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ABSTRACT

Research for this thesis was conducted to study the mechanism by which satellite

cells affect angiogenesis via hypoxia-inducible factor-1 (HIF-1) and vascular endothelial

growth factor (VEGF). We found that satellite cells exposed to hypoxia and cobalt

chloride (CoCl2) had increased HIF-1 activity, greater VEGF gene expression, and higher

levels of VEGF protein secreted into conditioned medium, when compared to satellite

cells cultured in normoxia. The biological role of VEGF protein in satellite cell-mediated

angiogenesis was observed when the growth of microvascular sprouts in satellite cell

conditioned medium was inhibited by the addition of VEGF soluble receptors. This

inhibition could be reversed when recombinant VEGF protein was added. Taken

together, these data suggest that satellite cells mediate angiogenesis through the secretion

of VEGF protein, and VEGF secretion can be increased upon exposure to a hypoxic

environment.
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CHAPTER 1

BACKGROUND

LITERATURE REVIEW

Satellite cells

Satellite cells were first described in frog muscle as cells that were “wedged”

between the plasma membrane of muscle fibers and the basement membrane, and the role

of these cells was speculated to possibly be important in skeletal muscle regeneration

(Mauro, 1961). Satellite cells continued to be studied and were confirmed to be closely

associated with the muscle fibers, with the basal lamina containing both entities as one

package, and the quiescent satellite cell was found to have few organelles and little

cytoplasm (Schultz and McCormick, 1994). In addition to the naming and discovery of

satellite cells, Mauro also offered several hypotheses for the origin of these cells,

including the possibility that they were leftover from embryonic development and would

be able to emulate embryonic skeletal muscle development in postnatal life if damage to

skeletal muscle occurred.

Mature skeletal muscle fibers are terminally differentiated, yet they have a

vigorous capacity for regeneration. Thus, any growth or repair must come from another

source, namely satellite cells (reviewed in Allen et al., 1979). Satellite cells proliferate

and differentiate during growth of an organism to supply nuclei to growing muscle fibers

(Moss and Leblond, 1971). Satellite cells in adult muscle are quiescent and remain so

until there is a reason, such as injury, to become activated (Carlson, 1973). Upon injury,

signals are generated to activate the satellite cells. They subsequently proliferate and
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then differentiate and fuse to existing fibers or to each other to form new fibers or return

to quiescence to maintain the satellite cell reserve of the muscle (Carlson and Faulkner,

1983; Schultz and McCormick, 1994).

Regulation of muscle repair is important, and as may be expected, the events

involved are controlled by a variety of growth factors. Allen and Boxhorn (1989)

demonstrated the effects of transforming growth factor-beta (TGF-β), basic fibroblast

growth factor (bFGF), and insulin-like growth factor-I (IGF-I) alone and in combination

with each other on proliferation and differentiation. They illustrated what they had

previously shown in that TGF-β inhibited differentiation and somewhat depressed

proliferation (Allen and Boxhorn, 1987). IGF-I was shown to incite both proliferation

and differentiation in a dose-dependent manner, while bFGF stimulated proliferation but

not differentiation. Furthermore, they showed that TGF-β could decrease proliferation

even in the presence of IGF-I and could almost completely inhibit differentiation caused

by IGF-I. TGF-β somewhat decreased the mitogenic response to bFGF, but there was

still a high degree of proliferation. The largest amount of proliferation and differentiation

was seen with a combination of IGF-I and bFGF, although TGF-β decreased the

differentiation when combined with the two other growth factors. Proliferation and

differentiation are thought to be mutually exclusive events, one occurring after the other.

It therefore makes sense that a particular growth factor such as TGF-β would inhibit

differentiation in order to allow proliferation to occur so an adequate number of satellite

cells could accumulate before fusing to repair damaged fibers.
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As previously mentioned, satellite cells in mature muscle are quiescent until they

are activated to enter the cell cycle. Activation is a separate process from proliferation

and must occur before the cells can replicate. Bischoff (1986) illustrated the presence of

a factor in crushed muscle extract (CME) that could stimulate activation, allowing the

satellite cells to commit to the cell cycle. This factor was identified by Tatsumi et al.

(1998) as hepatocyte growth factor (HGF). These researchers showed the presence of

HGF in CME, and the activating activity of the CME could be depleted upon the addition

of anti-HGF antibodies. This study also demonstrated that HGF was located in the

extracellular matrix (ECM) around muscle fibers and released as a result of injury, and

that satellite cells expressed c-met, the receptor for HGF. Furthermore, injection of HGF

into uninjured tibialis anterior muscle resulted in activation, providing in vivo evidence

that supports what was shown by Allen et al. (1995) where HGF caused activation of

quiescent satellite cells in vitro when added to the culture medium.

The growth factors that affect satellite cells can come from other tissues or from

the satellite cells themselves. Satellite cells produce and secrete a number of factors that

can act in both autocrine and paracrine manners. In addition to HGF, satellite cells have

been shown to make IGF-I, bFGF, and TGF-β, among others (reviewed in Hawke and

Garry, 2001). As previously mentioned, it was shown by Tatsumi et al. (1998) that HGF

is present in the ECM around satellite cells, is released by injury, and is the activating

agent seen by Bischoff in CME. HGF release and activity is not restricted to crush injury

and CME. It is also released by other forms of trauma, such as the stretching of muscle

in vivo and mechanical stretch of satellite cells in vitro (Tatsumi et al., 2001, 2006;
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Yamada et al., 2006). Furthermore, it is apparent that HGF is released upon stretch

injury because activation of satellite cells from unstretched muscle in cultures was seen

when extract from the stretched muscle or conditioned medium from the stretched cells

was added to the medium of the unstretched cells. This activation could be stopped when

anti-HGF antibodies were added to the medium or the extract. The use of conditioned

medium or extract from muscle to influence the events of other cells in separate cultures

provides excellent evidence for the importance of the secretion of growth factors by

satellite cells.

Hypoxia-inducible factor-1 

It is crucial that organisms possess the ability to adapt to low-oxygen conditions.

Hypoxia-inducible factor-1 (HIF-1) is a heterodimeric transcription factor found in nearly

all mammalian cells, including satellite cells, that regulates the transcription of various

genes that play a role in the body’s hypoxic response (Wang et al., 1995; Wang and

Semenza, 1995; unpublished observations in the Allen lab). Its two subunits, HIF-1α and

HIF-1β, each have a basic-helix-loop-helix (bHLH) region that allows for both

dimerization and DNA binding. HIF-1 binds the hypoxia response element (HRE) region

on the promoter of genes and activates their transcription, and when this HRE is fused on

a promoter that does not normally contain it, that gene is then activated by hypoxia

(Dachs et al., 1997). The HIF-1β subunit is constitutively expressed and has the ability to

heterodimerize with various other bHLH transcription factors. However, the HIF-1α

subunit is unique to HIF-1 and is regulated by oxygen levels. HIF-1α levels rise
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exponentially as the level of oxygen decreases (Jiang et al., 1996). HIF-1α is also

necessary for normal embryonic development and is responsible for regulating embryonic

hypoxia, as HIF-1α knockout mice die in utero and have atypical vasculature and

retarded embryonic growth (Iyer et al., 1998; Ryan et al., 1998).

HIF-1α mRNA is typically present in the cell, but, as formerly stated, the HIF-1α

protein is induced and is regulated by oxygen levels. In most cells, the protein is not

present in large quantities in normoxia relative to hypoxic conditions. Although the

protein is continually being translated, it is usually quickly degraded under normoxic

conditions (Huang et al., 1998). The half-life of HIF-1α is less than five minutes under

normal oxygen levels (Wang et al., 1995; Huang et al., 1998). HIF-1α protein can also

be stabilized through the use of cobalt chloride (CoCl2), and the binding of HIF-1 to

DNA is the same whether induced by hypoxia or CoCl2 (Goldberg et al., 1988; Wang and

Semenza, 1995). The mechanism by which CoCl2 works is not entirely understood, but it

is believed to replace Fe2+ in the porphyrin ring of heme on oxygen sensing molecules to

secure the molecule in the deoxy state (Goldberg et al., 1988).

The HIF-1α protein has an oxygen-dependent degradation domain (ODD) that

contains two specific proline residues that are hydroxylated by prolyl hydroxylase

domain-containing (PHD) proteins, marking them for degradation under normoxic

conditions (Bruick and McKnight, 2001; Epstein et al., 2001). The ODD is important for

the hypoxic regulation of HIF-1α because removing it creates a stable protein that is not

affected by hypoxia and transferring it to another protein not normally regulated by

hypoxia causes that protein to be unstable in normoxic conditions but stabilize with



15

hypoxia (Huang et al., 1998). The PHDs use oxygen as one of their substrates and are

therefore able to be active under normoxic conditions. The hydroxylation of the prolines

allows for an interaction between the protein von Hippel-Lindau (pVHL) and

HIF-1α (Maxwell et al., 1999; Cockman et al., 2000; Kamura et al., 2000; Ohh et al.,

2000; Tanimoto et al., 2000; Epstein et al., 2001; Ivan et al., 2001). VHL is a tumor

suppressor protein that is part of an E3 ubiquitin-ligase, and it targets HIF-1α for

degradation by directly binding to HIF-1α. After the interaction between VHL and the

hydroxylated HIF-1α, HIF-1α is ubiquinated and subsequently degraded by proteasomes.

If the proteasomes are blocked, then HIF-1α can be stabilized in normoxic conditions

(Salceda and Caro, 1997). Likewise, if pVHL is absent in cells, then HIF-1α is unable to

be degraded.

As mentioned previously, HIF-1α becomes stable in hypoxia. With low oxygen

levels, less oxygen is available to act as a substrate for the PHDs, making them inactive.

This prevents the hydroxylation of the proline residues in the ODD and the subsequent

interaction with pVHL. The interaction with pVHL is avoided so HIF-1α is not marked

for degradation and can become a stable protein. This allows it to translocate to the

nucleus where it dimerizes with HIF-1β to create a functionally active transcription

factor. It can then activate the transcription of genes that regulate oxygen homeostasis by

binding to the HRE on the promoter of these genes (Dachs et al., 1997).

HIF-1 is an essential regulator of oxygen homeostasis and activates the

transcription of genes that either increase oxygen availability or help the body

metabolically adjust to lower oxygen levels (reviewed in Semenza et al., 1999). These
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genes include but are not limited to erythropoietin, glucose transporters, glycolytic

enzymes, and vascular endothelial growth factor (VEGF). A general increase is seen in

these genes during hypoxia. Erythropoietin and VEGF are involved in increased oxygen

delivery, as erythropoietin leads to more red blood cells, and VEGF is important for

angiogenesis. The GLUT transporters and glycolytic enzymes play a role in metabolic

adaptation by increasing anaerobic metabolism.

Vascular endothelial growth factor

Vascular endothelial growth factor (VEGF) is a 45 kD heparin-binding,

homodimeric growth factor that is mitogenic almost exclusively for endothelial cells,

which are necessary parts of blood vessels (Ferrara et al., 1992). While other growth

factors such as IGF-I and bFGF also stimulate proliferation in endothelial cells, they are

mitogenic for other cell types as well, including satellite cells. Recent reports have

suggested that VEGF may play a role in the survival and differentiation of cell types

other than endothelial cells, but this evidence is currently limited (discussed in Arsic et

al., 2004). This protein is found in nearly all cell types, including satellite cells

(unpublished data in the Allen lab; Germani et al., 2003; Christov et al., 2007). The

expression of VEGF in satellite cells is of immediate interest because there appears to be

no direct effect of this growth factor on satellite cells (unpublished observations in the

Allen lab).

VEGF exists in several different isoforms as a result of alternative splicing.

These different isoforms have 121, 145, 165, 189, or 206 amino acids, and they differ in
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whether they have exons 6 and 7, which contain the domain that allows the protein to

bind heparin sulfate proteoglycans and other proteins in the ECM (Houck et al., 1991;

Tischer et al., 1991; Poltorak et al., 1997). The different isoforms of VEGF differ in their

bioavailability, mainly due to whether or not they bind the ECM, but all forms are

bioactive and able to stimulate endothelial cell proliferation and angiogenesis (Park et al.,

1993). VEGF121 is a soluble isoform that lacks exons 6 and 7 so it does not bind heparin

sulfate proteoglycans or other proteins in the ECM (Tischer et al., 1991; Houck et al.,

1992). VEGF165 and VEGF145 are found in both a soluble form and bound to cell surfaces

and the ECM (Poltorak et al., 1997). Both VEGF189 and VEGF206 are bound in the ECM

but are able to be released as soluble proteins through cleavage by heparinase or other

enzymes in the ECM (Houck et al., 1992; Plouet et al., 1997). The availability of

functional VEGF is regulated at both the RNA level and protein level through alternative

splicing and proteolysis by enzymes in the ECM, respectively (Houck et al., 1992). The

fact that VEGF is found in various places and structures suggests a number of things:

First, the protein is able to become bioavailable in different ways, including through

secretion as a soluble protein or through cleavage. Second, the ability of some isoforms

of VEGF to be bound to the cell surface and/or ECM allows for a reservoir to be stored in

case the need for the protein arises.

VEGF has two receptor tyrosine-kinases, Flt-1 (VEGFR-1) and Flk-1 (VEGFR-

2), that bear structural resemblance to each other (Shibuya et al., 1990; Matthews et al.,

1991; Terman et al., 1991; deVries et al., 1992; Terman et al., 1992; Milauer et al., 1993;

Quinn et al., 1993). These receptors appear to be specific for VEGF, as the addition of
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platelet-derived growth factor (PDGF) does not have any effect on the degree of VEGF

binding either receptor. While both bind VEGF, they have different affinities for the

VEGF protein, with Flt-1 having a higher attraction due to a lower dissociation constant

(deVries et al., 1992; Terman et al., 1992). Both are necessary for normal embryonic

development, and the homozygous disruption of either receptor leads to embryonic death,

essentially due to failed vasculogenesis and disorganized vasculature (Fong et al., 1995;

Shalaby et al., 1995). However, the interruption of each receptor leads to a phenotype

that differs from what is seen in the absence of the other receptor. This implies that the

receptors may mediate the effects of VEGF to produce different outcomes.

VEGF has many roles and is regulated in various ways. It is an essential protein

for organisms, and the loss of one allele leads to embryonic death because of no or an

improper vascular pattern (Cameliet et al., 1996; Ferrara et al., 1996). The embryonic

death by one missing allele indicates both its importance for development and its tight

regulation. As previously mentioned, it is a strong mitogen for vascular endothelial cells,

and it is a potent regulator of angiogenesis (Leung et al., 1989; reviewed in Ferrara, 1993;

reviewed in Risau, 1997). Angiogenesis is the growth of new blood vessels from a pre-

existing vascular network, generally in response to tissue demands, and it entails the

proliferation, migration, and penetration of tissues by endothelial cells (Terman et al.,

1991). It involves the formation of new capillaries through sprouting or division from an

existing vessel. Angiogenesis is generally absent in normal healthy adults (one exception

being the female reproductive tract) but is critical for embryogenesis, growth, and wound

healing, and is often seen in pathological circumstances such as tumors (reviewed in
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Folkman and Klagsbrun, 1987; reviewed in Folkman, 1990; reviewed in Folkman and

Shing, 1992; reviewed in Folkman, 1995).

VEGF is regulated at multiple levels, including transcriptionally, post-

transcriptionally, and translationally. One of the major regulators of VEGF expression is

hypoxia, which is an insufficient oxygen level in the body. Hypoxia induces VEGF

through HIF-1. HIF-1 is stabilized under hypoxic conditions and binds the HRE of the

VEGF promoter and stimulates the transcriptional upregulation of VEGF. The increased

expression of the VEGF gene is thought to lead to increased translation of the protein and

ultimately angiogenesis. Hypoxia also increases VEGF via improved stability of the

VEGF mRNA (reviewed in Semenza, 1996). The gene expression of both VEGF

receptors is increased by hypoxia in vivo as well (Tuder et al., 1995).

Skeletal muscle and angiogenesis

There is evidence that myogenesis and angiogenesis need to be coordinated for

proper muscle regeneration to occur. The crucial components for muscle regeneration

appear to be functional satellite cells, reinnervation, and an establishment of a vascular

network (Phillips et al., 1991). When revascularization of a large muscle graft proceeds

too slowly, the core of the graft fails to regenerate muscle fibers and is replaced instead

by fibrotic connective tissue (Markley et al., 1978). Thus, it appears that the re-

establishment of a functional vasculature is essential for muscle repair. Markley et al.

(1978) also found that muscle tissue grafted into a facial area regenerated better than

when grafted into other locations, and they hypothesized that because the facial location
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was highly vascularized, along with a greater neural supply, perhaps it was a more

suitable atmosphere for the regeneration to occur. Further evidence supporting the idea

that myogenesis and angiogenesis are coordinated processes was provided by Christov et

al. (2007) when these researchers illustrated the colocalization of differentiating satellite

cells, as indicated by the presence of myogenin, with endothelial cells and presumed

neoangiogenesis in skeletal muscle of patients with Duchenne muscular dystrophy.

Hansen-Smith et al. (1980) showed that revascularization and muscle regeneration

occur concomitantly when the rat extensor digitorum longus (EDL) muscle was freely

grafted. When a muscle is freely grafted, the muscle that is placed into the site has no

direct contact with the vasculature of the host. When the muscle is transplanted, it is also

devoid of any vasculature because the original vessels degenerate. The outer layers of

muscle fibers are able to survive because of diffusion of oxygen and nutrients, while the

inner layers are ischemic. This is the point when satellite cells would become activated.

In Hansen-Smith et al. (1980), muscle degeneration and regeneration occurred on day

two to three after transplantation. The fact that the muscle degenerates and then

regenerates supports what was seen by Studitsky (1964) when the first free autograft of

skeletal muscle was performed. He saw that it was regeneration that was accountable for

the re-establishment of structure and function, rather than survival of existing fibers.

Muscle regeneration is driven by satellite cell proliferation and differentiation into mature

myotubes. Angiogenesis was occurring at the same time in the Hansen-Smith et al.

(1980) study, as vessels from the surrounding tissues began to invade and grow into the

graft. Hansen-Smith et al. (1980) observed that myotubes in the transplant matured, and
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the blood vessels growing inward from the host inhabited a bigger part of the graft on

days four to five. The graft had total revascularization by days seven to ten, and a normal

relationship between new capillaries and new muscle fibers was detected. At this point,

the central portion of the graft was occupied by thin regenerating muscle fibers, while the

outer portion maintained the original surviving fibers.

It has been established that angiogenesis and myogenesis occur concurrently

(Hansen-Smith et al., 1980), but the signal for the revascularization into free muscle

grafts has not been established. It was hypothesized by Phillips and Knighton (1990) that

injured muscle releases a stimulus or stimuli that activate angiogenesis, just as it is able to

stimulate the activation of satellite cells. Crushed muscle extract was prepared in the

same way as Bischoff (1986) when he showed that CME was mitogenic for satellite cells.

The CME was incorporated into Hydron and implanted into the cornea of rabbits. The

corneas receiving implants containing CME exhibited angiogenesis in a dose-dependent

manner, while those receiving control implants showed no vessel growth. This

established that damaged muscle released an angiogenic factor(s), which contrasts

Auerbach et al. (1975), who showed that muscle was not angiogenic for chick

chorioallantoic membrane or cornea and was actually used as a control in their

experiments.

While angiogenesis was induced by the CME in the Phillips and Knighton (1990)

study, the growth of the blood vessels was accompanied by inflammation and thus

inflammatory cells. It is known that when skeletal muscle is injured or freely grafted,

macrophages invade the area and a vascular network appears about the same time
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(Hansen-Smith and Carlson, 1979). It has been shown that macrophages are able to

generate vascular proliferation (Polverini et al., 1977) so it was unclear if the skeletal

muscle was directly stimulating angiogenesis through the recruitment of endothelial cells

or indirectly through the chemotaxis of macrophages, which then incited angiogenesis.

To determine if the effect the skeletal muscle extract was having on angiogenesis was

direct or indirect, an in vitro experiment was performed to see if the extract stimulated

migration of endothelial cells, monocytes, or both (Phillips et al., 1991). The extract was

successful in stimulating the chemotaxis of both endothelial cells and monocytes,

indicating both a direct and indirect effect on angiogenesis by CME. Nonetheless, the

angiogenic factors and sources of those factors involved in the stimulation of

angiogenesis by skeletal muscle remained unknown.

Summary

The importance of satellite cells for muscle regeneration is well established, and

they are known to produce and secrete a number of growth factors. Vascular endothelial

growth factor has been shown to be critical for angiogenesis and is one of the many

growth factors expressed and secreted by satellite cells. Studies have demonstrated that

the blood supply must be reestablished (i.e. angiogenesis) during muscle regeneration in

order for proper repair to take place. Skeletal muscle is able to directly and indirectly

stimulate angiogenesis, thus suggesting that the skeletal muscle releases factors during

injury to induce the restoration of its blood supply. However, the factors involved in
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skeletal muscle angiogenesis are unknown, and the sources of those factors (i.e. the

muscle fibers themselves, satellite cells, etc.) are also unidentified.



24

CHAPTER 2

EFFECT OF SATELLITE CELLS ON ANGIOGENESIS

INTRODUCTION

Angiogenesis is the growth of new blood vessels from an existing vascular

network, and it is a vital process in wound healing, as it allows for the repair of blood

vessels, which then reestablishes the blood supply to surrounding tissues. The repair of

skeletal muscle is no exception, and research has suggested that myogenesis and

angiogenesis must be coordinated for proper skeletal muscle regeneration to occur. The

absence of this coordination leads to a fibrotic core in the muscle instead of regenerated

myofibers (Markley et al., 1978). Furthermore, it has been illustrated that skeletal muscle

has the capacity to stimulate angiogenesis both directly through the recruitment of

endothelial cells and indirectly through the chemotaxis of macrophages (Phillips et al.,

1991). However, the mechanisms for how skeletal muscle influences angiogenesis have

not been established.

Given our knowledge that satellite cells produce and secrete a number of growth

factors (reviewed in Hawke and Garry, 2001) and are responsible for muscle

regeneration, we hypothesized that satellite cells mediate the processes of myogenesis

and angiogenesis. We have observed that satellite cells produce vascular endothelial

growth factor (VEGF) (unpublished observations in the Allen lab; Germani et al., 2003;

Christov et al., 2007), and VEGF is an important angiogenic factor (Leung et al., 1989;

reviewed in Risau W, 1997; reviewed in Ferrara N, 1993). For these reasons we chose to

investigate the role of VEGF in satellite cell mediated angiogenesis. Hypoxia-inducible
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factor-1 (HIF-1) is a transcriptional activator of VEGF (reviewed in Semenza et al.,

1999) and is also expressed in satellite cells (unpublished observations in the Allen lab).

It has been detected in the myogenic cell lines L6C5 and C2C12 as well (Ciafré et al.,

2007). Putting together the facts that satellite cells express both VEGF and HIF-1 and

preliminary data showing that conditioned medium from satellite cells promotes

angiogenesis, we decided to investigate the role satellite cells play in angiogenesis by

examining VEGF as a function of HIF-1 activity.
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MATERIALS AND METHODS

Animals

Nine-month old male Sprague-Dawley retired breeder rats were used for all

experiments. All experiments were performed according to The Guidelines for the Care

and Use of Laboratory Animals and with approval of the University of Arizona

Institutional Animal Care and Use Committee.

Satellite Cell Isolation

Animals were sacrificed via carbon dioxide asphyxiation. The animals’ hearts

were subsequently punctured and bled out to decrease the amount of red blood cells in

the satellite cell culture process.

The satellite cell isolation was conducted according to Allen et al. (1997) with

modifications by Lees et al. (2006). There were further adaptations made in addition to

those by Lees et al. (2006).

Muscles were removed from the hind limbs and placed in sterile phosphate

buffered saline (PBS; pH 7.4) on ice. The majority of the connective and adipose tissues

were removed, and muscle was hand minced with scissors for 10 min in a small amount

of PBS on ice. After mincing, muscle was placed into a 50 ml conical tube and

centrifuged at 1500 x g for 5 min. PBS was poured off and protease (1.25 mg/ml in

sterile PBS, P5147 Protease from Streptomycese griseus Type XIV, Sigma, St. Louis,

Missouri) was added. The muscle-protease mixture was mixed with the minced muscle

by pipetting up and down five times with a 25 ml serological pipette. Tissue was split
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between 50 ml conical tubes to allow approximately 5 g of tissue per tube, and more

protease was added to each tube (~40 ml per 5 g of muscle tissue). Each tube of muscle-

protease mixture was mixed by pipetting five times with a 10 ml serological pipette.

Tissue was digested at 37°C for 1 h with gentle rocking by hand every 15 min.

After the 1 h digestion, tubes were centrifuged at 1500 x g for 5 min. Protease

was decanted, and 22.5 ml of warm (37°C) sterile PBS were added to each tube. The

tubes were mixed by pipetting five times with a 10 ml serological pipette. Tubes were

centrifuged at 500 x g for 10 min. The supernatants contained the satellite cells and were

poured into new sterile 50 ml conical tubes. Warm sterile PBS (17.5 ml) was added to

each tube containing the muscle, and tubes were mixed by pipetting five times with a 10

ml serological pipette. Tubes were centrifuged at 500 x g for 8 min. Supernatants were

poured into the tubes already containing cells (from the first spin), and 12.5 ml of warm

sterile PBS were added to the tissue and mixed by pipetting five times with a 10 ml

serological pipette. The tubes were spun at 500 x g for 1 min. The supernatants were

combined with the supernatants collected from the previous two spins.

Supernatants were filtered through 100 µm Steriflip® Filter Units (Millipore,

Bedford, Massachusetts). Filtered supernatants were centrifuged for 5 min at 1500 x g to

pellet cells. Pellets were resuspended in warm pre-plate medium (Dulbecco’s modified

Eagle’s medium (DMEM) + 10% horse serum + 1% penicillin/streptomycin + 0.05%

gentamicin). Cells were plated on an uncoated 15 cm culture dish for 2 h in a humidified

atmosphere of 5% CO2 at 37°C in 20 ml of pre-plate medium.
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After the 2 h pre-plate, the medium (which contained the satellite cells) was

removed from the culture dish and placed into a sterile 50 ml conical tube, and the pre-

plate culture dish was rinsed with 10 ml of pre-plate medium, which was then added to

the medium/cells in the 50 ml conical tube. The tube was centrifuged for 5 min at 1500 x

g to pellet satellite cells. The pellet was resuspended in warm growth medium (Gibco F-

10 + 20% fetal bovine serum (FBS) + 1% penicillin/streptomycin + 0.05% gentamicin).

The satellite cells were then seeded on coated culture dishes (poly-L-lysine + fibronectin)

and placed in a humidified atmosphere of 5% CO2 at 37°C. Growth medium was

changed at 24 h.

HRE Luciferase Reporter Plasmid Transfections

After cells reached ~80% confluency, growth medium was removed and the

plates were rinsed twice with sterile PBS. Trypsin (1X) was added, and the plate was put

into the incubator for 2.5 min. Plates were inspected under the microscope to ensure that

cells had detached, and trypsin was inactivated by the addition of growth medium to the

plate. The satellite cells/trypsin/ growth medium was removed and placed into a sterile

50 ml conical tube. The plate was rinse with growth medium, which was then added to

the solution already in the conical tube. The tube was centrifuged at 500 x g for 5 min to

pellet the cells. The cells were resuspended in 2 ml of growth medium. A portion of the

cells (~10 µl) was removed, diluted 1:10 in growth medium and placed on a

hemacytometer to be counted. After the number of cells was calculated, cells were plated
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on coated 6-well dishes at 80,000 to 100,000 cells per well with 2 ml of growth medium

in each well.

After the cells were allowed to attach for ~16 hours, growth medium was

removed and replaced with antibiotic-free growth medium (1 ml/well). Cells were

transiently transfected using the FuGENE 6 lipofection transfection reagent (Roche,

Indianapolis, Indiana) for optimum transfection (Neuhuber et al., 2002). Opti-MEM®

(Gibco-Invitrogen, Grand Island, New York) and FuGENE 6 were incubated together for

5 min at room temperature, with transfectant (FuGENE 6):DNA ratio of 3:1. Hypoxia

response element (HRE) luciferase reporter plasmid (0.25 µg) and LacZ plasmid (0.75

µg) were added to the Opti-MEM®/FuGENE mixture and incubated for 20 min at room

temperature. After the 20-min incubation, 101 µl of the transfection mixture was added

to each of the wells.

Medium containing the plasmids was removed after ~5 h and replaced with F-10

+ 2% FBS + 1% penicillin/streptomycin + 0.05% gentamicin for treatments. Wells were

then treated in triplicate with one of three treatments: normoxia (21% O2), hypoxia (1%

O2), or CoCl2 (150 µM) for 24 h. Cells from two animals (n=2) were also used in a 5%

O2 treatment. Treatment was discontinued after 24 h, and wells were rinsed 2X with PBS

(pH 7.4). After the PBS rinses, the cells were lysed with 200 µl of Reporter Lysis Buffer

(Promega, Madison Wisconsin), and plates were placed in -80°C for later analysis.

A total of three animals (N = 3) was used for each set of treatments, except where

noted.
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HIF-1α Constitutively Active Expression Vector Transfection

Cells were passed and plated as described in the HRE Luciferase Reporter

Plasmid Transfections section of Materials and Methods.

The growth medium on the cells was changed to growth medium without

antibiotics 16 h after passage. Cells were then transiently transfected using the

FuGENE6 lipofection transfection reagent. Opti-MEM® and FuGENE6 were incubated

together for 5 min at room temperature, with transfectant:DNA ratio of 3:1. After 5 min,

1.2 µg total DNA was added to the Opti-MEM®/FuGENE mixture: 0.2 µg constitutively

active HIF-1α expression vector or empty CEP4 plasmid, 0.25 µg HRE luciferase

reporter plasmid, and 0.75 µg LacZ plasmid. This was incubated for 20 min at room

temperature. After the 20-min incubation, 101µl of the transfection mixture of either

empty vector or constitutively active HIF-1α was added to the wells. Each expression

vector was done in triplicate, and the transfection took place in 1 ml antibiotic free

growth medium.

Medium containing the expression vectors was removed after 5 h and replaced

with F-10 + 2% FBS + 1% penicillin/streptomycin + 0.05% gentamicin. The medium

was removed after 24 h and wells were rinsed 2X with PBS (pH 7.4). After the PBS

rinses, the cells were lysed with 200 µl of Reporter Lysis Buffer, and plates were placed

in -80°C for later analysis.

A total of one animal (N = 1) was used for this experiment because the purpose

was to show that the constitutively active HIF-1α plasmid was successful at increasing

HIF-1 activity.
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Analysis of HRE luciferase reporter plasmid and Expression Vector + HRE luciferase

reporter plasmid

Transfected cells that were lysed with Reporter Lysis Buffer and placed in -80°C

were thawed, placed on a rocker for 15 min at room temperature, and the wells were

scraped after 15 min of rocking. Contents of the wells were put into microcentrifuge

tubes and centrifuged at 15,000 x g for 2 min. 20 µl of each sample was added by hand

to a 96-well plate, and 100 µl of Luciferase Assay Reagent (LAR; Promega, Madison,

Wisconsin) was added by the luminometer (BioTek® ClarityLuminescence Microplate

Reader, Biotek Instruments Inc., Winnoski, Vermont) and firefly luciferase was read in

relative light units (RLUs).

The β-galactosidase was assayed in a 96-well plate using a β-galactosidase

Enzyme Assay System (Promega, Madison, Wisconsin). Briefly, each sample (50 µl)

was added to a well and then mixed with Assay 2X Buffer (50 µl). The plate was

incubated for 1 h at 37°C until a faint yellow color appeared. The reaction was stopped

by the addition of 1M Sodium Carbonate (150 µl). The plate was read at absorbance 420

nm (Molecular Devices SpectraMax® M2, Molecular Devices Corporation, Sunnyvale,

California).

The RLUs for each sample were normalized to the absorbance reading for LacZ.

RNA Extraction

Cells were passed and plated as described in the HRE Luciferase Reporter

Plasmid Transfections section in Materials and Methods. Wells were then treated in
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triplicate 16 h after passage with one of three treatments: normoxia (21% O2), hypoxia

(1% O2), or CoCl2 (150 µM). Additionally, medium was switched from high serum (F-

10 + 20% FBS + penicillin/streptomycin + 0.05% gentamicin) to low serum (F-10 + 2%

FBS + penicillin/streptomycin + 0.05% gentamicin) during treatment. After 24 h, the

treatment was discontinued, and cells were lysed by removing medium, rinsing twice

with PBS, and then pipetting 350 µl of Buffer RLT (QIAGEN, Germantown, Maryland)

into each well. The wells were scraped after adding Buffer RLT, and the solution was

removed and placed in microcentrifuge tubes at -80°C until RNA extraction. A total of

three animals (N = 3) was used for this set of experiments.

RNA extraction was conducted using the Spin Protocol for Isolation of Total

RNA from Animal Cells with the QIAGEN RNeasy Mini Kit (QIAGEN, Germantown,

Maryland). After cells were lysed, the samples were homogenized in QIAshredder spin

columns (QIAGEN, Germantown, Maryland) by centrifuging at 15,000 x g for 2 min. A

volume of 70% ethanol equal to the volume (~350 µl) of the homogenized lysates was

added to each tube and mixed thoroughly. This mixture was transferred to an RNeasy

mini column placed in a collection tube and centrifuged for 15 s at 15,000 x g, and the

flow-through liquid was discarded. Buffer RW1 (350 µl) was pipetted onto the column,

the column was centrifuged at 15,000 x g for 15 s, and the flow-through was thrown

away. On-column DNase digestion was done by adding DNase I incubation mix (80 µl)

directly to the column membranes and incubating for 15 min at room temperature. After

15 min, Buffer RW1 (350 µl) was added to the columns, the columns were centrifuged at

15,000 x g for 15 s, and the flow-through was discarded. The columns were placed in
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new 2 ml collection tubes, Buffer RPE (500 µl) was added to wash the columns, the tubes

were centrifuged for 15 s at 15,000 x g, and the flow-through liquid was discarded.

Buffer RPE (500 µl) was added again to the column, and the tube was centrifuged at

15,000 x g for 2 min. The flow-through was discarded, and the tube was spun again for 1

min at 15,000 x g to ensure that the RNeasy silica-gel membrane was dry. The column

was moved to a clean 1.5 ml collection tube, and RNA was eluted by adding 30-50 µl of

RNase-free water to the membrane and spinning the tube for 1 min at 15,000 x g. In

some instances, to increase the RNA yield, the liquid from the previous step was placed

back on the column and spun again at 15,000 x g for 1 min. The RNA concentrations

were measured on either a conventional spectrophotometer with cuvettes (Eppendorf

BioPhotmeter, Eppendorf North America, Westbury, New York) or a nanodrop

(NanoDrop® Spectrophotometer ND-1000, Wilmington, Delaware).

There was one situation when the RNA concentration was extremely low. When

this happened, the like triplicates for each treatment were combined (since they were

replicates from the same animal and not a biological triplicate) and the RNeasy Mini

Protocol for RNA Cleanup (QIAGEN, Germantown, Maryland) was followed to

concentrate the RNA. The combined samples (100 µl) were each carefully mixed with

Buffer RLT (350 µl). Ethanol (100%, 250 µl) was added to the solution and mixed

completely. The samples were pipetted onto an RNeasy mini column in a 2 ml collection

tube, centrifuged for 15 s at 15,000 x g, and the flow-through was discarded. Buffer RPE

(500 µl) was added to the column, the tube was centrifuged for 15 s at 15,000 x g, and the

liquid was discarded. Buffer RPE (500 µl) was again added to the column, the tube was
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centrifuged at 15,000 x g for 2 min, and the column was placed in a new collection tube.

The tube was then centrifuged again for 1 min at 15,000 x g to ensure that the membrane

had been dried. RNase-free water (30 µl) was pipetted onto the membrane and the tube

was centrifuged at 15,000 x g for 1 min to elute RNA. The flow-through RNA was

placed back onto the membrane, and the tube was spun again for 1 min at 15,00 x g to

increase the final concentration of RNA. RNA concentrations were obtained using a

nanodrop (NanoDrop® Spectrophotometer ND-1000, Wilmington, Delaware).

cDNA Synthesis

First-strand cDNA synthesis was conducted using SuperScript™ III First-Strand

Synthesis System for RT-PCR (Invitrogen, Carlsbad, California). RNA (500 ng; adjusted

to 8 µl with DEPC-treated water) was combined with 50 µM oligo(dT)20 primer (1 µl)

and 10 mM dNTP mix (1 µl), incubated for 5 min at 65°C, and placed on ice. The cDNA

synthesis mix (10X RT buffer, 2 µl/reaction; 25mM MgCl2, 4 µl/reaction; 0.1 M DTT, 2

µl/reaction; RNaseOUT™ (40 U/µl), 1 µl/reaction; SuperScript™ III RT (200 U/µl), 1

µl/reaction) was added to each RNA/primer solution and mixed. The samples were

incubated at 50°C for 50 min, 85°C for 5 min to end the reactions, and placed on ice.

RNase H (1ul/tube) was added and the samples were incubated at 37°C for 20 min. The

final concentration of the cDNA samples was 25 ng/µl due to 500 ng of RNA being used

for each reaction. Samples were stored at -20°C or directly used for real-time RT-PCR.
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Real-time RT-PCR

Pooled cDNA was made by combining several cDNA samples. The pooled

cDNA was used to make the standard curve, and standards were used at 0 ng, 0.1 ng, 1

ng, 10 ng, and 50 ng when running Real-time RT-PCR.

A Master Mix was made using iQ™ SYBR® Green Supermix (12.5 µl/well; Bio-

Rad, Hercules, California), Primers (forward and reverse together, 1 µl/well, RT2 PCR

Primer Set for VEGF, HIF-1α or hypoxanthine-guanine phosphoribosyltransferase

(HPRT), SuperArray Bioscience Corporation, Frederick, Maryland), and PCR water (9.5

µl/well). Each cDNA sample was diluted 1:5 with PCR water for a final concentration of

5 ng/µl. The Master Mix (23 µl/well) was pipetted into each well on a 96-well PCR

plate. Standards or diluted samples (2 µl/well) were then pipetted into the wells with the

Master Mix. The plate was covered with sealing film and briefly centrifuged to ensure

that all the liquid was at the bottom of the wells. The plate was then run according to the

following protocol:

Cycle Repeats Step Time Set point Data
1 1

1 3:00 95.0 °C
2 40

1 0:30 95.0 °C
2 0:30 55.0 °C
3 0:30 72.0 °C Real Time

3 1
1 1:00 95.0 °C

4 1
1 1:00 55.0 °C

5 81
1 0:10 55.0 °C Melt Curve
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Briefly, the 95°C for 3 min at the beginning of the run activates the iTaq DNA

polymerase in the iQ SYBR Green Supermix. During this 3 min, as well as the 30 s at

95°C during cycle 2, cDNA strands separate, and complementary primers attach to the

strands during the 55°C. The DNA polymerase completes the complementary strand

during the 72°C, and it releases a fluorescent reporter during this time, which is used to

quantify the amount of gene expression. Greater amount of the gene in the sample results

in a greater level of fluorescence because there is more to amplify and thus more

fluorescent reporter that can be released. There is more fluorescence with more double-

stranded DNA when using SYBR Green. After the amplification (40 repeats during cycle

2), the strands separate again at the 95°C and anneal at the 55°C for 1 min. The melt

curve is conducted starting at 55°C, and it increases the temperature by 0.5°C every 10 s.

The increase in the temperature causes the DNA strands to separate, which decreases the

fluorescence. The rate the level of fluorescence decreases is graphed by the PCR

machine, and the graph peaks at the melting point, indicating the time when all strands

have been separated. There should only be one peak on the melt curve, which implies

that only one product was amplified because all products separated and thus decreased in

fluorescence at the same rate.

Results were analyzed and expressed in fold change relative to the normoxic

control. A total of three (N = 3) biological replicates were used. The results for the

VEGF and HIF-1α gene expression were normalized to the gene expression for HPRT

(SuperArray Bioscience Corporation, Frederick, Maryland).
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Conditioned medium production and collection

Rat satellite cells were grown on 15 cm cell culture dishes in growth medium until

confluency was reached. After confluency was reached, growth medium was replaced by

differentiation medium (DMEM + 2% horse serum + 1% penicillin/streptomycin +

0.05% gentamicin). The differentiation medium was removed after 24 h, and plates were

rinsed twice with pre-conditioned medium that contained no serum (DMEM + 0.1%

penicillin/streptomycin + 1X Insulin transferrin selenium (ITS; Cambrex Bio Science,

Walkersville, Maryland)) to remove any residual serum. After the rinses, 20 ml of the

pre-conditioned medium was put on the plate to become conditioned. The medium was

removed after 16 h, placed in a conical tube, and centrifuged for 5 min at 1500 x g to

remove any cellular debris. After the spin, the medium was placed in a clean conical tube

and divided evenly among conical filter units (10,000 molecular weight cut-off, Amicon®

Ultra Centrifugal Filter Devices, Millipore, Bedford, Massachusetts). Pre-conditioned

medium that was not used on cells was also placed in conical filter units for control

conditions. The filter units containing the conditioned medium and control medium were

centrifuged until each had been concentrated to 10X. After each tube reached a

concentration of 10X, like types of medium were combined in clean conical tubes, and

the volume was measured and adjusted if necessary to reach the correct concentration of

10X. The medium was then filtered using Steriflip® Filter Units (0.22 µm, Millipore,

Bedford, Massachusetts) to ensure sterilization. The volume was measured again after

filtering and FBS was added to each type of medium to a concentration of 2%. The

medium was then added to microvascular fragments or stored at 4°C for 1-2 weeks.
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Isolation of Microvascular Fragments

Epididymal fat was collected from 9-month-old Sprague-Dawley retired breeder

rats and placed in 0.1% bovine serum albumin in PBS (PBS-BSA). The fat from two rats

was used for each prep. Vessels were removed from the fat after the fat was isolated, and

the fat was minced on a 10 cm culture dish for 10 min after vessels were removed. After

mincing, 10 ml of collegenase were added to the dish and mixed with the fat. Ten

milliliters of this mixture were then pipetted and placed into a sterile flask with a stir bar.

The amount of fat remaining on the dish was measured and added to the flask.

Collegenase was then added to the dish at 1.5 times the volume of fat drawn up the

second time, and this was transferred to the flask. The fat-collegenase mixture was

digested in a shaking water bath (37°C) at 115 shakes/min for 8-10 min, or until the

mixture was milky with approximately 10% remaining as fat chunks. The flask was also

swirled every few minutes during the digestion to prevent separation of the components.

During the digestion, collagen and nuclease-free water were placed on ice for later use.

After the digestion, the digested fat was split evenly among four 15 ml conical

tubes and centrifuged at 400 x g for 4 min to separate the fat and fragments. The

supernatant was aspirated after the spin and 12 ml of PBS-BSA were added to two of the

tubes. The pellets in those two tubes were resuspended, and the 12 ml containing the

resuspended pellet were each transferred to one of the other tubes containing a pellet.

Those pellets were then resuspended.

The tubes were centrifuged at 150-160 x g for 3 min, and the supernatant was

aspirated after the spin. PBS-BSA (12 ml) was added to each tube to wash the pellet, and
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the pellet was resuspended. The tubes were then centrifuged at 150-160 x g for 3 min.

The supernatant was aspirated, and PBS-BSA (10 ml) was added to one tube. The pellets

were then combined into one tube.

The suspension was passed through a 500 µm screen and into a 50 ml conical tube

to filter out large debris. The tubes originally containing the pellets were washed with a

combined 10 ml PBS-BSA, and the washes were passed through the 500 µm screen. The

liquid that went through the 500 µm screen was then filtered very slowly through a 30

µm screen and onto the lid of a 10 cm culture dish. This step was performed to eliminate

single cells, as the single cells passed through, but fragments were retained on the 30 µm

screen. The 30 µm screen was then held vertical and washed with force by pipetting

PBS-BSA (10 ml), and microvascular fragments (MVFs) were rinsed into a 10 cm culture

dish (separate from the single cells). The 50 ml conical tube used after filtering with the

500 µm screen was rinsed with PBS-BSA, and this wash was passed through the 30 µm

screen. The MVFs were again rinsed off the screen and into the culture dish.

The liquid containing the MVFs in the culture dish was collected and placed in a

clean 50 ml conical tube. The tube was centrifuged at 400 x g for 4 min to pellet the

MVFs. After the spin, the liquid was aspirated, and the pellet was resuspended in 0.5-1

ml 2.5X DMEM. Two 20 µl drops were placed on a slide, and the MVFs were counted

and averaged.

Collagen was diluted to a concentration of 5 mg/ml with the nuclease-free water.

Collagen and fragments in 2.5X DMEM were combine so that DMEM was 1X, and

fragments were at a concentration of 15,000 fragments/ml. After combining the collagen



40

and DMEM with the fragments, the solution was neutralized with sterile NaOH. The pH

was estimated by color change when the solution changed from yellow to red. The

solution was swirled vigorously while adjusting the pH. Each well on a 48-well culture

dish received ~250 µl. Collagen was allowed to polymerize for 30 min before adding

250 µl of medium.

Soluble Vascular Endothelial Growth Factor Receptor Conditioned Medium and

Analysis of Microvascular Fragments

Microvascular fragments (MVFs) were collected as described in Isolation of

Microvascular Fragments. They were plated on a 48-well plate and cultured in triplicate

with one of three treatments: DMEM + 2% FBS (control treatment); rat satellite cell

conditioned medium (RSC CM) + 2% FBS; or RSC CM + 2% FBS + 100 ng/ml

recombinant mouse VEGF soluble receptor 1 (Flt-1)/Fc Chimera (R&D Systems,

Minneapolis, Minnesota) + 30 ng/ml recombinant mouse VEGF soluble receptor 2 (Flk-

1)/Fc Chimera (R&D Systems, Minneapolis, Minnesota). 250 µl of medium was used for

each well, and the medium was changed every three days. The concentrations for the

receptors were obtained from Vartanian et al. (2006).

When the first sign of sprout growth appeared (~d 4) in the RSC CM wells, the

MVFs cultures were given another day to grow. Pictures were then taken (~d 5) of

approximately 30 MVFs in each well (Leica DMI4000 B, Leica Microsystems, Wetzlar,

Germany). MVFs included in the assay possessed standards established by Vartanian et

al. (2006). The fragments were incorporated if the sprouts were clearly discernible from
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the parent fragment and were not forming networks with other sprouts (Vartanian et al.,

2006). Although the occurrence of sprouts forming networks was generally infrequent if

pictures were taken soon enough, any fragments with sprouts that did interconnect with

other sprouts were excluded from analysis.

Pictures were analyzed using Image J (National Institutes of Health, Bethesda,

Maryland). The length and number of sprouts was recorded for each MVF. The average

sprout length and number were computed and compared among treatments.

A total of three (N = 3) biological replicates were used for this experiment.

Addition of Recombinant Vascular Endothelial Growth Factor to Soluble Vascular

Endothelial Growth Factor Receptor Conditioned Medium and Analysis of

Microvascular Fragments

Microvascular fragments (MVFs) were collected as described in Isolation of

Microvascular Fragments. They were plated on a 48-well plate and cultured in triplicate

with one of four treatments: DMEM + 2% FBS (control treatment); rat satellite cell

conditioned medium (RSC CM) + 2% FBS; RSC CM + 2% FBS + 100 ng/ml

recombinant mouse VEGF soluble receptor 1 (Flt-1)/Fc Chimera (R&D Systems,

Minneapolis, Minnesota) + 30 ng/ml recombinant mouse VEGF soluble receptor 2 (Flk-

1)/Fc Chimera (R&D Systems, Minneapolis, Minnesota); or RSC CM + 2% FBS + 100

ng/ml recombinant mouse VEGF soluble receptor 1 (Flt-1)/Fc Chimera (R&D Systems,

Minneapolis, Minnesota) + 30 ng/ml recombinant mouse VEGF soluble receptor 2 (Flk-

1)/Fc Chimera (R&D Systems, Minneapolis, Minnesota) + 150 ng/ml recombinant mouse
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VEGF protein (164 amino acid subunits; R&D Systems, Minneapolis, Minnesota). The

recombinant VEGF protein was added at 3 times the molar concentration of the soluble

VEGF receptors. 250 µl of medium was used for each well, and the medium was

changed every three days. The concentrations for the receptors were obtained from

Vartanian et al. (2006).

Microvascular fragments were photographed as described in Soluble Vascular

Endothelial Growth Factor Receptor Conditioned Medium and Analysis of

Microvascular Fragments and qualitatively analyzed to see if sprouting of the fragments

was restored.

A total of one replicate (N = 1) was completed for this experiment, as its purpose

was to show the rescue and serve as a pilot experiment for future research.

Vascular Endothelial Growth Factor ELISA for Conditioned Medium

Proliferating rat satellite cells were passaged at ~80% confluency and seeded at

25,000 cells/well on 24-well plates in growth medium. Designated wells were

transfected with constitutively active pHIF-1α CEP4 (CA HIF-1α; 0.2 µg) or pEmpty

Vector CEP4 (EV; 0.2 µg) at approximately 16 h post-seeding in growth medium without

antibiotics. After 5 h, transfection medium was removed and replaced with F-10 + 2%

FBS + antibiotics. The growth medium on all other wells (those not transfected) was also

replaced with F-10 + 2% FBS + antibiotics. The wells were then subjected to one of the

following treatments: Normoxia (21% O2 for 36 or 48 h); 150 µM CoCl2 (36 or 48 h); or

1% O2 (36 or 48 h). The cells that were transfected with constitutively active HIF-1α or
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empty vector were maintained at 21% O2. There were also wells kept at 21% O2 with no

cells that received F-10 + 2% FBS + antibiotics to serve as a baseline control for the

amount of VEGF present in the medium alone. Each treatment was performed in

triplicate.

After the designated time period, medium was collected from each well,

centrifuged at 5,000 x g for 5 min to remove any cellular debris, and stored at -80°C until

the assay was performed. Cells were washed twice with PBS and stored at -80°C until

DNA levels could be measured so normalization could be performed to account for

differences in cell numbers among treatments and animals.

The VEGF analysis was performed using the Quantikine® Rat VEGF

Immunoassay kit from R&D Systems (Minneapolis, Minnesota). This kit utilizes the

quantitative sandwich enzyme immunoassay method where the wells of the plate are

coated with a monoclonal antibody that will bind VEGF in the samples. All samples and

reagents were brought to room temperature before use. Assay Diluent RD1-41 (50 µl)

was added to each well. Each sample or standard (50 µl) was then added to a well in

duplicate. The plate was covered and incubated for 2 h at room temperature on a

horizontal orbital shaker (500±50 rpm). After 2 h, each well was aspirated and washed

five times with Wash Buffer (400 µl per wash) to eliminate any unbound antigen. Rat

VEGF Conjugate (100 µl) was added to each well, and the plate was incubated for 1 h at

room temperature on a horizontal orbital microplate shaker (500±50 rpm). This VEGF

Conjugate is an anti-rat polyclonal antibody linked to horseradish peroxidase. It binds

the VEGF protein that was captured by the immobilized antibody coated on the plate.
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The VEGF Conjugate was removed after 1 h, and all wells were washed five times as

previously described to remove any unbound substances. Substrate Solution (100 µl) was

pipetted into each well and incubated for 30 min on the bench while protected from light.

The Substrate Solution binds the VEGF Conjugate and produces a reaction that results in

a color. The greater the amount of VEGF present in the sample, the greater the intensity

of the color. Stop Solution (100 µl) was added to the wells after 30 min and mixed

thoroughly. The absorbance was then read at 450 nm and 540 nm. The absorbance

readings for 540 nm were subtracted from those at 450 nm for wavelength correction.

The DNA content for each well was measured using the CyQUANT® Cell

Proliferation Assay Kit Invitrogen, Eugene, Oregon). This assay uses a green

fluorescent dye that fluoresces upon binding cellular nucleic acids, thus providing a

means to determine cell number. Plates that had been washed with PBS and stored at

-80°C were thawed, and 600 µl of the CyQUANT® GR dye/cell-lysis buffer was added to

each well and incubated for 5 min at room temperature while protected from light. After

the 5 min incubation, the fluorescence was read at an excitation wavelength of 485 nm

and an emissions wavelength of 538 nm (Molecular Devices SpectraMax® M2,

Molecular Devices Corporation, Sunnyvale, California).

A total of 3 animals (N = 3) was used for each time point.

Statistical Analysis

Statistics were conducted using JMP® statistical software from SAS Institute, Inc.

(Cary, North Carolina). Pairwise comparisons were made between control and each
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treatment. No comparisons were made between the treatments except when analyzing

the microvascular fragment sprout length and number. For the microvascular fragment

sprout length and number, pairwise comparisons were made between fragments cultured

in satellite cell conditioned medium and fragments cultured in conditioned medium with

soluble receptors; between fragments maintained in satellite cell conditioned medium and

fragments cultured in control medium (DMEM); and between fragments cultured in

conditioned medium with soluble receptors and fragments cultured in control medium.

Plate was treated as a random factor for the statistical analysis of the real-time RT-PCR.

Animal was treated as a random factor for all other experiments.
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RESULTS

HIF-1 transcriptional activity changes in response to hypoxia in satellite cells.

Before we could attempt to manipulate HIF-1 activity in satellite cells, we first

needed to establish that we could measure it. Satellite cells were transfected with

increasing amounts of HRE-luciferase plasmid, and a dose response was observed where

higher levels of transfected plasmid resulted in greater firefly luciferase readings (data

not shown). After confirming that we could detect HIF-1 activity, we transfected cells

with 0.25 µg of pHRE-luciferase and cultured them in normoxia (21% O2), 1% O2, or

150 µM CoCl2 to see if stabilizing HIF-1α under hypoxic or hypoxia-like (CoCl2)

conditions resulted in a change in HIF-1 transcriptional activity. Cells that were cultured

for 24 h in 1% O2 had higher HIF-1 activity than cells cultured in a normoxic

environment (control), with an increase of approximately 2-fold relative to cells in

normoxia (Figure 1; two-sided p<0.01). Cells treated with CoCl2 also had greater HIF-1

activity than control cells in normoxia (Figure 1; two-sided p<0.01), indicating that

CoCl2 is an effective tool for mimicking hypoxic conditions in satellite cells. The HIF-1

activity of satellite cells cultured for 24 h in 5% O2 was also compared to that of cells

cultured at 21% O2. The HIF-1 activity for the cells maintained at 5% O2 increased by a

fold change of 1.3, relative to normoxia (Figure 2; two-sided p<0.01).

HIF-1α gene expression in satellite cells changes in response to hypoxia.

Satellite cells were cultured in normoxia, 1% O2, or 150 µM CoCl2 for 24 h.

Real-time RT-PCR was conducted to measure HIF-1α gene expression under the various
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conditions. HIF-1α gene expression in cells cultured in 1% O2 was approximately 19%

lower than the levels observed in cells maintained in normoxia (Figure 3; two-sided

p<0.01). There was a decrease of 37% in HIF-1α gene expression levels in cells treated

with CoCl2 when compared to cells maintained under control conditions (Figure 3; two-

sided p<0.01).

VEGF gene expression in satellite cells changes in response to hypoxia.

We had already verified that we could detect and manipulate HIF-1 activity

through the use of hypoxia and CoCl2. Because we know that HIF-1 is a regulator of

VEGF, we wanted to learn if stabilizing HIF-1α and thus increasing HIF-1 activity

resulted in an increase in VEGF gene expression in satellite cells. Satellite cells were

cultured for 24 h in normoxia, 1% O2, or 150 µM CoCl2, and real-time RT-PCR was

performed to determine VEGF gene expression. Satellite cells cultured in 1% O2 had

nearly a twofold increase in VEGF gene expression relative to satellite cells cultured in

normoxia (Figure 4; two-sided p<0.01). Similarly, satellite cells cultured with CoCl2 had

threefold higher VEGF mRNA levels compared to cells in normoxia (Figure 3; two-sided

p<0.01). Given that HIF-1 activity and VEGF gene expression increased under hypoxic

and hypoxia-like settings, it can be stated that HIF-1 is likely one of the factors

controlling VEGF mRNA concentration in satellite cells subjected to hypoxia.
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Angiogenic activity induced by satellite cell conditioned medium can be blocked by

VEGF soluble receptors.

We have seen before that conditioned medium from satellite cells can induce

greater angiogenesis of microvascular fragments than control medium (DMEM + 2%

FBS), suggesting that satellite cells release a soluble angiogenic factor(s) (data not

shown). To determine if VEGF is released by satellite cells and stimulates angiogenesis,

we blocked VEGF in satellite cell conditioned medium through the addition of VEGF

soluble receptors. Rat microvascular fragments were cultured with control medium (to

establish baseline angiogenic growth; Figure 5), satellite cell conditioned medium (Figure

6), or satellite cell conditioned medium with soluble VEGF R1 and VEGF R2 (Figure 7).

Microvascular fragments cultured with conditioned medium plus soluble VEGF receptors

had less angiogenic activity than fragments cultured with conditioned medium, as

indicated by shorter sprout length (Figure 8; two-sided p<0.01) and lower sprout number

(Figure 9; two-sided p<0.01). Longer sprout length (two-sided p<0.01) and greater

sprout number (two-sided p<0.01) was seen in fragments cultured with conditioned

medium than in fragments cultured with control medium (Figures 8 and 9). It is also

interesting to note that there was less angiogenesis in cultures maintained in conditioned

medium with soluble VEGF receptors than in cultures receiving control medium.

Fragments cultured in conditioned medium with soluble receptors had shorter sprout

length than those fragments in control medium (two-sided p<0.01), as well as lower

sprout number (two-sided p<0.01). This implies that the soluble receptors are also

blocking any VEGF released by the fragments that may be acting in an autocrine manner.
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The induction of angiogenesis by satellite cell conditioned medium that is blocked by the

addition of VEGF soluble receptors can be rescued by the supplement of recombinant

VEGF protein.

To further investigate the importance of VEGF in satellite cell-mediated

angiogenesis, we conducted an experiment to rescue the angiogenesis that was knocked

down by the soluble VEGF receptors in the satellite cell conditioned medium.

Microvascular fragments were cultured in control medium (Figure 10), satellite cell

conditioned medium (Figure 11), satellite cell conditioned medium with soluble VEGF

receptors (Figure 12), or satellite cell conditioned medium with soluble receptors and

recombinant VEGF protein (Figure 13). As observed in the previous experiment, satellite

cell conditioned medium stimulated angiogenesis, and the addition of soluble VEGF

receptors inhibited angiogenesis. Furthermore, the presence of the recombinant VEGF in

the conditioned medium was able to overcome the inhibition of the soluble receptors and

restored the induction of angiogenesis (Figure 13). This indicates that the soluble VEGF

receptors were not negatively impacting the fragments in any other way except to bind

VEGF protein.

The amount of VEGF released by satellite cells changes in response to hypoxia.

We have shown that the induction of angiogenesis by satellite cell conditioned

medium can be inhibited by the presence of VEGF soluble receptors, which supports the

hypothesis that satellite cells mediate angiogenesis through the secretion of VEGF. To

see if the amount of VEGF released by satellite cells is regulated by hypoxia, we cultured
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satellite cells for 36 or 48 h in normoxia, 1% O2, or 150 µM CoCl2. After the designated

time points, medium was collected from the satellite cells, and the amount of VEGF

present was measured using a VEGF ELISA. Satellite cells cultured for 36 h in 1% O2

had a 1.7 fold increase in the level of secreted VEGF in their medium, relative to cells

cultured in 21% O2 control conditions (Figure 14; two-sided p<0.01). Satellite cells

cultured in 1% O2 for 48 h also secreted more VEGF into the medium than control

satellite cells, with a fold increase of about two relative to normoxic cells (Figure 14;

two-sided p<0.01). A similar result was seen in cells treated with CoCl2, where these

cells had a 3.5 fold increase in VEGF protein in their medium over satellite cells

maintained under normoxia at 36 h (Figure 14; two-sided p<0.01) and a four- to fivefold

increase at 48 h (two-sided p<0.01). The amount of VEGF protein measured by the

ELISA was normalized to cell number, and it is worth noting that the cell number

between treatments was relatively constant between 1% O2 and normoxia at 36 and 48 h

but did decrease with CoCl2 (Figure 15).

We also wanted to test if we could increase VEGF production in satellite

cells by increasing HIF-1 activity in the cells through the use of a constitutively active

HIF-1α plasmid. To first detect if the constitutively active plasmid increased HIF-1

activity, we co-transfected satellite cells with the constitutively active HIF-1α plasmid

and the HRE-luciferase reporter plasmid. We saw an increase in HIF-1 activity in the

culture transfected with the constitutively active plasmid when compared to the control

culture that was transfected with an empty vector and the HRE-luciferase reporter

plasmid (Figure 16). However, we saw no difference in VEGF secretion between cells
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transfected with the constitutively active HIF-1α vector and cells transfected with the

empty plasmid at 36 h (Figure 17; two-sided p = 0.2221) or 48 h (two-sided p = 0.2673).

This may be due to a low constitutively active signal caused by low transfection

efficiency in a small number of cells, as the experiment was conducted on a 24-well

plate. There was very little difference in cell number between cells transfected with the

constitutively active HIF-1α plasmid and those transfected with the empty plasmid

(Figure 18).
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Figure 1. Effect of 1% O2 and CoCl2 on HIF-1 activity in satellite cells.
Bars are mean fold change relative to normoxia, ± SE. Asterisks (*) indicate treatments
that are statistically different from the normoxic control (p< 0.01). Comparisons were
not made between 1% O2 and CoCl2.
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Figure 2. Effect of 5% O2 on HIF-1 activity in satellite cells.
Bars are mean fold change relative to normoxia, ± SE. Asterisk (*) indicates a treatment
that is statistically different from the normoxic control (p< 0.01).
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Figure 3. Effect of 1% O2 and CoCl2 on HIF-1α gene expression in satellite cells.
Bars are mean fold change relative to normoxia, ± SE. Asterisks (*) indicate treatments
that are statistically different from the normoxic control (p< 0.01). Comparisons were
not made between 1% O2 and CoCl2.
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Figure 4. Effect of 1% O2 and CoCl2 on VEGF gene expression in satellite cells.
Bars are mean fold change relative to normoxia, ± SE. Asterisks (*) indicate treatments
that are statistically different from the normoxic control (p< 0.01). Comparisons were
not made between 1% O2 and CoCl2.
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Figure 5. Microvascular fragment cultured in DMEM.

Figure 6. Microvascular fragment cultured in rat satellite cell conditioned medium.
Parent fragments are indicated by black arrowheads, and sprouts are indicated by white
arrows.
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Figure 7. Microvascular fragments cultured in satellite cell conditioned medium
with soluble VEGF receptors.
Parent fragments are indicated by black arrowheads.
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Figure 8. Effect of soluble VEGF receptors on sprout length of microvascular
fragments.
Bars represent mean sprout length, ± SE. Comparisons were made between conditioned
medium (CM) and conditioned medium + VEGF soluble receptors (CM + VEGF R1,
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Different letters indicate a statistical difference of p<0.01.
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Figure 9. Effect of soluble VEGF receptors on sprout number.
Bars represent mean sprout length, ± SE. Comparisons were made between conditioned
medium (CM) and conditioned medium + VEGF soluble receptors (CM + VEGF R1,
R2); between CM and control (DMEM); and between CM + VEGF R1, R2 and DMEM.
Different letters indicate a statistical difference of p<0.01.
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Figure 10. Microvascular fragments in control medium.

Figure 11. Microvascular fragment in satellite cell conditioned medium.
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Figure 12. Microvascular fragment cultured in satellite cell conditioned medium
with VEGF soluble receptors.

Figure 13. Microvascular fragments cultured in satellite cell conditioned medium
with VEGF soluble receptors and recombinant VEGF protein.
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Figure 15. Effect of 1% O2 and CoCl2 on satellite cell number at 36 h and 48 h.
Statistical analyses were not conducted for cell number.
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DISCUSSION

Preliminary studies in our laboratory have shown that rat satellite cell conditioned

medium promotes angiogenesis of microvascular fragments in culture, indicating that a

soluble factor(s) is secreted by the satellite cells and present in the medium and acting on

the microvascular fragments. In the present study, we provide evidence that one factor is

vascular endothelial growth factor (VEGF). In a series of experiments, we demonstrated

that satellite cells contain a functional hypoxia-inducible factor-1 (HIF-1), and the

activity of this transcription factor can be measured through the use of a reporter plasmid.

Moreover, we were able to manipulate the activity of HIF-1 by stabilizing HIF-1α

through the use of hypoxia (1% O2) and cobalt chloride (CoCl2). By altering the activity

of HIF-1 through these techniques, we were in turn able to increase both the gene

expression of VEGF, as well as the amount of VEGF protein secreted by the satellite

cells. Finally, we demonstrated that the addition of soluble VEGF R1 and VEGF R2 to

satellite cell conditioned medium abolished the angiogenic activity seen when

microvascular fragments were cultured in conditioned medium without the soluble

receptors. Taken together, these results provide evidence that one mechanism satellite

cells mediate angiogenesis is through the secretion of VEGF.

Satellite cells exposed to hypoxia (1% O2) or CoCl2 (150 µM) for 24 h showed

lower HIF-1α mRNA levels than cells cultured in normoxia. This suggests that the

change in HIF-1α protein levels could be regulated at transcription, translation, or post-

translation in satellite cells. This is in contrast to observations observed in vivo in other



63

tissue types, including brain, kidney, and liver, where mice exposed from 1 to 12 h of

hypoxia (6% O2) showed no change in levels of gene expression for HIF-1α (Stroka et

al., 2001). This discrepancy in results could be a consequence of different experimental

conditions, as our experiments were performed in vitro at 1% O2 and the experiments by

Stroka et al. (2001) were done in vivo with 6% O2. Nonetheless, it is interesting that

satellite cells may modulate HIF-1α in ways that differ from regulation in other cell

types. The decreased HIF-1α mRNA seen in satellite cells exposed to hypoxia or CoCl2

may indicate some type of feedback mechanism where an accumulation of one product,

such as the HIF-1α protein itself or a product of HIF-1 transcriptional activity such as

VEGF protein, somehow negatively impacts the transcription of HIF-1α mRNA.

HIF-1α protein is usually not present at high levels in tissues or cells in a

normoxic environment. However, we have observed via immunohistochemistry that

HIF-1α protein is present in satellite cells under normoxic conditions (data not shown),

and we were able to measure the activity of HIF-1 through the HRE luciferase reporter

plasmid in this study. We detected some activity under normoxia, although it was at

lower levels than under hypoxia or CoCl2. The HIF-1α protein has also been detected in

skeletal muscle during normoxic conditions (Stroka et al., 2001; Kubis et al., 2005). The

presence of HIF-1α during normoxia suggests that HIF-1α is regulated by mechanisms

other than just oxygen level in satellite cells. It has been shown to be modulated in other

cell types by, among other factors, nitric oxide (NO) and the IGFs (Zelzer et al., 1998;

Feldser et al., 1999; Sandau et al., 2001). Satellite cells express IGF-I during muscle

regeneration and are affected by NO (Jennische et al. 1987; Anderson, 2000). Nitric
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oxide is an especially attractive component to examine for the regulation of HIF-1α in

satellite cells under normoxic conditions because NO has been shown to moderate the

activation of satellite cells (Anderson, 2000). It has been demonstrated that NO can

trigger the release of HGF, which results in the activation of satellite cells (Tatsumi et al.,

1998; Tatsumi et al., 2002; Tatsumi et al., 2006; Yamada et al., 2006). Satellite cells

must become activated before proliferating and differentiating to repair muscle, and this

occurs in response to release of HGF by some form of trauma or injury such as stretch or

crush (Tatsumi et al., 2001, 2006; Yamada et al., 2006). Satellite cells are the source of

repair for muscles, and we have previously stated the need for muscle regeneration and

angiogenesis to occur simultaneously (Markley et al., 1978; Hansen-Smith et al., 1980)

so it is tempting to speculate that, because NO is able to regulate both the activation of

satellite cells and HIF-1α under normoxic conditions in other cell types, that NO may be

a regulator of HIF-1α in satellite cells under normoxia as well. This seems to be a

reasonable theory because we hypothesized that satellite cells are the vehicle for muscle

regulated angiogenesis, and satellite cells would need to be activated for muscle repair

and subsequent angiogenesis.

We demonstrated through the use of the HRE luciferase reporter plasmid that

CoCl2 and hypoxia treatment resulted in an upregulation of HIF-1 protein activity in the

primary satellite cell cultures, indicating a hypoxic response. This is in agreement with

Ciafré et al. (2007), who demonstrated that CoCl2 causes an increase in the expression of

HIF-1α protein in the myogenic cell lines L6C5 (rat) and C2C12 (mouse), supporting the

argument that CoCl2 offers a valid in vitro tool for studying the hypoxic response of
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muscle cells. Kubis et al. (2005) showed that CoCl2 as well as hypoxia (3% O2)

increased HIF-1α in skeletal muscle cell cultures of rabbit muscles, which substantiates

our results for this effect seen in our primary cultures. Moreover, HIF-1α was detected in

ischemic skeletal muscles of humans (Rissanen et al., 2002). The ability to manipulate

HIF-1α in satellite cells was important because it allowed us to study the induction of

genes by HIF-1 as a result of hypoxia, namely VEGF and its effect on satellite cell-

mediated angiogenesis. However, when satellite cells were exposed to 1% O2, we saw a

twofold increase in HIF-1 activity compared to normoxia, while Huang et al. (1998)

observed a sixfold increase in HIF-1 activity in Hep3B cells cultured in 1% O2. This

difference in responses could be caused by the different cell types or because different

reporter plasmids were used (HRE-luciferase reporter plasmid in our study and pEpoE-

luc in Huang et al., 1998). Furthermore, Hep3B cells may express a lower degree of HIF-

1 activity than satellite cells during normoxia, which would result in a larger induction of

HIF-1 under hypoxia in the Hep3B cells because they would have a lower amount to start

with.

Satellite cells express VEGF protein (unpublished immunohistochemistry data in

the Allen lab; Germani et al., 2003; Cristov et al., 2007), and we showed in this study that

the VEGF mRNA level increased with hypoxia (1% O2) or CoCl2. VEGF gene

expression was also shown to increase in L6C5 cells with the addition of CoCl2 (Ciafré et

al., 2007). This supports our findings in primary satellite cells that VEGF is likely at

least partially regulated by HIF-1 in myogenic cells, and stabilizing HIF-1α with either

hypoxia or CoCl2 can cause the activation of hypoxia-related genes. Additionally, further
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confirmation for our results that show CoCl2 increases hypoxia-regulated genes (i.e.

VEGF) in primary satellite cells in culture comes from Kubis et al. (2005), who found an

increase in the HIF-1 controlled gene glyceraldehydes dehydrogenase (GAPDH) after the

addition of CoCl2 to primary rabbit muscle cell cultures.

We believe that satellite cells are triggering angiogenesis, at least in part, through

VEGF because satellite cells express VEGF protein (unpublished observations in the

Allen lab; Germani et al., 2003; Cristov et al., 2007). This coincides with Germani et al.

(2003), who detected the presence of VEGF protein, as well as VEGFR-1 and VEGFR-2,

in both quiescent and activated satellite cells in vivo and in vitro, as well as in C2C12

cells. VEGF R2 was also detected on myogenic precursor cells by Cristov et al. (2007).

VEGF and both VEGF receptors have also been detected in fibers regenerating after

damage by ischemia (Rissanen et al., 2002; Germani et al., 2003).

In addition to VEGF being present in the satellite cells, we also know that satellite

cells secrete VEGF because we were able to detect it in conditioned medium collected

from satellite cells. Furthermore, the secreted VEGF is regulated by hypoxia and CoCl2

because the level in the conditioned medium increased after cells were cultured with 1%

O2 or 150 µM CoCl2. The presence of secreted VEGF in primary satellite cell

conditioned medium is consistent with VEGF being observed in conditioned medium

collected from C2C12 cells, where VEGF levels in the conditioned medium increased

about fivefold in hypoxic conditions (0% O2) in comparison to the normoxic control

(Germani et al., 2003). In contrast, we observed an increase in VEGF in the satellite cell

conditioned medium of about twofold in response to 48 h in 1% O2. This difference in
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VEGF secretion between the two studies could be due to the fact that although our

cultures were hypoxic, they still had 1% O2 in their environment versus no O2 at all.

Additionally, the C2C12 cell line may possess a more dramatic hypoxic response (e.g.

HIF-1 activity and subsequent gene transcription) than primary satellite cells.

We were able to observe a biological response to the VEGF in satellite cell

conditioned medium when microvascular fragments were cultured in the conditioned

medium. The angiogenic response seen with microvascular fragments cultured in

conditioned medium was much higher than what was seen with control medium (DMEM

+ 2% FBS). Additional support that VEGF secreted by satellite cells promotes

angiogenesis was seen when we were able to almost completely inhibit the angiogenesis

of microvascular fragments cultured with satellite cell conditioned medium when VEGF

soluble receptors were added to the conditioned medium. The depletion of angiogenesis

caused by the VEGF soluble receptors could be reversed upon the addition of

recombinant VEGF protein. Our results are in agreement with those observed by

Christov et al. (2007) where conditioned medium from human myogenic precursor cells

was found to be proangiogenic for human umbilical vascular endothelial cells (HUVECs)

in culture. This provides strong evidence that VEGF is an important factor involved in

satellite cell-mediated angiogenesis.

We have established that satellite cells produce and secrete VEGF, but we have

not detected any direct effect of this protein on satellite cells (unpublished observations in

the Allen lab). In other studies, however, it has been indicated that VEGF may stimulate

skeletal muscle regeneration because there was an increase in regeneration in a dose-
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dependent manner when VEGF165 was injected into damaged mouse skeletal muscle

using an adeno-associated virus (AAV), and it was illustrated that this effect of VEGF

was occurring through VEGF R2 (Flk-1) (Arsic et al., 2004). There were also more

fibers with central nuclei, a sign indicative of regenerating muscle, in muscles injected

with AAV-VEGF. Furthermore, this group observed an increase in the fusion of C2C12

cells, resulting in greater number, length, and nuclei number of myotubes. There are a

number of factors that could be responsible for the discrepancies between these data and

our unpublished observations: First, VEGF165 was used in the aforementioned study, and

this isoform could possibly have an effect on satellite cells that differs from the other

isoforms. Second, the number of blood vessels was counted in Arsic et al. (2004) by

immunostaining against smooth muscle α-actin, and the control injection treatment

showed the same amount of vessels as those treated with AAV-VEGF, which was about

2.5 times that of untreated muscle. However, the number of vessels was only counted at

one time point (20 d post-injury), and Hansen-Smith et al. (1980) showed that a free

muscle graft is almost completely revascularized by day 10 so a difference in the number

of blood vessels may have been seen between the AAV-VEGF and AAV-control if they

had been examined at different time points. If the vessels had formed more quickly in the

AAV-VEGF injected muscles, they may have augmented the muscle regeneration,

allowing the muscle repair to be more successful. Finally, the studies conducted by Arsic

et al. (2004) were done in vivo so there could be a number of factors in addition to VEGF,

as well as a number of origins for these angiogenic factors, involved in the muscle

regeneration.
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Nonetheless, it is possible that VEGF bolsters muscle regeneration by stimulating

angiogenesis as well as by acting directly on the muscle. VEGF has been shown to be

chemotactic for C2C12 cells and was observed to decrease apoptosis both in vivo and in

vitro (Germani et al., 2003). These observations are important because the decrease in

apoptosis would allow more satellite cells to be available for repair, and the ability of

VEGF to cause migration of satellite cells would permit cells to be recruited to areas in

need of repair, as regenerating fibers express VEGF (Rissanen et al., 2002; Germani et

al., 2003). It has also been observed that endothelial cells may stimulate satellite cell

proliferation because co-cultures of myogenic precursor cells with HUVECs resulted in

an increase in myogenic precursor cell density that could be blocked by the addition of an

antibody against VEGF (Christov, et al., 2007). This study offered more support for a

direct effect of VEGF on satellite cells by demonstrating that muscle precursor cell

density could be increased through the addition of recombinant VEGF to the culture.

Furthermore, it is an attractive option that VEGF may influence satellite cells. Because

the evidence in the literature points to the need for coordination of myogenesis and

angiogenesis in order for proper and complete muscle repair to take place (Markley et al.,

1978), having a factor affect both myogenesis and angiogenesis offers a convenient

means for this coordination to occur.

In conclusion, our present study shows that satellite cells in vitro are able to

stimulate angiogenesis through the secretion of VEGF. It is likely that similar events

occur in vivo during muscle injury and subsequent repair. Future studies should be

conducted to further examine the effect of VEGF directly on satellite cells, including
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proliferation, differentiation, and migration. It may also be worthwhile to establish if

VEGF acts on satellite cells in an autocrine manner to stimulate some type of feedback

for the secretion of VEGF by the satellite cells, and whether this feedback is positive or

negative. This would provide more information on the role of satellite cells in the

coordination of myogenesis and angiogenesis, with VEGF as the coordinating factor.

Moreover, the involvement of other factors, such as HGF and angiopoietin, in

myogenesis and angiogenesis should also be studied to further characterize how theses

two processes are linked.
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