 2.3- Effect of recombinant HGF addition to control media on in vitro angiogenesis. 
Angiogenic effect of recombinant HGF was measured by adding rHGF to the MVF constructs in 
control media A: Average sprout length (µm). B: Sprout number per parent vessel in MVF 
constructs.  Graphs are averages ± SEM (p<0.05) 
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 The effect of HGF in the CM was neutralized using anti-HGF antibodies and 

resulted in a dose dependent decrease in both sprout length and sprout number (Figure 

2.4).  This reduced angiogenic effect caused by the anti-HGF antibodies was able to be 

reversed upon addition of recombinant HGF at day 5 as seen in the partial recovery of 

sprout length in treatments of recombinant HGF (CM → anti-HGF → rHGF) compared 

to the continued treatment of CM with anti-HGF antibodies (CM → anti-HGF resulting 

in no statistical changes in sprout length (Figure 2.5).  75µg/ml of anti-HGF was used for 

this set of experiments as it was a dose that resulted in significant reduction in sprout 

length and sprout number while still retaining some pro-angiogenic effects within the CM.  

Day 1 showed no significant difference between the three treatment groups whereas at 

day 5 there were statistical differences between both treatments of anti-HGF antibody 

(CM → anti-HGF  & CM → anti-HGF → rHGF) compared to the CM only treatment 

(p<0.05) with no difference between the two anti-HGF antibody treatment groups.  Day 8 

resulted in statistical difference between the CM → anti-HGF treatment and the CM only 

treatment (p<0.05).  There was no statistical difference however between the CM → anti-

HGF → rHGF and either of the other treatment groups. Within each treatment group 

there was statistical increases in sprout length from Day 1 to 5 to 8 (p<0.05), with the 

only exception being the no change in sprout length in the CM→ anti-HGF treatment 

group from day 5 to 8.   
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Figure 2.4- Effect of anti-HGF antibodies in CM on in vitro angiogenesis. 
In vitro angiogenesis was measured in MVF constructs as average sprout length (µm). MVF 
cultures were grown for 5 days in the presence of satellite cell culture conditioned media with the 
addition varying levels of anti-HGF antibodies.  A: Light microscope images of MVF fragments 
B: Quantification of sprout length from the various treatments graphed as averages ± SEM 
(p<0.05). 
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Figure 2.5- Recovery of angiogenic effect from anti-HGF antibodies with recombinant HGF. 
Angiogenic effect was measured in MVF constructs as average sprout length (µm).  Treatments 
on day 1 consisted of either CM alone or anti-HGF antibody (75µg/ml)  followed by sustained 
anti-HGF antibody treatment or recombinant HGF add back at day 5 and maintained for 3 days.   
A: Light microscope images of MVF fragments B: Quantification of sprout length from the 
various treatments graphed as averages ± SEM (p<0.05). 
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Satellite cells were then infected with HGFα/β shRNA to further elucidate the 

role of HGF in satellite cell mediated angiogenesis.  Optimization of the viral infections 

were performed using GFP control lentivirus particles and resulted in an infection 

efficiency of ~80% (Figure 2.6).   Treatment of the satellite cells using HGFα/β shRNA 

lentivirus particles also resulted in a decrease of approximately 35% in sprout length and 

18% in sprout number compared to the control lentivirus infected cells (Figure 2.7).  

Successful transduction of the HGFα/β shRNA lentivirus particles was confirmed 

through HGF gene expression analysis via Real Time PCR as well as HGF ELISA 

resulting in over an 8 fold decrease in gene expression in the satellite cells infected with 

HGFα/β shRNA (Figure 2.8) and a two fold decrease in HGF protein secretion 

normalized to cell number (Figure 2.9).  Cyquant assay revealed a 10% decrease in cell 

number in the HGFα/β shRNA infected cells compared to control (Data not shown). 
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Figure 2.6- Infection efficiency of lentivirus particles in primary satellite cells.   
Measurement of lentivirus infection efficiency was calculated as total number of cells per field of 
view divided by GFP positive cells in the same field of view.  A: Bright field image of primary 
satellite cells B: Fluorescent image of green fluorescent protein. 
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Figure 2.7– In vitro angiogenesis from CM of HGF shRNA lentivirus treated satellite cells.  
In vitro angiogenesis was measured in MVF constructs as average sprout length (µm) and 
average sprout number per parent fragment. MVF cultures were grown for 5 days in the presence 
of satellite cell culture conditioned media from satellite cells infected with HGF shRNA vs. 
control shRNA lentivirus particles.  A: Graph of average sprout length (µm) ± SEM (p<0.05).  B: 
Graph of average sprout number per vessel ± SEM 
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Figure 2.8– HGF Gene Expression in satellite cells infected with control vs. HGF shRNA 
lentivirus particles.  
Measurements of gene expression from real-time PCR normalized to housekeeping gene β-actin 
levels.  Values are expressed as relative quantity of gene expression normalized to control ± SEM 
(p<0.05). 
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Figure 2.9– ELISA of HGF protein levels in conditioned media from satellite cells infected 
with control vs HGF shRNA lentivirus particles. 
Measurements were made on media after 16 hours of conditioning by satellite cell infected with 
control vs. HGF shRNA lentivirus.  Values in the graph are HGF protein averages in pg/ml ± 
SEM normalized to cell number  (p<0.05). 
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DISCUSSION  
 

 The regenerative capacity of skeletal muscle is dependent upon coordination of 

both myogenesis and angiogenesis.  It has been clearly shown that if either of these 

processes is impaired, healthy muscle regeneration may not occur often leading to 

fibrosis as seen in myopathies such as muscular dystrophy (Deasy et al. 2009b).  While 

myogenesis and angiogenesis have been studied individually in great detail, these two 

critical physiological processes are rarely investigated together.  A recent study indicated 

the ability of satellite cells to not only contribute to myogenesis through addition of new 

myofibers, but also contribute to angiogenesis by promoting vascular growth through the 

release of soluble factors upon activation (Rhoads et al. 2009).  The soluble growth factor 

examined in this study was VEGF and was found to be a potent angiogenic factor 

released by activated satellite cells. 

While VEGF is a well-known angiogenic factor, there are other factors that are 

secreted by the satellite cells upon activation which may also contribute to the 

coordination of myogenesis and angiogenesis.  One such factor is HGF, which is released 

from satellite cells upon activation.  HGF is critical to myogenesis as it acts upon 

neighboring satellite cells in a paracrine manner to increase activation as well as 

proliferation (Allen et al. 1995).  HGF is also a potent angiogenic factor which has been 

shown previously to directly stimulate proliferation and migration of cultured endothelial 

cells (Morimoto et al. 1991, Bussolino et al. 1992a) promotes development of capillary-

like structures in vitro (Bussolino et al. 1992a, Sato et al. 1993) and stimulates blood 
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vessel formation using matrigel plugs in vivo (Grant et al. 1993b).   Thus, like VEGF, 

HGF may play a critical role in this satellite cell mediated angiogenesis.  

Several studies have shown that VEGF and HGF act in synergy to induce and 

amplify angiogenesis (Van Belle et al. 1998a, Xin et al. 2001).  Other studies have shown 

that VEGF and HGF can induce angiogenesis independently of one another and have 

little overlap in genes upregulated or downregulated indicating distinct signaling 

pathways (Gerritsen et al. 2003, Sengupta et al. 2003b).    While the experiments 

contained herein addressed the need to further explore these angiogenic growth factors 

individually, the need to examine HGF and VEGF in coordination remains an important 

and unexplored aspect of satellite cell mediated angiogenesis.   

 To identify and study factors that modify angiogenesis, numerous in vivo and in 

vitro angiogenesis assays have been established in recent years. As we continue to work 

on improving these models, in vivo assays in particular are becoming more and more 

readily available for investigating angiogenesis.  The most common of these includes 

developmental models of angiogenesis like the chick chorioallontoic membrane (CAM) 

assay and the Zebrafish model.  While in vivo angiogenesis assays allow for natural 

communication and influence of all parts of this complex process, these assays are 

limited by the administration of test substances, a lack of quantitative analysis, and an 

inability to identify the source of secreted angiogenic factors. Recent attempts to solve 

these problems include the use of organ culture or ex vivo assays.  These models allow 

for segments of the specified tissue to be placed into a three dimentional matrix in vitro 

and monitored for vascular outgrowths for a period of 10-14 days. 
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In vitro assays, on the other hand, do allow for more specific regulation and 

quantification of angiogenesis.   Most in vitro assays however focus solely on endothelial 

cells and their ability to migrate, proliferate and differentiate.  The most commonly used 

endothelial cell for in vitro angiogenesis assays is the human umbilical vein endothelial 

cells (HUVEC) which have been successfully cultured and studied since 1973 (Jaffe et al. 

1973).  While these cells are useful, they are far from ideal as there are differences in the 

lineages of these cells and thus leads to inconclusive and inaccurate results.  Possibly 

even more problematic is recognizing that there are other cells types involved in the 

angiogenic process as well and thus the most translatable assay would include the 

supporting cells like pericytes and smooth muscle cells.    

The MVF model we chose to employ here is similar to explant (ex vivo) assays in 

that the model allows us to measure angiogenic response through quantification of sprout 

number and sprout length in a three dimensional collagen matrix.  In this model the 

vascular fragment is cultured in tact including the endothelial cells with surrounding 

pericytes and smooth muscle cells.   In the right conditions, the parent MVF exhibit 

characteristics of angiogenesis including endothelial cell sprouting, tubule formation and 

extensive branching.  This model also allows us to add and manipulate media in order to 

determine which soluble factors are contributing to the angiogenic response from primary 

satellite cell conditioned media.     

The results obtained in this study show that the addition of satellite cell 

conditioned media onto the MVF constructs results in an increase of both sprout length 

and sprout number when compared to non-satellite cell conditioned media (Figure 2.1).  
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These results verified the secretion of soluble proteins from activated satellite cells with 

pro-angiogenic effects and are similar to those results found by Rhoads et al.  (Rhoads et 

al. 2009), which again was focused on the secretion of VEGF.   

It has been shown previously that HGF is secreted by satellite cells (Tatsumi et al. 

2002a), and our method of media conditioning through in vitro culturing of primary 

satellite cells results in a significant increase of over fivefold in secreted soluble HGF 

protein levels compared to non-conditioned media (Figure 2.2).  The physiological 

importance of this can be imagined as satellite cells migrate to the site of skeletal muscle 

repair or growth.  With the satellite cells secreting angiogenic factors like HGF, it would 

allow these activated satellite cells to signal for revascularization at specific sites of 

myogenesis. Thus the secretion of HGF from satellite cells upon activation and the pro-

angiogenic effects of HGF make it a likely candidate for also playing a role in this 

satellite cell mediated angiogenic response. 

 While HGF is well known for its pro-angiogenic properties, it was important to 

verify this effect in our MVF construct model by adding recombinant HGF to our control 

media.  The significant increase in both sprout number and sprout length upon addition of 

recombinant HGF verified this effect (Figure 2.3).  With HGF protein levels now having 

been shown to be both increased in the satellite cell CM and significantly increase 

angiogenesis in our MVF construct, we sought to specifically alter hepatocyte growth 

factor’s effect in order to further explore its potential role in satellite cell mediated 

angiogenesis.  In order to reduce the angiogenic effect in the CM without altering other 

soluble proteins, anti-HGF antibodies were added to the satellite cell CM at varying doses 
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resulting in a dose-dependent response as represented through decreases in both sprout 

number and sprout length (Figure 2.4).  These results indicate that the HGF protein is a 

key soluble factor in the angiogenic response from satellite cell conditioned media. 

 Other extensive research over the past two decades has also revealed that the 

HGF/c-Met signaling pathway plays an important role in angiogenesis.  In particular, 

recombinant HGF as well as conditioned media from vascular smooth muscle cells 

stimulates vascular endothelial cells to grow in an HGF dependent manner.  However, 

using HGF antibodies tube formation was inhibited (Martin, Harding & Jiang 1999).  

More recently the HGF/c-Met signaling pathway has come into the spotlight as a 

promising therapeutic target for inhibiting angiogenesis and thus slowing tumor growth. 

Through these studies, similar results to those noted here have been observed, where 

antibodies against HGF or c-Met inhibit angiogenesis significantly (Petrelli et al. 2006, 

Martens et al. 2006, Kim et al. 2006, Jun et al. 2007, Tseng et al. 2008).  

In order to help assure that the effect of the anti-HGF antibodies was specific to 

the HGF protein, non-specific antibodies were added to the CM and no reduction in 

angiogenesis was observed.  Furthermore, this reduction in angiogenic response caused 

by the anti-HGF antibodies was reversed upon the addition of recombinant HGF protein 

(Figure 2.5).  This reversal of the reduction in angiogenesis helps not only assure the 

appropriate pathway was effected but also provides an opportunity in the future to 

investigate other growth factors like VEGF that may be able to compensate for this 

decrease in HGF which leads to a decrease in angiogenesis.  In particular, studies have 

shown interplay between VEGF and HGF in other cell types.  One study in particular 
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inhibited HGF using the antagonist HGF/NKF, which resulted in an inhibited VEGF 

induced angiogenic response (Nakabayashi et al. 2003).  Others have shown that HGF 

promotes VEGF expression and appears to act synergystially with VEGF to promote 

angiogenesis (Xin et al. 2001, Wojta et al. 1999, Van Belle et al. 1998b)  while HGF also 

is able to induce angiogenesis independent of VEGF (Sengupta et al. 2003a).  Future 

work will need to be done using our model to investigate the potential interplay of VEGF 

and HGF by decreasing angiogenesis through inhibition of HGF and then looking for 

recovery with the addition of VEGF. 

One final validation of HGF’s role in satellite cell mediated angiogenesis was 

performed using primary satellite cells that were infected with control shRNA and 

HGFα/β shRNA lentivirus prior to conditioning of the media.  HGF ELISA of the CM 

from the HGFα/β shRNA infected cells resulted in a significant decrease in HGF gene 

expression and protein secretion (Figure 2.8-2.9).  As a result of this reduction in HGF, 

there was a diminshed angiogenic effect from the satellite cells treated with HGF shRNA, 

consistent with the previous data (Figure 2.7).  Taken together these results again further 

establish HGF as a critical growth factor involved in the satellite cell mediated 

angiogenic response. 

It is important to note that this decrease in angiogenesis caused by a decrease in 

HGF found in the conditioned media is consistent with previous work done in other cell 

types.  One study in particular revealed that treatment of adipocytes with VEGF siRNA 

did not significantly decrease angiogenesis from conditioned media, however treatments 

with HGF siRNA did significantly decrease angiogenic effect of the conditioned media 
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(Saiki et al. 2006). These results not only support our findings and hypothesis that HGF is 

indeed an important growth factor in muscle repair and in the angiogenic response, they 

also highlight the need to further investigate other cells involved in the inflammatory 

response to injury and their possible contribution to repair through secreted angiogenic 

factors like HGF.  Some other likely cells types would include those that may be found at 

the site of injury and which have been shown to secrete HGF like fibroblasts (Sonnenberg 

et al. 1993), endothelial cells and vascular smooth muscle cells (Nakamura et al. 1996). 

Overall, the results of this study further support the hypothesis that active satellite 

cells possess pro-angiogenic potential and are thus likely to contribute to coordination of 

angiogenesis and myogenesis in regenerating skeletal muscle.  HGF appears to be one of 

such soluble factors, which is both secreted by satellite cells and has pro-angiogenic 

effects as demonstrated in the experiments reported herein.  Future work needs to be done 

investigating natural pro-angiogenic situations such as hypoxic environments where the 

kinetics and function of satellite cells have been shown to become altered possibly further 

stimulating the satellite cell mediated angiogenic response and is thus the focus of the 

next chapter. 
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_CHAPTER 3:  THE EFFECTS OF HYPOXIA ON HEPATYCYTE GROWTH 
FACTOR REGULATION IN SATELLITE CELLS 

CHAPTER 3:  THE EFFECTS OF HYPOXIA ON HEPATYCYTE GROWTH 
FACTOR REGULATION IN SATELLITE CELLS 

BACKGROUND 
 

The regenerative ability of muscle after injury has long been recognized as a 

relatively rapid process resulting in the formation of a large number of myotubes in only 

a few days to weeks depending on the severity of muscle damage.  Nascent myotube 

formation in regenerating skeletal muscle tissue is primarily the result of the activation, 

proliferation and differentiation of the resident stem cell of skeletal muscle called satellite 

cells.  A prerequisite for the functional repair of damaged skeletal is the need for 

revascularization via vascular sprouting from neighboring intact vessels, through a 

process called angiogenesis (Hansen-Smith, Carlson & Irwin 1980). Aside from the 

traditional role of satellite cells as drivers of myogenesis, recent work, including the 

results presented in chapter 2, has shown that satellite cells may play a critical role in 

mediating this angiogenic response as well.  Rhoads et al. (2009) observed that satellite 

cells secrete soluble-acting growth factors capable of inducing angiogenesis in vitro and 

determined that the angiogenic response appears to be due in part to the secretion of 

VEGF (Rhoads et al. 2009).  These data lend support to the notion of coordinated 

myogenesis and angiogenesis, which is vital to the regeneration and repair of skeletal 

muscle tissue. 

Physiological O2 levels in skeletal muscle tissue are maintained around 5% and in 

damaged, diseased or exercising muscles the O2 levels may decline to levels below 1%.  
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However, much of the work performed with satellite cells in culture is carried out in 

conditions of 20% oxygen, often termed “normoxic” condition.  The few studies that 

have examined satellite cells in varying oxygen states found significant changes in cell 

function in what is termed “hypoxic” compared to these “normoxic” environments.  In 

particular, several studies have shown that satellite cells proliferate to a greater extent in 

low levels of O2 (3-6%) compared to the “normoxic” 20% O2 levels (Chakravarthy, 

Spangenburg & Booth 2001, Csete et al. 2001).  More recently however, studies 

examining the effect of hypoxia on satellite cells revealed that in atmospheric conditions 

below 2% O2, both proliferation and differentiation of satellite cells decreases (Yun, Lin 

& Giaccia 2005b). 

One of the major mediators of the cellular hypoxic response is the transcription 

factor, hypoxia inducible factor-1 (HIF-1), a heterodimer composed of α and β subunits 

that binds to the hypoxia response elements (HRE). HIF-1 has been shown to regulate 

expression of more than one hundred genes (Semenza 2003) including HGF, VEGF and 

other angiogenic factors, making it critical for understanding cellular responses in a 

hypoxic environment.  Regulation of HIF-1 activity occurs predominately in a 

posttranslational fashion by ubiquitin-proteasome pathway mediated degradation in 

normoxic conditions.  Degradation by this pathway is blocked in hypoxic conditions, 

allowing HIF-1 to accumulate and promote cellular functions, such as angiogenesis and 

glycolysis, when oxygen tension is low. 

 Several studies in other cell types have shown regulation of HGF by HIF through 

enhanced stability of the HGF mRNA (Paulding, Czyzyk-Krzeska 2000).  Other studies 
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have shown that HGF also regulates HIF-1 signaling (Tacchini et al. 2003).  Furthermore, 

HIF has also been shown to increase expression of the HGF receptor c-met (Pennacchietti 

et al. 2003).  While satellite cells are known to produce both HGF and express c-met 

receptors on their surface, the effect of HIF and hypoxia on HGF expression and 

secretion in satellite cells has not been studied.  This potential HGF and c-met regulation 

could be of particular importance to their role in angiogenesis during injury and muscle 

regeneration. 

 In order to examine the effect of hypoxia on satellite cell mediated angiogenesis, 

we utilized a three-dimensional microvascular fragment (MVF) construct cultured with 

conditioned media from primary satellite cells.  These satellite cells were cultured in 

varying oxygen levels under conditions termed “normoxia” (20% O2) and “hypoxia” (1% 

O2) and effect of this hypoxic condition on angiogenic potential was evaluated.  Gene 

expression and protein levels were also measured with particular focus on VEGF and 

HGF.  Interestingly, the proangiogenic growth factor HGF was shown to decrease in this 

hypoxic environment and thus further analysis was done on the regulation of HGF in 

satellite cells in this hypoxic environment.  The results herein, reveal a significant effect 

of varying oxygen levels on the satellite cell’s ability to mediate angiogenesis with a 

particularly interesting effect of hypoxia on HGF expression and secretion. 
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MATERIALS AND METHODS  

 

Animals 

9- to 12-mo-old male Sprague-Dawley rats were used for all MVF constructs and 

in all primary satellite cell isolations.  All animal care use was conducted according to 

National Research Council guidelines and approved and supervised by the University of 

Arizona Institutional Animal Care and Use Committee.   

Satellite Cell Isolation and Culture   

As described in more detail above (See Ch. 2), all primary satellite cells isolations 

were performed according to Allen et al. (1997).  Briefly, hind limb skeletal muscles 

were excised and trimmed of fat and connective tissue.  The cleaned muscle tissue was 

then hand minced with sterile scissors and digested in 1.25 mg/ml protease buffer for 1 h 

at 37ºC.  Cells were then separated from the tissue debris by differential centrifugation 

and were plated onto uncoated tissue culture dishes for two hours after which time, non-

adherent cells were plated onto tissue culture dishes coated with 20 µl/cm2 poly-L-lysine 

and a 10µg/ml solution of fibronectin in sterile PBS and cultured in growth media 

(DMEM + 20% FBS + 0.1% penicillin-streptomycin + 0.05% gentamicin) until further 

use. 
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In Vitro MVF Culture Model 

As described in more detail above (See Ch. 2), microvascular fragments were 

isolated from adipose tissue as described previously by Dr. Jay Hoying’s lab (Shepherd et 

al. 2004).  Briefly, epididymal fat was excised, hand minced with sterile scissors and 

digested in a solution of 2mg/ml Type 1 collagenase and 1mg/ml DNAse in 0.1% BSA-

PBS for 6 min at 37ºC.  MVFs were washed via centrifugation and resuspension in 0.1% 

BSA-PBS and then differentially selected for by running the MVF suspension through a 

500-µm screen before collecting the MVFs on a 30-µm screen.  Isolated MVFs were then 

suspended in pH-neutralized 3mg/ml rat tail type I collagen at 15,000 MVF/ml.   

Measurement of sprout length and number per parent fragment as described previously 

(Rhoads et al. 2009, Chang, Hoying 2006) was used to determine angiogenesis.   

Collection and Treatment of Satellite Cell Condition Medium 

 Conditioned media (CM) was collected from primary rat satellite cells as 

described by Rhoads et al. (2009; see Ch. 2).  Briefly, plates containing primary satellite 

cells were rinsed with pre-CM (DMEM + 0.1% penicillin-streptomycin + 1X ITS) to 

remove residual serum.  Cells were then cultured in pre-CM for 16 h at which time the 

CM was collected and centrifuged to remove any cellular debris.  CM and control media 

were concentrated to 10X before being analyzed for HGF protein concentration (HGF 

ELISA kit, R&D Systems) or used for culture of MVF at which point, FBS was added to 

a final concentration of 2% in each.   
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Hypoxic vs. Normoxic Culture Conditions 

Primary rat satellite cells were freshly isolated and plated into 10cm tissue culture 

dishes at 200,000cells/well 24 hours post isolation.  Cells were allowed to adhere to the 

plates for 12 hours and were then placed into separate cell incubators with varying O2 

levels; Hypoxia (1% O2) and Normoxia (20% O2).  After 10 hours in these conditions, 

pre-CM was placed into each of these environments to equalize to the varying O2 levels.  

Two hours after equalization, growth media was removed from the satellite cells and the 

equalized pre-CM was added to each plate respectively.  After 16 hours the now 

conditioned media was removed and the cells were harvested for quantification of RNA 

levels and cell number as described below. 

Analysis of Gene Expression in Satellite Cells 

Total RNA was isolated from primary satellite cells using the QUIAGEN RNeasy 

Mini Kit (QIAGEN, Germantown, MD).  500 ng of total RNA was reverse-transcribed 

using SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, 

CA).  Real-time SYBR green PCR assays were performed in triplicate in a 25-µl volume 

using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) + 1ul primer set (HGF F’- 

cgagctatcgcggtaaagac, HGF R’- tgtagctttcaccgttgcag, VEGF F’- actccagggcttcatcattg , 

VEGF R’- aattgagaccctggtggaca) + diluted cDNA (5 ng). Flourescence was quantified 

with the iQ5 Real-Time PCR Detection System (Bio-Rad) and analysis was performed 

with iQ5 Optical System software (version 2.0, Bio-Rad).  Each assay plate contained 

negative controls and the data was analyzed using a 5-point relative stand curve 

generated using serial 10-fold dilutions of cDNA prepared and pooled from experimental 
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samples.  The unknown sample expression was determined from the standard curve and 

adjusted for ß-actin expression. 

 

Cell Number Assay  

Cell number was determined through DNA levels measured using a DNA assay 

(CyQuant Cell Proliferation Assay Kit, Molecular Probes).  For all experiments, samples 

were run in triplicate and standard curves were run using lysates taken from known 

number of cultured primary satellite cells.  Data from this assay were used to calculate 

results normalized to cell number. 

 

Western Blot Analysis of HIF-1α 

 Primary satellite cells were cultured for 12 hours in treatments of normoxia, 

hypoxia or CoCl2.  Cytoplasmic and nuclear extractions were isolated (NE-PER Nuclear 

& Cytoplasmic Extraction Reagents, Pierce Biotechnology) and then quantified by 

Bradford Assay (BioRad).   Electrophoresis was performed using discontinuous 

polyacrylamide gels consisting of a 4% stacking gel and a 10% separating gel.  Once the 

gel had polymerized, each sample prepared by diluting to 1µg/µl, adding B-

mercaptoethanol and lameli sample buffer, and boiling for 5 minutes. 50µl of each 

sample was then loaded into each lane and the gel was run for 25mA for ~30 minutes to 

allow the proteins to align and then at 35mA for ~3.5 hours allowing the samples to 

separate.  The proteins were then transferred overnight at 4ºC, 100mA onto a 
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nitrocellulose membrane.  The membrane was then washed with 1X TBS-T before 

Ponceau S staining and photographing to verify equal protein loading and distinct 

individual lanes.  The Ponceau S stain was then washed off using 0.1M NaOH followed 

by TBS-T before blocking in 5% milk-TBS-T solution for 1 hour at room temperature.  

The membrane was again washed in TBS-T 5 times every 5 minutes.  The primary HIF-1 

alpha antibody (Novus Biologicals, NB100-654) was then diluted to 1:1000 in the 5% 

milk-TBS-T solution and placed on the membrane for 2 hours at room temperature while 

rocking.  The membrane was again washed and the secondary antibody was added at 

1:5000 for 1 hour at room temperature.  The membrane was washed again and West Pico 

ECL was added and allowed to incubate for 5 minutes before removing.  The membrane 

was then placed onto the film and exposed for varying durations of time (Fig. 3.1 = 20 

sec. exposure). 

 

CA-HIF Transfections  

Primary rat satellite cells were freshly isolated and plated into 10cm tissue culture 

dishes at 200,000cells/well 24 hours post isolation.  Cells were allowed to adhere to the 

plates for 12 hours and were then transfected with a CA-HIF or empty CEP4 plasmid 

(Sigma) in Opti-Mem at 10uM DNA and a 3:1 fugene to DNA ratio (FuGene HD 

Transfection Reagent, Roche Applied Science).  After 5 hours, the media was changed 

back to growth media and left for another 12 hours.  Pre-CM was then placed onto the 

cells and 16 hours later CM was collected and the cells were harvested for gene 

expression and cell number as described above.   
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HIF-1α shRNA Lentivirus Transduction 

Primary rat satellite cells were isolated and plated into 6-well culture dishes at 

25,000 cells/well 24 hours post isolation.  Growth media was removed and HIF-1α 

shRNA lentivirus particles (sc-45919-V, Santa Cruz) were added in an 8µg/ml polybrene 

solution at an MOI = 3.  Media containing the lentivirus was removed after 14 h and 

replaced with growth media.  At this point the cells were placed into hypoxic or normoxic 

conditions and 10 hours later (24 h post transduction), conditioning of the media began 

and 16 hours later the cells were harvested for gene expression and cell number as 

described above. 

 

Subcloning of pHGF Reporter 

 The plasmids pCR4-TOPO/HGF Pro and pGL3 (Invitrogen) were digested using 

restriction enzymes EcoR I or Kpn I and Hind III respectively.  The DNA fragments were 

separated using horizontal 1% agarose gel electrophoresis and the appropriate bands cut 

out based on molecular weight (HGF promoter= 2,800 bp and linear pGL3= 4,000bp).  

The full length (FL) HGF Promotor and pGL3 plasmid DNA were extracted from the gel 

using a QIAquick Gel Extraction Kit (Qiagen).  The DNA levels were quantified via 

spectrophotometer and frozen until further use. 

 Shortened promotor constructs were then created using primers to amplify desired 

sequences of the HGF promoter with restriction enzyme base pair overhangs (HGF SL-
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F’- ggtaccaagaggttaagacgtcatttaggaa and HGF SL R’- aagcttgccgggctgaaagaatcc) .  The 

short length (SL) promoter was 1000 base pairs in length beginning on the 5’ end at 

nucleotide -974 and spans over the core HRE consensus site at -900 thru –895 (Table 3.1). 

PCR amplification was performed using Takara Ex Taq (Takara Bio Inc.) and product 

size was verified by running samples on a 1% gel. 

The various HGF promoter sequences were then ligated into the plamid pGL3 via 

rapid DNA ligation (DNA Ligation Kit, Takara).  The ligated plasmid was then 

introduced into competent E.coli bacteria and grown overnight on ampicillin 

supplemented agar plates.  Single colonies were selected from the transformed competent 

bacterial plates and re-grown on new ampicillin supplemented agar plates along side 

innoculated ampicillin supplemented LB broth.  The plates were sealed and stored at 4ºC 

until further use.  The bacteria grown in the LB broth were centrifuged at 3,500rpm for 

15 minutes at 4ºC, the supernatant removed and the pellet stored at -20ºC until further 

use.  Plasmid DNA was prepared from the competent bacteria via boiling miniprep and 

was verified by size via agarose gel electrophoresis.   

Once verified, the appropriate bacterial colonies were again selected and used to 

inoculate ampicillin supplemented LB broth.  The bacteria was grown overnight and the 

plasmid DNA was isolated and purified using the Qiagen Endo-free Midi-prep Kit 

(Qiagen).  The purified plasmid DNA concentration was quantified via 

spectrophotometer and the plasmid was verified by sequencing and then stored at –20ºC 

until further use.   
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-2848 CTCAATTACC CCTCACTAAA GGGAGTCGAC TCGATCATGA AATCCTAGCT ACCCATGAGG CCAAAATAAA GTTATTTTTC CTATAGATTA  TGGTCGATCT 

       _ ↑HGF FL        

-2748 ACTTGAAACT AACACCTGAG TATTTACTAC TTTGTCACCT TGGACAATTC ACCTGAATAT AAACAGCTTT CTTAAGCTTC GTTGACTATG ATATGGAGAC 

             

-2648 TATATGGACC GTCTTATGTT TATCCCAAGG TTTATATACA ACAATATGAG GACTTAAAAC GTTTAGCATG TACTAAAAGA TACAATGAACA TTAGCTAAGA 

             

-2548 TTTCAATGAA GAGGAACCAA TACCTTGTCA GAATAAAATG AAAGGAATAG GTAATTTAAA ATAGATGTGT GTTTACTGTA CTTACTGACA ATTAAATTTA 

             

-2448 TGAAAATATA  CATGTTGCTC TGTCTAATTT CAAGTTATTA AGTACTAATC TTTTAAAATT GATTTTATTA GTAGATATTA ATTATATATT ATTGTTTTCA 

             

-2348 TTATGACATT TTGACATAGT ATATTCTGAT CAAATTTACT GCCAAATTAT CATTTTCCTG TCCCTTTCCT TCTCTTACTT TTCACCTTTC TCTTCCCAGA 

             

-2248 GAGTCATCCT TCTACCTCTC AAGGTTTGTT TTGTTTTGTT TTGTTTTGTT TTTCTCTTTT TGAAGTATGG GGTGACCTAA TGAGCATCAT TAGCATGGTT 

             

-2148 CACAAGAGGA GTGTGGGCAA CCACAGAAGA AAATGTAATT CCTTCAGCAA CTATTAACTG GCCATAGACT GACAAGACCC TGAGGGAGGG CTTTGTCCTC 

             

-2048 ATGAGAGAAG AGACAAACAG AAACACAGAT CACATCAGTT CCATTCATTC TACCTACACA ATTACGGGG AAATTGCTTC CTAAAATTCC CCTTTACTTT 

             

-1948 CCAACAAAGC TCTAAATATG TTATAGGGCA ACTCAGAGTT GTGGTCAGCA GCATATTGAA ATGGAGATGT TTTAGCAAAG GTCCATGCAC TCATTAAAAA 

             

-1848 GTAAACTAGA TAATAGGAAA ATGGGCGGGA ACCTTTTTTT TTTAAAGCGT GTTTGGATTA GCTTTGTATG CAAAAGTGGT GAAAGATAGA GCAATGGGAA 

             

-1748 ACAGTTAATA GAAAGATATC CTTCAGCACT GATCGATCTT CCAATGTTCC TGGGTTCAAG GACAACCATC TGCAACTCCA GTCTGTAGGC AATAGGCATG 

             

-1648 CAAGTGGTAT ACAGACATAA ATGCATGCAA AACACTCATA CACATAAAAC TAAAAATCCT TGAAAGAAAT TCTCCTTCAT TACTAGATTC TCCATAGTCC 

             

-1548 CAAGGACTTA TCAACCTAGC TTCTTTCTTT TCTTCCTTCT CCCTCCCCTT CATTTTCTCT CCTCTTTCTT CTTCCTACCT CTCTTTTTC CTTCCTTTCC 

             

-1448 CCTTTTCCTG CCTCCCTT CTCTTTCTCC CTTTCCCTGA ACTTTCCCCT TTCTCTTGTC TCTGCAGGTG GCTGTAGCTA TGCTGGAGGA GGGTGAAGAG 

             

-1348 ATCTGCCTTT GCTGGTGGAG GTGGAGAAAG GCCACCCTAT TACTGACTTT CATCTTGCCC TTGGGTACTT CTGTATGGCA GCAGGCAACT CTCCAGTAGA 

             

-1248 CAATGTCTCA CATTCTGTCG ACTTTCCCTT TCTCTAAAGA GGTATTAGTT CCTTTGGGTA TCTAGTCGTC AGAAATACAG AGGTATCTAT GCCTCAAAAT 

             

-1148 CTATTAGAGA CACAGTACGC TATCTCTGAC ACATCAGAGC ACCCACCAGG TGTTGTAATA AAAGGAGAAG TCTGGACAAT GATCTCACCA AAACGTGATA 

             

-1048 CTCATGGATT TGAGCACCCC CTGCTTCCTC CCTCCCTGAA GACTGTGTGA TGCTGTGGGT GTGTGTAGGA GAAAAGAGGT TAAGACGTCA TTTAGGAATT 

               ↑HGF SL-1   

-948 AAAATAGTCC AACGGGTCTC AAGTGAAAGT CTTAGTGCAT ACATACTGAC GTGTGAACAT CTGTAACTGT ACACAAGGTC AGAAAGACCA TTATCTATTT 

      HRE      

-848 GCTTGTCAGG GAGATGCAAA GTGCCATGTC TATCCCTTAA GAGAAATTAT CAACACACAC ATCAGAAAAC AGACATTTGA AACATTTATT TGGGATCCTT 

             

-748 TTGCAGTGGT TTGGGGTAGC TCTTCTGAGG AAAGCTGCCA TGCTGAGCCC ACTAGACTGG GCAATTTTCT GGCCTGAAAA CCAGGGTGTT TTTGTTTCTG 

             

-648 GTGCTATTTC TTCTCATTCG TCAAGGCCCC ACGCTTTTCT TACCTGCCCT CTTTCTACCT GGGCTCTGCA CCCCTGACTT CCTTACTCTG CTCTTACTGT 

             

-548 CTTTAAAATC CCGGGAAACT GGGGTCAGTG TTCATCCCTG AATCTCTCCA GCACTGCAAG CTCGCAGACT ATGAGCTGGG GCTCATTTGG CATAAGGGCT 

             

-448 GTCCGCTCTC TTCTTATGCT GCTTCCCCTT CCTCTTTTCC CAGATAGATA TGTAAACACA TGCATTTTCC TGTTCAAACG GGGCGAATTG GTGTTCTGCC 

             

-348 TGTGCCTTGA CTTAGCGATT GGGCTGAGCC TTGCTCCTCC CTTCCCTACT CGGATAGGAG CCACAAGGAT CTGGAGCTCC AGCTTCCAAA TTGCAGCTGG 

             

-248 CCTCGGGCCA GGTGACCTTT GCTTTGTAAG TTTCTTTCTG GGAGGGGGAG TGTGTGGAGG GGAGAGCTGG GATCTGTTGC TTGTTGGGG GGGGGGGGGT 

             

-148 TGAGGAAAGG AAGGGGCTGG AAGAGAGTAA AGGGCTGTTG TTAAACAGTT TCTTACCGGTA AGAGGGAGTT CAGACCTAGA TCTTTCCAGT TAATCACACA 

             

-48 ACAAACTTAG CTCATCGCAA TAAAAGCAGC TCAGAACCGA CCGGTTTGCA ACAGGATTCT TTCAGCCCGG CATCTCCTGC AGAGGGATCA GTCTGCTCGA 

                             ↑+1 _      

53 ACTGCAAGCA TGATGTGGGG GACCAAACTT CTGCCGGTCC TGTTGCTGCT GCATGTCCTC CTGCACCTCC TCCTGCTTCA TGTCGCCATC CCCTATGCAG 

       Exon 1      

153 GTAAGTTTAC TTCTGCTTCA TGGAGATTGG GGTTGCTTTA AGTCTCCTTC TGACCTTACT CTTTCCTTCC AAGAAGCTCT CTGCCCTATT TCCAGCATCC 

 
Table 3.1- Nucleotide sequence of the 5’ flanking promoter region of mouse HGF. 
Numbers to the left indicate nucleotide position relative to the transcription start site denoted by 
an arrow at +1.  Arrows also indicate the 5’ start site of the HGF full length promoter (HGF FL), 
the HGF short length (HGF SL-1).  A core HRE sequence is found at -900 to -895 and the first 
exon of HGF is also identified in red starting at nucleotide +62. 
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Luciferase Assay/β-Galactosidase 

 Primary satellite were transfected with the various HGF promoter reporter 

plasmids as described above (see CA-HIF transfection), along with LacZ plasmid added 

simultaneously to monitor transfection efficiency.  Transfected cells were lysed with 

Reporter Lysis Buffer and then the plates were scraped and the lysates were collected and 

stored at -80.  Frozen lysates were then thawed and centrifuged at 15,000 x g for 2 min.  

20ul of each sample was added by hand to a 96-well plate and 100ul of Luciferase Assay 

Reagent (Promega) was added using the luminometer reader (BioTek Clarity 

Luminescence Microplate Reader).  Firefly luciferase was recorded in relative light units 

(RLU’s) and then normalized to LacZ levels which were determined using the β-

galactosidase Enzyme Assay System (Promega).   

Statistical Analysis 

Statistics were performed using analysis of variance and is presented as the mean 

± standard error of the mean. Statistical significance is denoted by differing letters at a 

preset level of significance of α = 0.05. 
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RESULTS 
 

Results reported previously by our lab show that the satellite cells secrete soluble 

factors including HGF and VEGF that result in an increased angiogenic response in vitro 

(Rhoads et al., 2009; see Chapter 2).  Using the same model, satellite cells were cultured 

in hypoxic conditions prior to and during collection of CM in order to evaluate the effect 

of different O2 environments on the angiogenic potential of rat satellite cells.   

 A well-established response of hypoxic cells is an increase in protein abundance 

of the transcription factor HIF-1α to detectable levels.  To verify this response in rat 

satellite cells, we measured nuclear and cytoplasmic protein extracts by Western blot 

analysis (Figure 3.1). Weak expression of HIF-1α was observed in nuclear extracts from 

satellite cells cultured in normoxic condition.  Hypoxia and hypoxia mimic (CoCl2 ) 

increased HIF-1α nuclear protein abundance by 1.6- and 2-fold, respectively compared 

with normoxia. No bands were detected in cytoplasmic extracts, indicating no 

recognizable amounts of HIF in the cytoplasm of satellite cells regardless of the treatment. 
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Figure 3.1- Effects of O2 levels and CoCl2 treatment on HIF-1α protein levels in satellite 
cells.  
Measurement of HIF-1α protein levels in nuclear extract (NE) and cytoplasmic extract (CE) of 
cultured satellite cells after 24 hours in hypoxic (1% O2) and normoxic (20% O2) and CoCl2 
(150µM) environments.  A: Representative Western blot of HIF-1α protein from primary satellite.  
B: Quantification of band intensity reported as a fold change relative to normoxia ± SEM  
(p<0.05). 
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 Next, we sought to determine the effect of environmental oxygen level on the 

capacity of the satellite cell to stimulate angiogenesis.  Conditioned media was collected 

from satellite cells cultured in environments of hypoxia and normoxia and evaluated in 

the MVF constructs.  A statistically significant decrease in sprout length was observed 

between CM from SC in normoxic vs. hypoxic environments; 357µm and 254µm 

respectively (Figure 3.2A).  There was no significant difference however found in the 

sprout number per parent fragment with both averaging around 2.1 (Figure 3.2B)   
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Figure 3.2- Effect of O2 levels on the angiogenic effect of primary satellite cell conditioned 
media. 
 In vitro angiogenesis was measured in MVF constructs as average sprout length (µm) and sprout 
number/parent fragment. MVF cultures were grown for 5 days in the presence of satellite cell 
culture conditioned media from satellite cells in hypoxic (1.0% O2 ) vs. normoxic (20% O2) 
environments.  Values are represented as A: average sprout length ± SEM (p<0.05) 
B: average sprout number ± SEM.  

0 

50 

100 

150 

200 

250 

300 

350 

400 

450 

Hypoxia CM Normoxia CM 

Sp
ro

ut
 L

en
gt

h 
(u

m
) 

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

Hypoxia CM Normoxia CM 

Sp
ro

ut
 N

um
be

r/F
ra

gm
en

t 

a 

b 



 119 

Gene expression analysis from satellite cells revealed an increase in HGF 

expression from 24 to 72 hours in each condition but a significantly decreased expression 

of HGF in the hypoxic environment compared to the control at 48 and 72 hours (Fig. 

3.3A).  c-Met gene expression levels however went down continuously from 24 to 72 

hours.  While the levels of c-met expression of the hypoxic vs. normoxic groups were the 

same at 24 hours, at 48 and 72 hours the hypoxic group had significantly higher 

expression levels compared to the normoxic group (Fig. 3.3B).  VEGF expression levels 

increased significantly from 24 to 72 hours in the hypoxic environment only and showed 

significantly greater gene expression of VEGF in the hypoxic environment compared to 

normoxic environment at all three time points (Fig. 3.3C).  HIF-1α gene expression 

increased in each group when comparing 24 to 72 hours, however, there was a significant 

decrease in HIF-1α gene expression from the normoxic to hypoxic environment at 72 

hours (Fig. 3.3D).   HGF protein levels were further analyzed in the CM via ELISA, 

which indicated a significant decrease in HGF protein level from 438pg/ml in normoxia 

versus 120pg/ml in hypoxia (Figure 3.4).  
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Figure 3.3- Gene expression from primary satellite cells cultured in Hypoxic vs. Normoxic 
conditions. 
Satellite cells were cultured in hypoxic (1.0% O2) vs. normoxic (20% O2) for 24, 48 and 72 hours 
before being harvested for quantification of gene expression via real-time PCR.  All gene 
expression levels are normalized to the housekeeping gene β-actin levels and are expressed as 
relative quantity of gene expression ± SEM (p<0.05). 
 A: HGF gene expression relative quantity normalized to gene expression levels at 24 hours 
normoxia (24N).   B: c-Met gene expression relative quantity normalized to 24N.  C: VEGF gene 
expression relative quantity normalized to 24N. D: HIF-1α  gene expression relative quantity 
normalized to 24N. 
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Figure 3.4- ELISA analysis of HGF protein levels in satellite cell CM from Normoxic vs 
Hypoxic conditions. 
Measurements were made on control media (DMEM) after 16 hours of conditioning by satellite 
cells cultured in normoxic (20% O2) vs. hypoxic (1.0% O2) environments.  Values in the graph 
are HGF protein level averages in pg/ml ± SEM normalized to cell number  (p<0.05). 
 

The effect of HIF in this hypoxic response was further investigated through the 

transfection of satellite cells with constitutively active HIF plasmid.  Transfection of 

satellite cells with CA-HIF mimicked the results seen from the hypoxic treatment of 

satellite cells in both angiogenic effect as well as gene expression.  Specifically, there 

was a decrease in sprout length in the MVF constructs from 261µm with transfection of 

the empty plasmid and 154µm with the CA-HIF plasmid (Figure 3.5B).  There was no 

significant difference however in sprout number (Figure 3.5C). Transfection with the 

CA-HIF plasmid also resulted in an upward trend in VEGF gene expression of 20%, a 

downward trend in HGF gene expression of 14% and a significant increase of over 10 

fold in HIF gene expression (Figure 3.6).  HGF ELISA of the conditioned media from the 

CA-HIF transfected cells resulted in a significant decrease from 74 pg/mL to 57 pg/mL 

(Figure 3.7) 
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Figure 3.5- Angiogenic effect from CM after transfection of satellite cells with CA-HIF 
plasmid.  
Conditioned media was collected from primary satellite cells transfected with CA-HIF and empty 
pCEP plasmid.  MVF constructs were then cultured in the presence of the different conditioned 
media and angiogenic effect was measured as sprout length (µm). A: Bright field images of MVF 
from CM of cells transfected with empty vs. CA-HIF plasmid. B: Graph of average sprout length 
± SEM (p<0.05). C: Graph of average sprout number ± SEM.  
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Figure 3.6- Gene expression in satellite cells after transfection with empty vs. CA-HIF 
plasmid.  
Satellite cells were cultured and transfected with empty vs. CA-HIF plasmids before being 
harvested for quantification of gene expression via real-time PCR.  All gene expression levels are 
normalized to the housekeeping gene β-actin levels and are expressed as relative quantity of gene 
expression ± SEM.  A: HGF gene expression relative quantity normalized to empty.  B: VEGF 
gene expression relative quantity normalized to empty.  C: HIF-1α gene expression relative 
quantity normalized to empty (p<0.05). 
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Figure 3.7– ELISA of HGF protein levels in conditioned media from satellite cells after 
transfection with empty vs. CA-HIF plasmid. 
Measurements were made on media after 16 hours of conditioning by satellite cell transfected 
with empty vs. CA-HIF plasmid.  Values in the graph are HGF protein averages in pg/ml ± SEM 
normalized to cell number. 

 

 

Transduction of the satellite cells with the HIF-shRNA lentivirus particles did not 

affect angiogenic properties of satellite cell conditioned media (Figures 3.8).  Gene 

expression data indicated a significant decrease in HIF gene expression but no change in 

HGF gene expression (Figure 3.9).  Finally, HGF ELISA of the CM from these satellite 

cells showed no significant change in HGF protein secretion.  There was a trend toward 

decrease in HGF protein secretion in the HIF-shRNA tranduced cells of 74pg/ml down 

from the 90pg/ml in CM of the satellite cells transduced with the empty plasmid but 

again, no significant change was found (Figure 3.10).   
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Figure 3.8- Measurement of satellite cell mediated angiogenesis via sprout length and sprout 
number in MVF after satellite cell tranduction of HIF-shRNA vs empty lentivirus. 
Conditioned media was collected from primary satellite cells infected with HIF-shRNA vs empty 
lentivirus particles.  MVF constructs were then cultured in the presence of the different 
conditioned media and angiogenic effect was measured as A:  sprout length (µm) ± SEM or B:  
sprout number/fragment ± SEM. 
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Figure 3.9- Gene expression in satellite cells after transduction with empty vs. HIF-shRNA 
lentivirus.  
Satellite cells were cultured and transfected with empty vs. CA-HIF plasmids before being 
harvested for quantification of gene expression via real-time PCR.  All gene expression levels are 
normalized to the housekeeping gene β-actin levels and are expressed as relative quantity of gene 
expression ± SEM.  A: Relative quantity of HIF gene expression relative to empty (p<0.05).  B: 
Relative quantity of HGF gene expression relative to empty. 
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Figure 3.10- HGF ELISA from satellite cell CM after transduction of HIF-shRNA vs. empty. 
Measurements were made on control media (DMEM) after 16 hours of conditioning by satellite 
cells infected with HIF-shRNA vs. empty (control) lentivirus paticles.  Values in the graph are 
HGF protein level averages in pg/ml ± SEM normalized to cell number. 
 

 

The angiogenic properties of satellite cell conditioned media from satellite cells 

transduced with the HIF-shRNA lentivirus particles in hypoxia remained unchanged 

(Figures 3.11).  Gene expression data however indicated a significant decrease in HIF 

and VEGF gene expression with a significant increase in HGF gene expression (Figure 

3.12).  Finally, HGF ELISA of the CM from these satellite cells in hypoxia showed a 

significant increase in HGF protein secretion in the sh-HIF infected cells with an average 

of 190pg/mL vs 393pg/mL in the empty vs. sh-HIF infected cells (Figure 3.13). 
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Figure 3.11- Measurement of satellite cell mediated angiogenesis via sprout length and 
sprout number in MVF after satellite cell tranduction of HIF-shRNA vs empty lentivirus in 
hypoxic conditions. 
Conditioned media was collected from primary satellite cells infected with HIF-shRNA vs empty 
lentivirus particles and exposure to hypoxia.  MVF constructs were then cultured in the presence 
of the different conditioned media and angiogenic effect was measured as A:  sprout length (µm) 
± SEM or B:  sprout number/fragment ± SEM. 
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Figure 3.12- Gene expression in satellite cells after transduction with empty vs. HIF-shRNA 
lentivirus.  
Satellite cells were cultured and infected with empty vs. HIF-shRNA lentivirus before being 
harvested for quantification of gene expression via real-time PCR.  All gene expression levels are 
normalized to the housekeeping gene β-actin levels and are expressed as relative quantity of gene 
expression ± SEM.  A: Relative quantity of HGF gene expression relative to empty (p<0.05).  B: 
Relative quantity of VEGF gene expression relative to empty (p<0.05). C: Relative quantity of 
HIF gene expression relative to empty (p<0.05). 
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Figure 3.13- HGF ELISA from satellite cell CM after transduction of HIF-shRNA vs. empty. 
Measurements were made on control media (DMEM) after 16 hours of conditioning by satellite 
cells infected with HIF-shRNA vs. empty (control) lentivirus paticles.  Values in the graph are 
HGF protein level averages in pg/ml ± SEM normalized to cell number (p<0.05). 

 

 

 

Finally, to determine the effect of oxygen tension on HGF promoter activity 

satellite cells were transfected with an HGF promoter reporter plasmid and placed into 

environments of hypoxia and normoxia.  The full length promoter (data not shown) as 

well as the promoter construct of the first 1000bp (starting at bp-975) of the promoter 

showed a response to the hypoxic condition as seen by the drop in luciferase activity of 

nearly 3.3 fold when compared to normoxia (Figure 3.14).   
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Figure 3.14- Lucifferase Assay of satellite cells transfected with HGF promoter reporter 
plasmids in conditions of Normoxia, Hypoxia and CoCl2.  
Satellite cells were cultured in vivo and then transfected with HGF promoter reporter 
plasmids.  Cells were then placed into conditions of Normoxia (20% O2), Hypoxia (1% 
O2) or CoCl2 (150µM) for 24 hours before being harvested for luciferase expression.  
Results are presented as average RLUs normalized to β-Gal ± SEM (p<0.05).   
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DISCUSSION 
 

Satellite cells have long been identified as the myogenic stem cell in skeletal 

muscle responsible for migrating to sites of injury in order to repair and replace damaged 

muscle tissue (Schultz, Jaryszak & Valliere 1985).  Furthermore, it has been recently 

shown that satellite cells secrete pro-angiogenic factors like VEGF and HGF and are thus 

also likely to be critical to the angiogenic response in skeletal muscle repair.  Taken 

together, one can imagine that in situations of injury, satellite cells migrate to sites of 

injury and begin to regenerate skeletal muscle while at the same time secreting pro-

angiogenic factors in order to signal the vasculature thus leading to a coordination of 

myogenesis and angiogenesis.  Furthermore, at sites of injury, a hypoxic environment 

may exist, which in itself is known to change cell behavior.  We based our experiments 

on the hypothesis that a hypoxic environment will cause satellite cells to upregulate 

angiogenic response in order to maximize the revascularization of the regenerating 

muscle tissue.  

Interestingly the results found herein indicate that the angiogenic capacity of the 

satellite cells appears to decrease as seen with a significantly decreased sprout length in 

the MVF constructs with CM from satellite cells in hypoxic conditions (Figure 3.2).  This 

finding suggested that one or more of the pro-angiogenic factors known to be secreted by 

satellite cells VEGF or HGF was likely decreasing in these hypoxic conditions, thus 

leading to a decreased angiogenic effect. We expected increased VEGF expression and 

secretion during hypoxia as VEGF has been shown to increase during hypoxia in 

virtually every cell type including satellite cells (Rhoads et al., 2009).  The effect of 
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hypoxia on HGF however has not been as extensively studied, but the importance of 

HGF in this hypoxic environment appears to be critical as studies have shown that HGF 

not only promotes angiogenesis but also attenuates endothelial cell death in these hypoxic 

conditions in a dose dependent manner (Hayashi et al. 1999). Thus, the regulation of 

HGF in satellite cells was hypothesized to increase under hypoxic conditions.  The 

regulation of HGF has been studied in other cell types as well, but the results are varied.  

For example, endothelial cells have been shown to either downregulate HGF expression 

with hypoxia (Hayashi et al., 1999) or upregulate HGF in ischemic muscles (Onimaru et 

al. 2002).    In contrast, fibroblasts appear to increase HGF secretion with hypoxia 

(Desiderio 2007) and hypoxia leads to release of HGF in association with mast cells 

(Matsumori et al., 2007). 

In order to test which angiogenic growth factor was likely to be responsible for 

this decrease in angiogenesis in hypoxic environment, gene expression analysis and 

ELISA tests were performed on satellite cells in hypoxic and normoxic environments.  

While VEGF increased in expression as expected, HGF expression decreased 

significantly in satellite cells in this hypoxic environment compared to normoxia (Figure 

3.3A & C).  Analysis of protein levels in the conditioned media further confirmed the 

depression of HGF as media protein concentration was significantly lower from hypoxic 

satellite cells (Figure 3.4).  Taken together, the decrease in angiogenic potential seen in 

satellite cells in hypoxic conditions appears to be due to the decrease in HGF expression 

and secretion.  It is tempting to speculate that in low O2 conditions, cells may initiate a 

pro-survival response and likely minimize costly activities such as cell proliferation.  
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Thus, it is possible that HGF expression and secretion is increased as O2 levels decrease, 

but only to a certain point (somewhere above 1.0% O2). Below this threshold, the cells go 

into pro-survival mode and thus HGF expression and secretion decreases. 

Interestingly, while there is a decrease in HGF expression and protein secretion 

there is an increase in the expression of the HGF receptor c-met (Fig. 3.3D). This is 

similar to other studies, which demonstrate that c-Met expression becomes upregulated in 

tissue regeneration with injury (Michalopoulos, DeFrances 1997)  as well as in hypoxic 

conditions as seen in tumors (Pennacchietti et al. 2003). One possible explanation is that 

the satellite cells may actually be maximizing their migration potential through the 

known c-met/HGF migratory signaling pathway.  In particular, by decreasing HGF 

secretion the satellite cell is not receiving autocrine HGF signals and thus is only 

detecting HGF from surrounding tissue maximizing the cells ability to home to the site of 

HGF release.  Furthermore, by increasing c-met receptors HGF detection and the 

migration stimulus would be heightened further.  In situations of injury such a process 

may be critical as satellite cells become activated and then must migrate to the site of 

injury.  Decrease in HGF protein secretion and increase in c-met expression under 

hypoxic conditions mimics the injury model and thus may explain the observed results. 

As described above, one of the key mediators in this hypoxic response in cells is 

the transcription factor HIF-1, which becomes stabilized in low oxygen environments.  

Similar to other cell types, satellite cells placed in hypoxic environments show increased 

HIF protein levels compared to cells in normoxic environments apparently due to HIF-1 

stabilization (Figure 3.1).  It is interesting to note that despite the increases in HIF protein 
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levels in hypoxic conditions, there is a significant decrease in HIF gene expression seen 

after 48 hours in the hypoxic environment compared to normoxia (Figure 3.3D).   A 

number of studies have shown that there is also activation of HIF-1 in many cell types 

through non-hypoxic stimuli.  In particular it has been shown that induction and 

activation of HIF-1 can be stimulated with various growth factors (Feldser et al. 1999, 

Richard, Berra & Pouyssegur 2000) and cytokines (Hellwig-Burgel et al. 1999).  

Contrary to hypoxic stabilization of HIF-1, this non-hypoxic increase appears to be due to 

an increase in HIF-1α expression, as degradation does not seem inhibited.    

The idea of novel non-hypoxic HIF-1 stimuli is currently a popular area of 

research and several pathways have been identified including the p42/p44-MAPK and 

PKC pathway (Page et al. 2002).  In fact, a study by Ono et al., 2006 showed that in 

C2C12 myocytes there is an upregulation of HIF-1α during differentiation and the 

knockdown of HIF-1α via siRNA inhibited myoblast differentiation significantly (Ono et 

al. 2006).  These results suggest that HIF-1α may be stabilized independent of oxygen 

tension.  Our results also indicate that the increase in HIF protein seen in the satellite 

cells must be due to HIF stabilization and not through increased protein translation.  

While the HIF expression levels are decreasing, HIF protein levels remain greater 

in the hypoxic environment due to HIF stabilization.  With HIF levels increasing and 

HGF levels decreasing in satellite cells in hypoxic environments, the potential role of HIF 

in HGF expression was further analyzed.  First, using constitutively active HIF 

expression plasmids, satellite cells were transfected and their angiogenic potential was 

measured.  The transfection of the CA-HIF plasmid resulted in a decrease in angiogenic 
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response indicating a HIF regulated decrease in satellite cell mediated angiogenesis 

(Figure 3.5).  Upon analysis of gene expression with transfection of the CA-HIF plasmid, 

there was a similar trend to that seen in the hypoxic condition.  VEGF expression was 

increased and HGF expression and secretion was decreased in cells transfected with the 

CA-HIF plasmid compared to the empty plamid (Figure 3.6-3.7).   

Another possible explanation for the decrease in HIF expression in the hypoxic 

environment may relate to previous work which showed that there is an upregulation of 

HIF during differentiation and by knocking down HIF via siRNA, myoblast 

differentiation was significantly reduced (Ono et al. 2006).  It may be that in this hypoxic 

state, satellite cells remain in an activated state and refrain from differentiation until the 

normoxic conditions required for tissue survival are back in place.  Because satellite cells 

express HIF and low levels of HIF protein are present even under normoxic conditions, 

we sought to decrease the effects of HIF through HIF-shRNA lentivirus infection in 

normoxic conditions.  HIF-shRNA transduction caused decreased HIF gene expression 

compared to the control (Figure 3.8).  However, no significant changes were observed in 

sprout length, in HGF gene expression or in HGF protein synthesis (Figure 3.9 & 3.10).  

These results indicate that although low HIF abundance exists in satellite cells during 

normoxia, the effect of HIF on HGF and thus on angiogenic potential of satellite cells is 

not significant and suggests that there may be an alternative mechanism of regulation.   

Studies have shown that HGF may induce HIF-1 and appears the only growth 

factor that regulates HIF-1 expression at the transcriptional level (Tacchini et al. 2004).  

Our results may suggest that a simple feedback loop between HIF-1 and HGF operates 



 137 

where HGF may induces HIF-1 which then signals back on HGF leading to a decrease in 

HGF expression.  This negative feedback loop may also help explain the decrease in HIF 

expression in that it may be the decrease in HGF seen with hypoxia that leads to a 

decrease in HIF expression, implying that this is one of the growth factors involved in the 

non-hypoxic stimulation of HIF described above. 

The final experiments to verify the regulation of HGF by HIF-1 were performed 

by placing the HIF sh-RNA vs. empty sh-RNA infected cells into hypoxic conditions.  

This resulted in a decrease in HIF expression in the HIF sh-RNA infected cells and thus a 

decrease in VEGF expression but an increase in HGF (Figure 3.12).  These results further 

strengthen the idea that HGF expression is negatively regulated by HIF in satellite cells.  

Although HGF expression and levels were significantly lower in the hypoxic vs. 

normoxic environment, there was no significant change in sprout length or number which 

could have been due to the compensatory pro-angiogenic effect of the increase in VEGF 

(Figure 3.11). 

In order to identify if HIF was acting directly on the HGF promoter to alter HGF 

gene expression in our experiments, various HGF promoter reporter plasmids were 

constructed, transfected and analyzed in environments of hypoxia and normoxia.  When 

using the full length HGF promoter, there was the expected response as seen by the 

decease in luciferase activity in the hypoxic and CoCl2 treatments (data not shown).  

Transfections of satellite cells using the plasmid with an HGF promoter length of 1000 

base pairs thus including the HRE site, resulted in a similar response to the full length 

promoter with again a decrease in luciferase activity in the hypoxic and CoCl2 
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environments (Figure 3.14).   Further analysis of the promoter region of HGF indicates a 

possible HRE site at base pair -900 to -895, and thus was the likely location for a hypoxia 

mediated response (Table 3.1).  Future work will involve a plasmid not containing the 

proposed HRE site allowing for analysis of the interaction of HIF on the HGF promoter 

at the HRE site at bp -900 to -895.  This would provide an insight on the mechanism 

resulting in the negative regulation of HGF expression in these hypoxic conditions. 

In summary, it appears that satellite cells decrease their angiogenic capacity if 

oxygen levels decrease below 1%.  The decrease in pro-angiogenic properties appears to 

be due to the decrease in HGF expression and protein secretion and is not compensated 

for by the increase in VEGF expression and secretion.  Furthermore, the regulation of 

HGF in these hypoxic conditions appears to be in part due to increased HIF levels, which 

appear to be acting through the HRE site found on the HGF promoter.  While low levels 

of HIF are also present in normoxic environments, these levels do not appear to affect 

HGF expression or participate significantly in angiogenic stimulation by satellite cells.   
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CHAPTER 4:  THE ROLE OF SATELLITE CELL MEDIATED ANGIOGENESIS 

IN DYSTROPHIC MUSCLE 

CHAPTER 4:  THE ROLE OF SATELLITE CELL MEDIATED ANGIOGENESIS 
IN DYSTROPHIC MUSCLEDYSTROPHIC MUSCLE 

BACKGROUND 
 
 Healthy adult skeletal muscle demonstrates the remarkable capacity to adapt to 

trauma and injury via muscle regeneration and repair.  This ability is largely attributed to 

the stem cell within adult skeletal muscle called satellite cells.  These myogenic cells lie 

in quiescence until activated by some environmental stress such as injury.  Once 

activated, satellite cells undergo multiple rounds of proliferation where some cells 

ultimately differentiate into muscle tissue while others return to quiescence to replenish 

and thus maintain the satellite cell pool.  While the number of satellite cells in muscle 

may vary depending on fiber type and species, the number of total satellite cells in the 

body essentially remains stable within healthy adults despite these numerous bouts of 

injury and repair (Gibson, Schultz 1982, Gibson, Schultz 1983). 

In aged muscle or disease states, such as Duschenne Muscular Dystrophy, 

however there is a significant reduction in the regenerative capacity of the skeletal 

muscle (Brooks, Faulkner 1990, Carlson, Faulkner 1998, Grounds 1998).  The causes of 

this diminished regenerative capacity are likely to be numerous, but one major factor in 

both conditions appears to be a decrease in the absolute number of satellite cells 

(Webster, Blau 1990, Webster, Blau 1990, Snow 1977) as well as a diminished myogenic 

capacity (Schultz, Jaryszak 1985, Schultz, Lipton 1982b).  One hypothesis for this is that 

although satellite cells possess a remarkable ability to self-replicate, this ability is 
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eventually decreased and thus their ability to form new myofibers or repair existing ones 

is markedly impaired.  Therefore in aged or diseased muscle a contributing factor to the 

reduced ability for skeletal muscle regeneration is the replicative senescence satellite 

cells enter into following numerous bouts of activation and proliferation. 

While numerous studies have been conducted looking at the diminished myogenic 

capacity of satellite cells in these disease states, there appears to be another important 

role of satellite cells in muscle regeneration.  Satellite cells may be contributing to the 

revascularization of this newly forming tissue by secreting soluble proteins known to be 

angiogenic in nature, such as HGF (see Ch. 2) and VEGF (Rhoads et al., 2009).  

Interestingly, it has also been shown that in dystrophic muscle that total capillary density 

per muscle is also reduced (Nguyen et al. 2005).  Taken together, it is conceivable that 

there is not only a diminished myogenic capacity in satellite cells from dystrophic 

muscle, but also a diminished angiogenic capacity contributing to an overall decrease in 

capillary density within the muscle.   

In order to examine the angiogenic potential of dystrophic satellite cells, we again 

utilized the three-dimensional microvascular fragment (MVF) construct with conditioned 

media taken from primary satellite cells of dystrophic (mdx) mice compared to healthy 

control mice.  The results indicate a diminished angiogenic response from satellite cells 

of dystrophic muscle and may thus be an important factor in the diminished 

revascularization seen in dystrophic muscle.  These results also highlight the necessity of 

further investigation of the angiogenic impact and impairment seen in the satellite cells 
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from dystrophic muscle and present a promising target for therapeutic intervention in the 

future. 
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MATERIALS AND METHODS  
 

Animals 

14-15 month old dystrophic (C57BL/10ScSn-Dmdmdx/J) and control 

(C57BL/10ScSn) mice were used (Jackson Laboratory).  All animal care use was 

conducted according to National Research Council guidelines and approved and 

supervised by the University of Arizona Institutional Animal Care and Use Committee.   

Satellite Cell Isolation and Culture   

As described in more detail above (See Ch. 2), all primary satellite cells isolations 

were performed according to Allen et al. (Allen et al., 1997).  Briefly, hind limb skeletal 

muscles were excised and trimmed of fat and connective tissue.  Six mice of each 

experimental group were used for each experimental trial in order to acquire enough 

satellite cells for culture. The cleaned muscle tissue was then hand minced with sterile 

scissors and digested in 1.25 mg/ml protease buffer for 45 minutes at 37ºC.  Cells were 

then separated from the tissue debris by differential centrifugation and were plated onto 

uncoated tissue culture dishes for two hours after which time, non-adherent cells were 

plated onto tissue culture dishes coated with 20 µl/cm2 poly-L-lysine and a 10µg/ml 

solution of fibronectin in sterile PBS and cultured in growth media (DMEM + 20% FBS 

+ 0.1% penicillin-streptomycin + 0.05% gentamicin) until further use. 
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In Vitro MVF Culture Model 

As described in more detail above (See Ch. 2), microvascular fragments were 

isolated from adipose tissue as described previously by Hoying et al. (Shepherd et al. 

2004).  Briefly, epididymal fat was excised, hand minced with sterile scissors and 

digested in a solution of 2mg/ml Type 1 collagenase and 1mg/ml DNAse in 0.1% BSA-

PBS for 6 min at 37ºC.  MVFs were washed via centrifugation and resuspension in 0.1% 

BSA-PBS and then differentially selected for by running the MVF suspension through a 

500-µm screen before collecting the MVFs on a 30-µm screen.  Isolated MVFs were then 

suspended in pH-neutralized 3mg/ml rat tail type I collagen at 15,000 MVF/ml.   

Angiogenic growth was ultimately determined by measuring sprout length and number 

per parent fragment as described previously (Rhoads et al. 2009, Chang, Hoying 2006). 

 

Collection and Treatment of Satellite Cell Condition Medium 

 Conditioned media (CM) was collected from primary rat satellite cells as 

described by Rhoads et al. (see Ch. 2) (Rhoads et al., 2009).  Briefly, plates containing 

primary satellite cells (72 hours post-isolation) were rinsed with pre-CM (DMEM + 0.1% 

penicillin-streptomycin + 1X ITS) to remove residual serum.  Cells were then cultured in 

pre-CM for 16 h at which time the CM was collected and centrifuged to remove any 

cellular debris.  CM and control media were concentrated to 10X before being analyzed 

for HGF protein concentration (HGF ELISA kit, R&D Systems) or used for culture of 

MVF at which point, FBS was added to a final concentration of 2% in each.   
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Analysis of Gene Expression in Satellite Cells 

Total RNA was isolated from primary satellite cells (88 hours post-isolation) 

using the QUIAGEN RNeasy Mini Kit (QIAGEN, Germantown, MD).  500 ng of total 

RNA was reverse transcribed using SuperScript III First-Strand Synthesis Sytem for RT-

PCR (Invitrogen, Carlsbad, CA).  Real-time SYBR green PCR assays were performed in 

triplicate in a 25-µl volume using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) + 

1ul primer set (HGF F’- ttcccatcacccctgtaaatg, HGF R’- ttggagtacttggtctagttcttag, VEGF 

F’- gcaggctgctgtaacgatgaa, VEGF R’- tccgcatgatctgcatggtga) + diluted cDNA (5 ng). 

Flourescence was quantified with the iQ5 Real-Time PCR Detection System (Bio-Rad) 

and analysis was performed with iQ5 Optical System software (version 2.0, Bio-Rad).  

Each assay plate contained negative controls and the data was analyzed using a 5-point 

relative stand curve generated using serial 10-fold dilutions of cDNA prepared and 

pooled from experimental samples.  The unknown sample expression was determined 

from the standard curve and adjusted for ß-actin expression. 

 

Cell Number Assay  

Cell number was determined through DNA levels measured using a DNA assay 

(CyQuant Cell Proliferation Assay Kit, Molecular Probes).  For all experiments, samples 

were run in triplicate and standard curves were run using lysates taken from known 

number of cultured primary satellite cells.  Data from this assay were used to calculate 

results normalized to cell number. 
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Statistical Analysis 

Statistics were performed using analysis of variance and is presented as the mean 

± standard error of the mean. Statistical significance is denoted by differing letters at a 

preset level of significance of α = 0.05. 
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RESULTS 
 

 We have previously demonstrated that satellite cell-mediated angiogenesis can be 

quantified by placing satellite cell conditioned media onto three dimensional vascular 

fragment constructs and then measuring sprout length and sprout number forming off the 

parent fragments (Rhoads et al., 2009, Chapters 2 & 3).   In order to investigate the 

changes in angiogenic potential of satellite cells from dystrophic muscle compared to 

control healthy muscle these constructs with conditioned media were again utilized.  The 

results revealed a significant decrease in angiogenic potential in satellite cells from 

dystrophic muscle compared to control.  This reduction was seen as a significant decrease 

in sprout length of nearly 19% from approximately 292µm in the control satellite cells 

down to 245µm in the satellite cells isolated from dystrophic muscle (Figure 4.1A).  A 

similar reduction was seen in sprout number as there was a downward trend from 2.57 to 

2.42 sprouts per parent fragment; a reduction of nearly 6% (Figure 4.1B). 
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A 

 
B 

 
 
Figure 4.1- Angiogenic effect of satellite cell conditioned media from dystrophic vs. control 
muscle. 
In vitro angiogenesis was measured in MVF constructs as average sprout length (µm) and sprout 
number per parent fragment. MVF cultures were grown for 5 days in the presence of culture 
conditioned media collected from satellite cells of dystrophic vs. control muscle.  A: 
Quantification of sprout length graphed as average sprout length ± SEM (p<0.05).  B: 
Quantification of sprout number graphed as average sprout number per vessel ± SEM (p<0.05). 
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 Next, we sought to determine the changes in gene expression in cultured satellite 

cells from dystrophic muscle compared to control satellite cells.  Relative quantity of 

gene expression from real time PCR showed a significant increase of nearly one and a 

half fold in HGF gene expression in the satellite cells isolated from dystrophic muscle 

(Figure 4.2A).  VEGF gene expression levels however were decreased significantly in the 

satellite cells from the dystrophic muscle (Figure 4.2B).  This reduction in VEGF 

expression was nearly identical to that of HIF gene expression which was also found to 

be significantly reduced in the satellite cells of dystrophic muscle (Figure 4.2C).  This 

correlation between the reduction in HIF, the reduction in VEGF and the increase in HGF 

is similar to the results described previously in Ch. 3 using HIF sh-RNA lentivirus. 
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A 

 
B 

 
C 

 
Figure 4.2- Gene expression in satellite cells from dystrophic and control skeletal muscle. 
Primary satellite cells from mdx versus control mice were cultured and then harvested for 
quantification of gene expression via real-time PCR.  All gene expression levels are normalized 
to the housekeeping gene β-actin levels and are expressed as relative quantity of gene expression 
± SEM.  A: HGF gene expression relative quantity normalized to empty (p<0.05).  B: VEGF 
gene expression relative quantity normalized to empty (p<0.05).  C: HIF-1α gene expression 
relative quantity normalized to empty (p<0.05). 
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 HGF ELISA assays were then run in order to compare protein levels in media 

conditioned by satellite cells from control and dystrophic muscle.  The results coincided 

with the increase in HGF gene expression reported earlier as HGF levels in the 

conditioned media from satellite cells of dystrophic muscle were significantly higher than 

the HGF levels in the control, with HGF levels averaging nearly 68pg/ml and 35pg/ml 

respectively (Figure 4.3). 

 
 

 
 
Figure 4.3- HGF ELISA from satellite cell CM from dystrophic vs. control muscle. 
Measurements were made on control media (DMEM) after 16 hours of conditioning by satellite 
cells of mdx versus control mice.  Values in the graph are HGF protein level averages in pg/ml ± 
SEM normalized to cell number. 
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proliferate.  Because of this, we sought to quantify cell number in order to compare 

activation and proliferation rates of these two populations of satellite cells.  Although not 

statistically significant, there was on average nearly an 18% increase in cell number of 

the satellite cells from the dystrophic muscle compared to the control (Figure 4.4). 

 

 
 

 

Figure 4.4- Proliferation rates of satellite cells from dystrophic versus control muscle. 
Primary satellite cells were cultured and then harvested for quantification cell number as 
determined through measurement of DNA.  Values are presented as cell number relative 
to control ± SEM. 
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DISCUSSION 
 

The mdx mouse model used in these studies, like human dystrophy, is an X-

linked myopathic mutant, which lacks the dystrophin protein (Hoffman, Brown & Kunkel 

1987, Sicinski et al. 1989).  Interestingly, in young and adult mdx mice (up to 52 weeks 

old), there is continuous muscle fiber necrosis but this is compensated by vigorous 

regeneration leading to hypertrophic muscles.  Because of this, many argue that while the 

mdx mouse serves as a nice model lacking the dystrophin gene, these mice show little to 

no clinical signs or functional characteristics of the disease including no loss of 

mobilization and therefore may be a poor model.   However, in old mdx mice (60-104 

weeks) this regeneration declines while the necrotic process persists (Pastoret, Sebille 

1995b, Pastoret, Sebille 1995a).  The combination of abnormal muscle fiber morphology, 

muscle degeneration, skeletal muscle necrosis, and abnormal muscle physiology make 

these old mdx mice similar to those described in other dystrophinopathies in animals and 

humans (Lefaucheur, Pastoret & Sebille 1995) and are thus the model used here.   

With the results presented in Chapter 2 and 3 of this study demonstrating the 

critical role of HGF in satellite cell mediated angiogenesis and previous observations of 

VEGF also playing a similar pro-angiogenic role (Rhoads et al., 2009), we sought to 

investigate the potential role of satellite cell mediated angiogenesis in the reduction of 

vasculature seen in dystrophic muscle.  The results of this study show that while HGF 

gene expression and protein levels appeared to increase slightly in satellite cells from 

dystrophic muscle, VEGF gene expression and protein levels are significantly reduced 

(Figure 4.2).   
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There is also a decrease in satellite cell mediated angiogenesis from mdx satellite 

cells compared to control (Figure 4.1).  While many other factors are likely to be 

involved, VEGF is a major regulator of physiological and pathological angiogenesis and 

thus the decrease in VEGF expression seen in the dystrophic satellite cells is a logical 

explanation for the decrease in angiogenesic effect reported above .  Other studies have 

shown that administration of recombinant VEGF adenoassociated virus into dystrophic 

skeletal muscle improved pathophysiology of the mdx mouse including increased 

capillary density, a decrease in necrotic fiber area and an increase in regenerating fiber 

area (Messina et al. 2007).  It is tempting to speculate that the administration of 

recombinant VEGF may be compensating for the decrease in VEGF secretion in the 

dystrophic satellite cells.  To address this idea directly, a more recent study specifically 

overexpressed VEGF in muscle-derived stem cells using retroviral expressing vectors and 

found an increase in skeletal muscle repair through increased angiogenesis in mdx 

skeletal muscle (Deasy et al. 2009a).   Taken together, it appears that the satellite cells 

from mdx mice have a decreased VEGF expression leading to decreased angiogenesis 

and thus the ability to restore VEGF expression may provide a promising area for future 

therapeutic intervention. 

The slight increase in HGF expression and secretion reported here may be due in 

part to the heightened activation and proliferative state of the satellite cells of dystrophic 

muscle even prior to cell culture isolation.  In particular, HGF is known to be upregulated 

in activated and proliferating satellite cells and the continuous injury state of dystrophic 

muscle leads to an environment conducive to continuous satellite cell cycling.  This idea 
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is supported with results form this study, as seen by the increase in mdx satellite cell 

number compared to control (Figure 4.4).   

It is also important to note that the increase in HGF appears to be unable to 

compensate for the decrease in VEGF and thus a decrease in satellite cell mediated 

angiogenesis results.  Likewise, previous data from chapter 3 shows a correlation 

between a decrease in HGF and a decrease in satellite cell mediated angiogenesis seen in 

hypoxic conditions.  Furthermore, there are increases in VEGF expression in hypoxia and 

which also doesn’t appear to be able to compensate for the decrease in the corresponding 

growth factor.  While both HGF and VEGF are proangiogenic, taken together it appears 

that a decrease in either factor is more important than an increase in either factor for the 

regulation of angiogenesis. 

Previous research has shown that there is a reduced number of satellite cells in 

dystrophic muscle and that the remaining satellite cells appear to have diminished 

myogenic capacity (Blau, Webster & Pavlath 1983, Schultz, Jaryszak 1985, Webster, 

Blau 1990, Heslop, Morgan & Partridge 2000).  The novel findings from this study 

indicate that the physiological changes of satellite cells in dystrophic muscle also include 

a decreased ability to induce angiogenesis.  The correlation between a reduced VEGF 

expression and decreased angiogenic response makes VEGF the likely cause of this 

reduction in satellite cell mediated angiogenesis.  The implications of this finding suggest 

that this may be a contributing factor to the reduction in capillary density previously 

observed in dystrophic muscle and may serve as a potential site for therapeutic 

intervention.
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-                          CHAPTER 5:  CONCLUSIONS & FUTURE AIMS                          _ 

CHAPTER 5: CONCLUSIONS & FUTURE AIMS 
 
 Skeletal muscle regeneration is a multifaceted process requiring the spatial and 

temporal coordination of myogenesis as well as angiogenesis.  While these processes are 

often studied independently, recent evidence as well as evidence presented herein, has 

shown that upon activation the resident adult stem cell population within skeletal muscle, 

called satellite cells, begin secreting growth factors that likely contribute to a 

proangiogenic response.  It seems plausible and now likely that the activation of satellite 

cells in regenerating muscle plays a critical role in the coordination of these two linked 

independent events.   

Several growth factors are secreted by satellite cells that are known to be 

proangiogenic, including the growth factors vascular endothelial growth factor (VEGF) 

and hepatocyte growth factor (HGF).  Our lab has recently shown that VEGF appears to 

play a role in this satellite cell mediated angiogenic response using an in vitro three 

dimensional microvascular fragment (MVF) construct both in co-culture with satellite 

cells as well as from satellite cell conditioned media (CM).  For the experiments in this 

study, this MVF culture model was used to investigate the role of HGF in the satellite cell 

mediated angiogenic response with various treatments of satellite cell conditioned media.  

As described in Chapter 2, HGF protien levels were found to be elevated in the satellite 

cell conditioned media and upon neutralization of this protein the angiogenic effect was 

decreased in a dose dependent manner. The reduction in angiogenesis however was 

recovered upon addition of recombinant HGF indicating that HGF is a critical protein for 
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the proangiogenic effect of satellite cell CM.  Furthermore, transductions of satellite cells 

with a HGFα/β shRNA lentivirus prior to conditioning media resulted in a decrease in 

HGF protein secretion and reduction in angiogenic effect of the CM further indicating the 

critical role of HGF in satellite cell mediated angiogenesis.  Taken together it appears that 

both VEGF and HGF are critical factors in satellite cell mediated angiogenesis however 

additional experimentation is needed to elucidate the signaling pathways leading to their 

regulation in this capacity.  

Interestingly, while both VEGF and HGF are proangiogenic it has been shown in 

endothelial cells that VEGF and HGF have little overlap in their ability to affect 

expression of various genes, indicating potentially distinct signal transduction pathways 

(Gerritsen et al. 2003).  In contrast, other studies however have shown definite cross-talk 

between VEGF and HGF in other cell types.  One study in particular inhibited HGF using 

the antagonist HGF/NKF, which resulted in an inhibited VEGF induced angiogenic 

resoponse (Nakabayashi et al. 2003).  Others have shown that HGF promotes VEGF 

expression and appears to act synergistically with VEGF to promote angiogenesis (Van 

Belle et al. 1998a, Xin et al. 2001, Wojta et al. 1999) although HGF is apparently able to 

induce angiogenesis independent of VEGF (Sengupta et al. 2003a). 

To explore a potential interaction of VEGF and HGF in satellite cell mediated 

angiogenesis, we performed preliminary experiments using our CM- MVF model in an 

attempt to recover the angiogenic decrease seen with anti-HGF through the addition of 

recombinant VEGF.  The results revealed a partial recovery in the angiogenic response 

(data not shown) with the addition of recombinant VEGF supporting the idea of possible 
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cross talk between these two pathways in the angiogenic response.  The interaction of 

these pathways in satellite cell mediated angiogenesis will be discussed in more detail 

below but remains largely unknown and thus represents an important aim for future 

experiments.    

 It is important to also remember that there are both positive and negative feedback 

loops in many signaling networks.  Angiogenesis in particular is a highly complex 

phenomenon that includes multiple physiological mechanisms which must work in 

concert with one another.   Throughout these processes, numerous growth factors are 

regulated and contribute to each step in various ways.  Therefore, it is important to 

remember that while we have focused on the impact of a limited number of pro-

angiogenic factors, such as VEGF and HGF, there are many other pro-angiogenic factors 

found in regenerating muscle, e.g. FGF.  Perhaps equally important are the many anti-

angiogenic factors, such as, angiostatin and endostatin which play important roles in 

regulation of angiogenesis as well.  Future work incorporating these other pro-angiogenic 

and anti-angiogenic factors will be critical in understanding the complex process of 

muscle revascularization. 

While the focus of these studies was on satellite cell mediated angiogenesis, there 

are obviously numerous other pathways and physiological processes that may be 

impacted by the secretion of VEGF and HGF from activated satellite cells during these 

injury states.  For example, the upregulation of both of these genes in satellite cells in 

response to experimental muscle damage might suggest the operation of an autocrine 

pathway that may promote regeneration and survival of the satellite cells (Rissanen et al. 
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2002, Tuomisto et al. 2004, Germani et al. 2003c, Arsic et al. 2004b).  It is also 

noteworthy that satellite cells have an increased density near capillaries (Schmalbruch, 

Hellhammer 1977, Christov et al., 2007), and thus the secretion of VEGF and HGF from 

satellite cells may therefore also suggest a possible role in the homing of various cells 

from circulation.  One likely candidate is circulating progenitor germ cells which have 

been shown to have the ability to adopt a myogenic fate (De Angelis et al. 1999) as well 

as respond to VEGF via chemoattraction (Asahara et al. 1999, Hattori et al. 2001).  These 

examples highlight the need to explore the other potential roles of satellite cell secreted 

VEGF and HGF in skeletal muscle regeneration. 

Following the identification of VEGF and HGF as critical proteins in satellite cell 

mediated angiogenesis, the regulation of these proteins and their contribution to the 

angiogenic potential of satellite cells were next studied in hypoxic environments. It was 

our hypothesis that satellite cells would increase their pro-angiogenic properties in 

response to hypoxia to maximize revascularization of the regenerating skeletal muscle 

tissue.  However, as seen in Chapter 3, rather than increasing their angiogenic effect, the 

opposite was observed and a hypoxic environment caused a significant decrease in 

angiogenic response in our MVF construct.  Analysis of the gene expression and CM of 

the satellite cells exposed to a hypoxic environments revealed that although VEGF 

expression increases as expected, HGF expression and protein levels are significantly 

reduced.  As seen in Chapter 2, the reduction in HGF protein led to a reduced angiogenic 

response and is thus likely to explain the observed reduction in satellite cell mediated 

angiogenesis in these hypoxic environments as well.  A physiological explanation for this 
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reduction in HGF may be due to a pro-survival response of the satellite cells as well as to 

a potential maximization of migratory properties as described in Chapter 3.  Needless to 

say, more investigation needs to be done on satellite cell behavior in these hypoxic 

environments in order to further understand the physiological advantages to their 

response. 

Results from chapter 3 also indicate that the reduction in HGF appears to be 

regulated by the transcription factor HIF which is likely to act directly on a putative HRE 

site within the HGF promoter. Such an outcome may not be surprising given that HIF has 

been shown to induce more than one hundred genes including VEGF, HGF and others 

involved in angiogenesis and the hypoxic response in other cell types as well (Ke, Costa 

2006, Semenza 2003).  In fact, previous work from our lab has shown that HIF is a key 

factor regulating VEGF expression in activated satellite cells in vitro (Rhoads et al., 

2009) and lends support to this possibility.  

There is increasing evidence that HIF-1 is also implicated in biological functions 

that require its activation under normoxic conditions as well.  Several studies clearly 

demonstrate that in most tissues the inhibition of HIF degradation is the regulating step 

and that this process is not limited by nuclear import of the HIF-1α subunit (Dery, 

Michaud & Richard 2005).  As described in Chapter 3, HGF has been implicated in the 

stabilization HIF and while this is worthy of further study in itself, there are other 

proteins that can stabilize HIF protein prior to the rapid degradation process during 

normoxia.   One of these proteins is heat shock protein 90 (HSP90), which has been 

shown to stabilize HIF but surprisingly the interaction between the two proteins is weaker 
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in hypoxic conditions (Minet et al. 1999).  In contrast to other tissue types, HIF-1 α in 

skeletal muscle may may also be regulated through nuclear import possibly through 

inhibition via binding of HSP90 in addition to the traditional degradation pathway (Kubis 

et al. 2005). Furthermore, several studies have shown that there are changes in satellite 

cell kinetics in response to heat stress.  One study in particular observed that following 

muscle damage, more activated satellite cells were identified in regenerating muscles at 

higher temperatures of around 42°C compared to the controls at 37°C (Oishi, Tsukashi, 

ohira 2009).  With our labs interest in heat stress and muscle regeneration and in lieu of 

the results presented here, this regulation of HSP90 on HIF-1 and thus on HGF may be of 

interest for future studies.  

Likewise, HIF has been shown to be linked to inflammation and may play a key 

role in the healing response during various types of injury accompanied by significant 

degrees of inflammation (Cramer et al. 2003).  In particular LPS challenges result in an 

increase in HIF expression in macrophages (Blouin et al. 2004) and IL-1 (a pro-

inflammatory cytokine) in particular has also been shown to increase HIF expression 

(Hellwig-Burgel et al. 1999).  It is likely that these cytokines may also impact satellite 

cells in a paracrine fashion and may also further explain the increase in satellite cell 

density near blood vessels as described above.  Understanding the role that these 

cytokines play on satellite cells is thus critical for the future understanding of this satellite 

cell mediated angiogenic response. 

While the results presented herein demonstrate a probable effect of HIF on the 

promoter region of the HGF gene, there are likely to be other pathways that are also 
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feeding back on this regulation of HGF as well.  In particular it has been shown that 

TGF-β increases in hypoxic conditions and with increasing levels of HIF (Falanga et al. 

1991, Basile et al. 1996, Sanchez-Elsner et al. 2004, Shi et al. 2007).   TGF-β has also 

been shown to negatively regulate HGF and thus the increase in TGF-β in these hypoxic 

conditions may further contribute to the decrease in HGF expression.  Perhaps even more 

interesting is the fact that TGF-β has also been shown to stable HIF (McMahon et al. 

2006).  With the results presented here it is now possible to speculate that the effect of 

TGF-β on decreased HGF expression described previously may have been due to the 

stabilization of HIF which in turn acts directly on the promoter region of the HGF gene. 

Much work has also been done in recent years regarding the role of nitric oxide 

(NO) in revascularization as NO appears to be a key mediator in vascular homeostasis.  

Several studies have shown that NO enhances VEGF production in numerous cell types 

including tumor cells (Chin et al. 1997, Kimura et al. 2000), chondrocytes (Turpaev et al. 

2001), mesangial cells (Frank et al. 1999) and vascular smooth muscles cells (Dulak et al. 

2000).  More recently, Kimura et al (Kimura et al. 2001) demonstrated that NO mediates 

the stabilization of HIF-1 in normoxic conditions, raises HIF binding capacity and 

increased the transcriptional rate from the VEGF promoter.  However, the effect of NO 

appears to differ in normoxic and hypoxic conditions depending on the cell type (Dulak, 

Jozkowicz 2001) and several studies have shown NO directed inhibition on HIF-1 

activity (Genius, Fandrey 2000) as well as VEGF synthesis in hypoxia (Ghiso et al. 1999, 

Adhikary, Premkumar & Prabhakar 2000).   
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In addition to the regulation of angiogenesis, NO plays a key role in a number of 

other cellular functions (Filippin et al. 2009) and is produced by several cells including 

skeletal and cardiac muscle cells, epithelial cells, endothelial cells, macrophages, 

fibroblasts and hepatocytes (Bogdan 2001).  One study in particular has shown in satellite 

cells, mechanical stretch leads to HGF release which appears to be NO dependent 

(Tatsumi et al. 2002b). Other studies have shown that NO is reduced in dystrophic 

muscle and will be discussed in greater detail below (Stemler, Meissner 2001).  Taken 

together, the impact of NO on HGF and satellite cell activity as well as on HIF 

stabilization, VEGF upregulation and vascular promotion make it an important factor for 

future investigation of satellite cell regulation and satellite cell mediated angiogenesis. 

We did not anticipate identifying potentially distinct roles of HGF and VEGF 

during satellite cell mediated angiogenesis in terms of stimulating sprout length versus 

sprout number.  In particular, it appears that the reduction in HGF due to anti-HGF 

antibody addition results in a decrease in both sprout number and length but the effect 

appears to be more pronounced in relation to sprout length. On the other hand, a 

reduction in VEGF as seen in the dystrophic mice also results in a decrease in both sprout 

number and length but the effect appears to be more pronounced in relation to sprout 

number.    This idea is further supported when looking at the difference between the 

decreases in angiogenesis due to anti-HGF versus hypoxia.  In hypoxic conditions there is 

also a decrease in angiogenesis, which is likely due to the reduction in HGF but there is 

also an observed increase in VEGF expression.  Comparing the results of these two 

conditions indicate that the decrease in length is similar in both situations but the sprout 
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number reduction is much less in the hypoxic conditions.  Likewise, in the dystrophic 

satellite cells there is a decrease in VEGF and a slight increase in HGF, which also results 

in decreased angiogenesis.  These conditions again present a natural environment to study 

the regulation of sprout length and number with HGF versus VEGF.   The results here 

show that the decrease in VEGF affects both sprout number and length, but possibly a 

little more effect on sprout number than seen in the previous experiments.  Taken 

together, these results may suggests that HGF may have a more substantial role in 

regulating sprout length while VEGF may play a more substantial role in regulating 

sprout number.   

Literature on the role of HGF and VEGF in angiogenesis also supports this idea.  

One study in particular indicated that when HGF and VEGF have additive effects on the 

angiogenic response resulting in an increase in sprout length as well as sprout number.  

However, when VEGF was added alone, the angiogenic impact of VEGF was not only in 

increased length of the sprouts but also of increased branch point number (sprout 

number). HGF on the other hand did enhance angiogenesis but appeared to result 

primarily in the increase in diameter of the endothelial vessels and not on the 

development of more branches (Beilmann, Birk & Lenter 2004).  Overall, these results 

are similar to those presented here indicating potentially different angiogenic properties 

of VEGF and HGF, however the regulation of these growth factors on sprout length and 

sprout number remains an relatively unexplored and important area for future research. 

Finally, the experiments in chapter 4 were based on previous observations that 

there is a reduced number of satellite cells in dystrophic muscle and that the remaining 
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satellite cells appear to have diminished myogenic capacity (Blau, Webster & Pavlath 

1983, Schultz, Jaryszak 1985, Webster, Blau 1990, Heslop, Morgan & Partridge 2000, 

Blau et al. 1983).   It was our hypothesis that these cells with diminished myogenic 

capacity may in turn have a diminished angiogenic response.  The results presented here 

supported this hypothesis as there was a reduction in angiogenesis from media 

conditioned by satellite cells from dystrophic muscle compared to healthy control muscle 

and indicates that the impaired myogenic properties of satellite cells observed in 

dystrophic muscle may also be accompanied by a diminished angiogenic potential as well.  

These results therefore also indicate that these impaired satellite cells may contribute to 

the reduction in capillary density previously observed in dystrophic muscle and may 

serve as a potential site for therapeutic intervention. 

Furthermore, the reduction in VEGF from dystrophic satellite cells appears to be the 

cause of the diminished angiogenic response and cannot be compensated for by the 

observed increase in HGF.  Likewise the reduction in satellite cell derived HGF during 

hypoxic conditions appears to be the cause of diminished angiogenic response and cannot 

be fully compensated for by an increase in VEGF.  Taken together, it appears that there 

are critical levels of each protein necessary for a “proper” angiogenic response and 

although greater abundance of these proteins may further stimulate angiogenesis, 

discordant reduction in either protein results in a diminished angiogenic response that 

cannot be fully compensated for by the other factor.  It is likely that there is not only 

crosstalk between the proangiogenic pathways of these two growth factors but also 

overlap among the pathways leading to regulation of their expression in satellite cells. 
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NO has also been studied in the dystrophic model where results further indicate 

an important role of NO on satellite cells as described above.  One particularly promising 

area is looking at nNOS (neuronal nitric oxide synthase), as nNOS has been shown to be 

located in specialized structures at the surface membrane by binding to syntrophin, a 

dystrophin-associated protein (Stamler, Meissner 2001).  The absense of dystrophin as 

seen in Duchenne muscular dystrophy causes secondary loss of nNOS from the 

sarcolemma.  Again it appears that these NO studies may help explain the changes seen 

in VEGF as well as HGF expression as reported in our studies and thus may also 

contribute to the pathologies seen in dystrophic muscle. 

In conclusion, the results presented here support the idea that satellite cells play a 

critical role in mediating revascularization in regenerating skeletal muscle tissue.  This 

observation therefore also presents a physiological mechanism for the coordination of 

two critical processes in skeletal muscle regeneration; myogenesis and angiogenesis. 

While the satellite cell’s role in myogenesis has been studied in detail, the role of satellite 

cells in angiogenesis remains relatively unknown.   It now appears that the regulation of 

angiogenesis is accomplished through secretion of soluble growth factors that have 

proangiogenic effects.  We have previously shown that VEGF is one such factor and have 

now demonstrated that HGF is a critical protein in satellite cell mediated angiogensis as 

well.  Satellite cell biology changes significantly in various environments such as 

hypoxia and with altered physiological conditions such as muscular dystrophy, and thus 

the role of satellite cell mediated angiogenesis appears impacted as well.  Understanding 

the regulation of these proangiogenic factors in satellite cells is critical to our 
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understanding of satellite cell mediated angiogenesis as well to potential sites of 

therapeutic intervention, and thus remain an important area of study for future 

investigation.
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