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ABSTRACT 

This study examined the effects of basic fibroblast growth factor 

(bFGF), insulin-like growth factor I (IGF-I) and transforming growth 

factor beta (TGF-/3) on the proliferation and differentiation of bovine 

satellite cells (BSC) in vitro. Cells were treated with serum-free 

defined media containing varying concentrations of bFGF, IGF-I and TGF-/3. 

On day 3 of treatment total cell nuclei and myotube muclei were 

determined. bFGF stimulated BSC proliferation in a dose-dependent fashion 

with half-maximal stimulation observed at a concentration of 5 ng/ml 

(p<.05). Similar results were found for IGF-I and TGF-fi in the presence 

of FGF, with half-maximal stimulation observed at 5 ng/ml and 1 ng/ml, 

respectively. With regard to differentiation, TGF-/3 inhibited myotube 

formation at concentrations above 0.05 ng/ml. IGF-I stimulated myotube 

formation at concentrations as low as 10 ng/ml (p<.05). These results 

demonstrate that proliferation and differentiation of BSC in vitro are 

affected by growth factors, and consequently, similar effects may be found 

in vivo. This information may prove to be useful in future methods of 

manipulating muscle growth in vivo. 



CHAPTER 1 

INTRODUCTION 

Satellite cells have been shown to be important in postnatal 

muscle growth and development. Located beneath the basement membrane, 

adjacent to mature fibers, satellite cells can contribute to hypertrophy 

of muscle by migration, synthesis of DNA, division and fusion into 

existing muscle fibers (Allen, 1988). Satellite cells also function in 

the regeneration of injured muscle tissue. In a regenerating muscle, 

satellite cells can migrate to the site of injury, divide, and form 

multinucleated myotubes if adequate blood supply and innervation are 

present. Satellite cell activation is affected by many factors including 

normal growth, plane of nutrition, injury, denervation, hormones and 

growth factors. 

The effects of basic fibroblast growth factor (bFGF), 

insulin-like growth factor I (IGF-I) and transforming growth factor beta 

(TGF-/3) have been established in both primary satellite cell cultures 

(Allen and Boxhorn, 1989) and myogenic cell lines (Ewton and Florini, 

1981; Florini et al., 1986b). Basic FGF causes increased levels of 

proliferation in most myogenic cells (Allen, Dodson and Luiten, 1984) 

and muscle cell lines (Linkhart, Clegg and Hauschka, 1981) examined, and 

it is thought to interrupt terminal differentiation by stimulating 

myogenic cells to move from a G0 phase into a portion of the Gx phase 

where differentiation is not possible (Lathrop et al., 1985a; Lathrop, 

Olson and Glaser, 1985b). IGF-I has been shown to have a biphasic effect 

on myogenic cells. It stimulates both proliferation and differentiation 
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at relatively low concentrations, but inhibits differentiation at higher, 

nonphysiological levels (Florini et al., 1986b). TGF-/3 demonstrates a 

strong inhibition of differentiation at low concentrations in most 

myogenic cells (Allen and Boxhorn, 1987) and muscle cells lines (Florini 

and Ewton, 1988; Massague' et al., 1986), but it has either no effect or 

decreases proliferation. The effects and interactions of these growth 

factors have been determined on rat satellite cell cultures in previous 

studies (Allen and Boxhorn, 1989). The objective of this study was to 

determine if bovine satellite cells react similarly to bFGF, IGF-I and 

TGF-/3 in culture. 



CHAPTER 2 

REVIEW OF LITERATURE 

Muscle Development 

Skeletal muscle fiber formation in vivo consists of at least four 

stages (Stockdale et al., 1989). These stages include the formation of 

the muscle plates in the somites, primary fibers, secondary fibers and 

regenerating fibers. Fiber formation in the embryo begins in the myotomes 

of the somites, and before embryogenesis is complete, primary fibers begin 

to form on the myotomes or muscle plates. Near the end of embryogenesis 

and throughout fetal development, secondary fibers develop parallel to 

primary fibers. Primary fibers do not require innervation for formation, 

whereas secondary fibers., do require innervation for development (Crow and 

Stockdale, 1986). Secondary fiber formation is responsible for the 

majority of muscle fiber formation throughout fetal development. After 

birth, satellite cells account for muscle fiber growth as well as 

regeneration or replacement of damaged fibers (Stockdale et al. , 1989). 

In the mouse, postnatal muscle fiber growth occurs in two stages 

(Rowe and Goldspink, 1969). The first stage is a continuation of prenatal 

differentiation, since the mouse is born in an immature state. The second 

stage consists of adaptation of muscles to actual functions. The number 

of fibers that continue to undergo growth is dependent on nutritional 

status, age and workload muscles are subjected to (Goldspink, 1964; Rowe 

and Goldspink, 1969). The postnatal muscle growth that takes place is 

due to an increase in fiber size rather than fiber number, since this 
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number does not appear to change significantly throughout the animals 

lifetime (Rowe and Goldspink, 1969). 

The differentiation of embryonic myoblasts seems to be a preset 

physiological process, since the final number of myofibers appears to be 

set in most animals at birth (Staun, 1963; Rowe and Goldspink, 1969). 

Most of the research in embryonic myoblast differentiation has been 

conducted in vitro, utilizing morphological and biochemical methods. 

Embryonic myoblasts undergo a series of biosynthetic and structural 

transitions (Caplan, Fiszman and Eppenberger, 1983). This results in the 

expression of "specific genes" that are not active during proliferation 

stages (Young and Allen, 1979). At this time, the myoblasts begin to 

produce myofibrillar contractile proteins and fuse into multinucleated 

myotubes. Once the myoblasts are differentiated and contained within 

myotubes, they no longer have the ability to divide or synthesize DNA 

(Stockdale and Holtzer, 1961). 

Satellite Cells 

Satellite cells were originally identified as a population of 

mononucleated cells wli±"ch were located between the sarcolemma and basement 

membrane of the tibialis anticus muscle of the mature frog (Mauro, 1961). 

Studies utilizing the electron microscope (Muir, Kanji and Allbrook, 1965; 

Reger and Craig, 1968; Church, 1969; Muir, 1970; and Campion, Marks and 

Richardson, 1982) provided morphological characterizations of satellite 

cells from many different species and established that satellite cells 

were an independent and unique population from myofiber associated cells. 

Approximately 4.8% (Muir, 1970) to 17% (Campion, Marks and Richardson, 
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1982) of muscle nuclei are satellite cells and satellite cell number 

appears to decrease with age (Snow, 1977; Campion, Marks and Richardson, 

1982). 

Moss and Leblond (1971) discovered that satellite cells were 

responsible for the increase in myotube DNA by injecting rats 

interperitoneally with 3H-thymidine. Rats were sacrificed at different 

time points ranging from 1-72 hours and two techniques were used to 

establish the source of the new myofiber nuclei. One method utilized 

autoradiographs of sectioned muscle evaluated with the light microscope 

to determine the presence of newly synthesized DNA. The electron 

microscope was used to determine whether the cells were incorporated into 

the fiber or not. The second method examined muscle fiber digests which 

were prepared for autoradiography one hour after 3H-thymidine injection 

in order to calculate the total number of labeled nuclei per unit length 

of fiber. The final results showed that as much as 65.2% of the tibialis 

anterior muscle nuclei content originated from satellite cells. 

Observations that most nuclei in mature fibers originated from satellite 

cells were reviewed by Allen, Merkel and Young (1979). 

Satellite cells also have a role in muscle repair (Konigsberg, 

Lipton and Konigsberg, 1975; Schultz, Jaryszak and Valliere, 1985; and 

Bischoff, 1975). When muscles are damaged, the satellite cells 

proliferate and differentiate in order to regenerate the tissue by forming 

new myotubes either in place of or in addition to the damaged fibers. 
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The Cell Cycle 

Cell proliferation plays a key role in both prenatal and 

postnatal aspects of growth. The cell growth division cycle has been 

divided into four sequential phases; mitosis (M), the presynthetic gap 

(Gx), the period of DNA synthesis (S), and the postsynthetic period (G2) 

(Bischoff and Holtzer, 1969). Cells that contain a 2n DNA complement move 

from the Gj^ phase into the S phase and begin DNA replication. The S phase 

lasts approximately 4 hours and is followed by the Gz phase during which 

cells prepare for mitosis and cytokinesis. The G2 phase is followed by an 

hour long period termed mitosis during which chromosomes condense and 

subsequently segregate into the two portions of the cell that form the 

two daughter cells following cytokinesis. When these daughter cells enter 

the Gx phase, they may continue in the cell cycle and progress toward S or 

they may withdraw from the cell cycle and become quiescent in a phase 

referred to as G0 (Pardee et al., 1978; Allen, Merkel and Young, 1979). 

It is thought that many cells in tissues of mature animals are in this 

G0 quiescient form rather than actively cycling. 

Pledger et al. (1977) were among the first to define some of the 

different regulatory stages of G1. They used 3T3 cells to establish two 

regulation points that can control the occurrence of DNA synthesis. In 

initial experiments they used a ,crude platelet extract and platelet poor 

plasma, to establish a model that required competence and progression 

factors. One factor, present in platelet extract, allowed the cells to 

become competent and move through the Gx phase, and a second factor, 

present in the platelet poor plasma, allowed cells to progress past the 
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Gx-S interface and begin DNA synthesis. The original competence factor 

activity in platelet extract was discovered to be platelet-derived growth 

factor (PDGF). Subsequently, FGF was found to function as a competence 

factor also. Stiles et al. (1979) established that the progression 

factor was controlled by the pituitary by using plasma prepared from 

hypophysectomized rats on competent (preexposed to PDGF) 3T3 cells. 

Significantly fewer cells entered the S phase as compared to competent 

cells treated with plasma from normal rats. Further, when somatomedin C 

(same as IGF-I) was added to cells treated with hypox rat plasma, movement 

into S phase increased. However, treatment of competent cells with 

somatomedin C alone was ineffective in activation of DNA synthesis. They 

concluded that other factors in the plasma, along with somatomedin C, were 

responsible for transit across the Gj-S interface. The work on competence 

and progression factors established the concept that cell growth 

regulation may be accomplished through the interaction of several growth 

factors. 

Protein Growth Factors and Hormones 

Fibroblast Growth Factor 

Biochemistry. Acidic fibroblast growth factor (aFGF) is a 140 

residue peptide which can exist in an NHZ-terminally truncated form, 

missing the first six amino acids. aFGF shares a fifty-five percent 

homology with basic fibroblast growth factor (bFGF). bFGF is a single 

chain polypeptide composed of 146 amino acids which can also exist in a 

NH2-terminally truncated form missing the first 15 amino acids. bFGF is 
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well conserved throughout many species. Bovine and avian bFGF have the 

same amino acid structure and human bFGF only differs from these by 2 

amino acids (Abraham et al., 1986). aFGF is less conserved, with bovine 

aFGF differing from human by 11 amino acid residues (Abraham, Whang and 

Tumolo, 1987; Esch et al., 1985). Both acidic and basic FGF contain two 

potential binding domains for heparin, one binding domain near the 

COOH-terminus and the other present at the NH2-terminus (Baird et al., 

1986) . The truncated form of bFGF is as potent as native bFGF, as 

demonstrated by radioreceptor binding assays and biological assays. 

Studies by Gospodarowicz (1987) indicate that the NHz-terminal region of 

bFGF is neither involved in binding to FGF cell surface receptors nor in 

its biological activity. FGF has been isolated from ovary, adrenal, 

kidney, eye, brain, placenta, macrophages, prostate, cartilage and various 

tumors. 

Function. bFGF was first identified by its ability to stimulate 

proliferation and phenotypic transformation of BALB-c 3T3 fibroblasts 

(Gospodarowicz, 1974; Armelin, 1973; Sasada et al., 1988). Cells that are 

responsive to bFGF will show both acute and long-term effects on the cell 

appearance and growth pattern. Cultures of confluent Balb-c 3T3 cells 

treated with bFGF will appear to be transformed due to a reduced 

cell-substratum adhesion, membrane ruffling, increase in migration and 

growth in a crisscross pattern (Gospodarowicz and Moran, 1974). The 

increased membrane ruffling may be due to alterations in the actin 

cytoskeleton (Gospodarowicz, 1985). Further evidence for the involvement 

of bFGF in cell transformation was documented by Gospodarowicz et al. 
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(1985), who demonstrated the ability of non-transformed cells to grow in 

soft agar following FGF treatment. FGF may indirectly affect cell 

transformation by potentiating the effects of transforming growth factor 

beta, which is known for causing cell transformation (Roberts et al. , 

1985). 

bFGF is a very potent mitogen for mesoderm-derived cells, 

triggering cell proliferation with half maximal and maximal effects at 

1.5 and 10 pM (Gospodarowicz et al., 1985), respectively. This 

stimulatory response is evident in cultures seeded both at clonal density 

and at low density in mass cultures. It appears that the increased 

proliferative activity produced by FGF can be attributed to a reduction 

in cellular doubling time due to a shorter time spent in the Gx phase of 

the cell cycle (Gospodarowicz et al., 1985). The reduced length of the 

Gx phase may be correlated to the expression of a particular set of 

"early-response" genes necessary for cell proliferation, c-fos and c-myc 

are members of this family of "early-response" genes. The products of 

these proto-oncogenes increase in response to FGF (Kaczmarek and Kaminska, 

1989). 

The mode of action of bFGF has been difficult to elucidate. It 

appears that most cells possess a single receptor for bFGF (Olwin and 

Hauschka, 1986), however, the affinity and Mr of the receptor vary greatly 

between cell types. Using fibroblast (Swiss 3T3) and muscle (MM14) cell 

lines, which possess a large number of FGF receptor sites, Olwin and 

Hauschka (1986) obtained an average molecule weight of 165-180 kDa for the 

single high affinity FGF receptor. Studies designed to identify the FGF 



receptor have been hampered by the large number of low affinity binding 

sites on the cell surface. Due to the presence a heparin binding domain 

on the FGF molecule, the growth factor frequently attaches to low 

affinity, heparin sulfate glycosaminoglycans found on the cell surface. 

This leads to an inflation in the number of cell surface receptors. 

The ability .of FGF to bind heparin suggests that heparin may 

modulate the bioactivity of bFGF. Heparin has been shown to potentiate 

the mitogenic activity of aFGF on BHK-21 cells. Similarly, heparin 

increases the neurotropic activity of aFGF on PC-12 cells (Gospodarowicz 

et al., 1987). Heparin is also important in protecting FGF from 

proteolytic degradation. A current model proposed by Moscatelli (1988) 

suggests that bFGF binds to the low affinity heparin sulfates on the cell 

surface. This protects the molecule from degradation as well as serving 

as a storage site. 

Following release from the extracellular matrix, FGF binds to its 

high affinity cell surface receptor and elicits its response. Signal 

transduction after FGF is bound to the receptor is unclear. Blackshear et 

al. (1985) reported an increase in the phosphorylation of an 80 kD 

protein. Phosphorylation of this protein was correlated with activation 

of the protein kinase C signal pathway. Logan and Logan (1988) 

demonstrated an increase in phosphatydal inositol metabolism following 

FGF stimulation of 3T3 cells. However, no definitive pathway outlining 

the course of events from receptor binding to stimulation of DNA synthesis 

has been described in the literature. 



Insulin-like Growth Factor I 

Biochemistry. The structure of insulin-like growth factor I 

(IGF-I), a 70 residue basic polypeptide (Shimatsu and Rotwein, 1987) was 

elucidated by Rinderknecht and Humbel (1978). IGF-I consists of a single 

polypeptide chain containing three intra-chain disufide bonds with a Mr 

of 8.4 kDa that is structurally related to insulin. IGF-I consists of A 

and B domains that are homologous to the A and B chain of insulin (Froesch 

et al., 1985). In contrast to insulin, IGF-I contains a C-domain that 

consists of 12 amino acids, as well as an additional D-domain that is 

located at the C-terminal end of the A-chain. IGF-II also contains three 

intra-chain disulfide bonds in a single chain, 67 residue (Shimatsu and 

Rotwein, 1987) polypeptide molecule with a Mr of 7.5 kDa (Nissley et al., 

1983). Together, IGF-I and IGF-II make up over 90% of the total 

extractable insulin-like non-insulin material in the serum (Froesch et 

al., 1985). 

The IGFs differ from insulin and other polypeptides in that they 

circulate attached to specific, biologically inert carrier proteins that 

will not bind to IGF receptors (Romanus et al., 1987; Froesch et al. , 

1985). IGFs, present in the serum in a great excess, are bound to these 

carrier proteins of Mr 50 and 150 kDa, which may serve as a storage pool 

for the polypeptide. IGFs and precursors are not stored in any tissue of 

the body any large quantities (Mayer and Schalch, 1983). Schwander et al. 

(1983) has shown that IGF-I is rapidly synthesized by perfused rat liver 

and immediately secreted into the medium. IGFs can also be produced by 

other cells and tissues in minor quantities for local action. Jennische 
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and Hansson (1987a) have shown that IGF-I and its mRNA can be found in 

many tissues types and organs. Jennische and Hansson (1987a) also 

demonstrated that IGF-I is expressed in regenerating cells, including 

satellite cells, and cells undergoing hypertropy in tissues originating 

from both mesoderm and ectoderm. 

Function. IGF-I mimics all of the insulin actions on all target 

tissues, but to a lesser (25%) degree. IGF-I increases glucose metabolism 

of adipose tissue (Froesch et al., 1966), and has been shown to stimulate 

glucose transport with the measurement of 3-0-methylglucose eflux and 

influx (Zapf, Schoehle and Froesch, 1978). In human fat cells, IGFs cause 

acute effects similar to insulin, such as inhibition of glycerol release, 

stimulation of hexose transport and increased metabolism of glucose in 

isolated fat cells and adipose tissue segments (Bolinder et al., 1987). 

IGF stimulates protein, lipid and glycogen synthesis, as well as 

inhibiting lipolysis, Ca-ATPase, and increasing phosphodiesterase activity 

in the same manner as insulin. 

Most of the mitogenic actions of IGFs on muscle cells occur at 

normal or near-normal levels of circulating IGFs (Ewton and Florini, 

1981). In muscle, IGFs cause an inhibition of proteolysis, stimulation 

of AIB uptake as well as an increase in cell proliferation and promotion 

of differentiation in a variety of myogenic cell types (Florini and Magri, 

1989): rat L6 myoblasts (Florini and Ewton, 1981), primary chick embryo 

myoblasts (Schmid, Steiner and Froesch, 1983), rat satellite cells 

(Dodson, Allen and Hossner, 1985; Allen and Boxhorn, 1989). The 

possibility that differentiation was due to cell density rather than 
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direct actions of the IGFs was excluded by two kinds of studies (Florini 

and Magri, 1989). First, increased insulin concentration or physiological 

concentrations of rIGF-II, in the presence of cytosine arabinoside 

stimulated differentiation 5-10 fold in two different subclones of L6 

myoblasts and primary Japanese quail muscle cells (Turo and Florini, 

1982). Secondly, Ewton and Florini (1981) conducted experiments with a 

wide range of initial plating densities of rat L6 cells, which 

demonstrated that the IGFs stimulated differentiation over a wide range 

of final cell densities. The IGFs seem to have biphasic effects on 

differentiation, stimulating both proliferation and differentiation at 

low concentrations, and inhibiting differentiation at higher, 

nonphysiological concentrations of IGF-I. 

Both IGFs may possibly function as paracrine or autocrine growth 

factors (D'Ercole, Applewhite and Underwood, 1980). Tollefsen, Sadow and 

Rotwein (1989a) presented evidence that the IGFs are autocrine factors for 

muscle. Using C2 cells, (a fusing mouse skeletal muscle line), they 

demonstrated a differentiation dependent increase of IGF-II levels and 

expression of IGF-II receptors during myogenic differentiation. In a 

more recent study, Tollefsen et al. (1989b) showed a transient increase 

in IGF-I mRNA and IGF-I receptor number during differentiation of C2 

cells. They also measured a hundred fold increase of a 29 kDa IGF-I 

binding protein during differentiation. The addition of growth hormone 

(GH) did not result in a change in levels of IGF mRNA expression. This 

finding indicated that IGF expression may be controlled by other 

mechanisms in addition to GH. Therefore, IGFs may be involved in 



regenerative processes including: wound healing, erythropoiesis, and 

remodeling of cartilage and bone (Shimatsu and Rotwein, 1987) . Jennische, 

Skottner and Hansson (1987b) demonstrated the expression of IGF-I by 

satellite cells within the first 24 hours during regeneration of 

irreversibly injured skeletal muscle. They found that expression of IGF-1 

immunoreactivity in satellite cells was stronger in the first stages of 

regeneration and gradually weakened at later stages. In this set of 

experiments, nerves and blood vessels expressed IGF-I immunoreactivity as 

well. Chrondrocytes (Froesch et al., 1976; Guenther et al., 1982) and 

bone cells (Schmid, Steiner and Froesch, 1983; Schmid, Steiner and 

Froesch, 1984) respond to IGF I and II with increased cellular replication 

and/or enhanced formation of matrix. 

IGFs are present in the blood in large excess, but they exist 

bound to specific carrier proteins (Romanus et al., 1987). It was 

observed that serum exerted insulin-like effects on tissues such as muscle 

and adipose. The amount of insulin present in the serum was not adequate 

to demonstrate such actions. Also, insulin effects were not suppressed 

by the addition of antiserum (Froesch et al. , 1963). Then in 1972, 

Pierson and Temin extracted a factor from the serum, which turned out to 

be IGF-II (Pierson and Temin, 1972). When IGF-II was added to culture 

medium, the cells were stimulated to replicate. Later, Dulak and Temin 

(1973) found that cultured liver cells secrete IGF-II into the culture 

medium. Studies show that there is very little preformed IGF stored in 

liver cells, but IGF is synthesized from amino acids and secreted rapidly 

(Schwander et al., 1983). The liver is also the source of the IGF 
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binding protein, which is secreted independently of IGF. IGFs can also 

be secreted by other cells and tissues in minor quantitities for local 

action, but the liver is the origin of 90% of secreted IGF (Froesch et 

al. , 1985). The IGF concentration in the serum is very stable under 

constant nutritional and endocrine conditions. The major regulatory 

factors of IGF concentrations in the serum are growth hormone, nutrition, 

adequate insulin secretion and indirectly, adequate thyroid function, due 

to its effect on growth hormone. 

Transforming Growth Factor /3 

Biochemistry. TGF-/3 is a 25 kDa disulfide linked homodimer that 

was originally identified by its ability to promote anchorage-independent 

growth in normal rat kidney (NRK) cells (Roberts et al.,1981). There 

are three identified forms of TGF-/3; fil, 02, and pi.2. Of the three 

forms, TGF-/31 is found in a vast majority of tissues. TGF-/31.2, the 

heterodimeric form (Cheifetz, Like and Massague, 1986), is the least 

abundant of three TGFs (Roberts and Sporn, 1987). 

TGF-/31 is frequently purified from platelets which prove to be a 

rich source. Bone is also an abundant contributor of TGF-/9, containing 

one-tenth of the amount found in platelets (Roberts and Sporn, 1987). 

Presence of TGF-/9 in large quantities in platelets and bone suggests roles 

in wound healing and the building or maintenance of bone. TGF-/92 differs 

from beta 1 by 20 amino acids in the N-terminus. The differing 20 

residues share fifty percent homology with the cysteine residues being 
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fully conserved suggesting similar structure and biological activity of 

the two types. These cysteine residues are partially responsible for the 

stability of the molecule (Seyedin et al., 1987). 

Peptides included in the TGF-/3 family due to their structural 

similarity are: inhibin, a gonadal protein that supresses the pituitary 

secretion of FSH; activin, the opposite acting gonadal protein that 

stimulates the pituitary secretion of FSH, Mullerian Inhibiting Substance, 

the protein that causes regression of female rudiments in the developing 

male reproductive system, (Sporn et al., 1987), BSC-1, a growth inhibitor 

from monkey kidney cells, and CIF-A, a cartilage inducing factor purified 

from bovine bone (Sporn et al., 1986). 

Function. TGF-/3 can have varying effects depending on target 

cells and tissues. Some of the stimulatory effects of TGF-/3 include 

increased anchorage-independent growth of various normal fibroblastic 

cells (Roberts et al., 1981), increased fibroblast proliferation, 

increased stimulation of angiogenesis (Roberts et al., 1986) and greater 

bone remodeling (Pfeilschifter and Mundy, 1987) . TGF-/3 also has many 

inhibitory actions such as decreased proliferation (in vitro) of various 

normal endothelial cell types (Assoian et al., 1983), human tumor lines, 

and mitogenically stimulated B and T lymphocytes (Kehrl et al. , 1986). 

It has been shown to inhibit differentiation in preadipocytes, B and T 

lymphocytes, natural killer cells, and myocytes (Wakefield et al., 1987). 

TGF-/3 has been shown to be an extremely potent chemotaxic agent 

for monocytes. It is a potent chemoattractant for human peripheral blood 
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monocytes at extremely low concentrations (as low as 0.1-10 pg/ml) and 

induces directed monocyte migration in vitro (Wahl et al., 1987). TGF-/3 

may provide an important signal for monocyte recruitment and for 

regulation of their synthesis of mediators of fibroblast growth and 

activity in wound healing. TGF-/J has also been shown to directly 

increase the production of extracellular matrix by fibroblasts and to 

decrease the interleukin 2 dependent functions in T lymphocytes. 

Activated T lymphocytes secrete elevated amounts of TGF-/3, suggesting that 

it is an important mediator of tissue repair and a regulator of 

inflammatory actions (Makela et al., 1987). 

Florini et al. (1986b) used Yaffes L6 rat skeletal muscle line to 

show a concentration dependent inhibition of myoblast differentiation by 

TGF-/3. Their work demonstrated complete inhibition of differentiation 

by TGF-/3 at concentrations as low as 0.5 ng TGF-/3/ml. Florini (1986b) 

suggested that TGF-/3 in muscle is responsible for controlling the onset 

of differentiation and fusion of muscle tissue by allowing adequate muscle 

mass to accumulate. Also, Florini (1986b) suggests that TGF-fi plays a 

role in the regulation of formation of satellite cells in skeletal muscle. 

Local TGF-/3 may prevent individual cells from going through 

differentiation and incorporation into myotubes, so these satellite cells 

may be activated at a later date. 

In an effort to determine at what point TGF-/3 was affecting 

muscle cells, Spizz, Hu and Olson (1987) experimented with a non-fusing 

skeletal muscle line (BC3H1). By examining the appearance of changing 

levels of muscle specific gene products and the time points at which these 
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changes took place; they found that the mechanism by which TGF-/3 prevents 

differentiation is independent of cell proliferation. They also found 

that in this particular cell line, there was no decrease in sensitivity 

to TGF-/3 or receptor number in differentiated cells. Similar results were 

obtained by Ewton et al. (1988). Olson et al. (1986) found that C2 cells, 

(a fusing mouse skeletal muscle line), in the presence of TGF-/3 (5 ng/ml), 

withdrew from the cell cycle but did not differentiate. The degree of 

differentiation was measured by the use of acetylcholine receptor assays 

and the expression of muscle creatine kinase. When the cells were exposed 

to fusion media containing TGF-^ (5ng/ml), the cultures reached similar 

density to control cultures, but did not fuse and maintained the bipolar 

morphology characteristic of proliferating cells. They observed little 

or no change in protein synthesis between TGF-/3 treated and control 

cultures when [35S] methionine incorporation was measured, and when TGF-/3 

was removed from the treatment media, the kinetics of differentiation took 

place at the same rate as control cultures. Olson et al. (1986) suggested 

that TGF-/9 can regulate myogenesis by specifically repressing muscle 

specific mRNA accumulation. 

Ewton et al. (1988) looked at 3 muscle cell lines; C2, L6 (rat 

fusing skeletal lines) and BC3H1 (mouse non-fusing skeletal line). They 

found that TGF-/9 binding decreases dramatically as myoblasts fuse to form 

postmitotic myotubes. In C2 cells, there was a correlation between loss 

of receptors and loss of responsiveness to TGF-/3, however, there was a 

constant basal level of receptors present in fully formed myotubes. These 

results conflict with results reported in 1986 (Massague et al., 1986), 



where L6E9 and L8 rat skeletal muscle myoblast cell lines and chicken 

embryo myoblasts were treated with TGF-/3. Massague et al. (1986) found 

that both types of TGF-/9 receptors were present in myoblasts and myotubes. 

All cells examined have receptors for TGF-/?, and almost all cells 

in culture appear to release the inactive form of TGF-/9 (Moses et al., 

1987). The inactive TGF-/3 released by cells in culture appears to be in 

a higher molecular weight form suggesting the presence of a binding 

protein that can control or regulate the activity of TGF-/3. At the 

target cell, secreted proteases may activate the peptide by cleavage of 

the latent form. 

There is an inverse relationship between receptor number and 

affinity, such that at low TGF-/3 concentrations, all cell types bind 

essentially the same number of TGF-/3 molecules per cell. There seems to 

be little or no ligand induced receptor down regulation. The TGF-/? 

receptor is highly conserved, and binding to the receptor is not modulated 

by agents affecting TGF-/3 action (Wakefield et al., 1987). The high 

potency of TGF-/3 (@ 1 picamole concentration for normal effects) and its 

lack of affinity for other growth factor receptors suggests that TGF-/3 

exerts its biological effects by binding with high affinity to a unique 

type of membrane receptor (Massague, 1985). 



26 

CHAPTER 3 

MATERIALS AND METHODS 

General Reageants and Tissue Culture Ware 

McCoys 5A Medium, GIBCO antibiotic antimyocotic, Deutsch fetuin, 

ascorbic acid, and vitamin E were purchased from Gibco (Grand Island 

Biological Co., Grand Island, NY). Linoleic acid, basesment membrane 

MATRIGEL, selenium, insulin, and fibronectin were purchased from 

Collaborative Research, Inc. (Bedford, MA). Gentamicin sulfate was 

purchased from Irving Scientific (Santa Ana, CA). Dexamethasone (DMSO), 

biotin, 3,3' Diaminobenzidine, protease and heparin were purchased from 

Sigma Chemical Co. (St. Louis, MO). Dimethyl sulfoxide was purchased from 

Fischer Scientific (Fairlawn, NJ). Centrifuge tubes were obtained from 

Corning (Corning, NY) and Falcon Co. (Oxnard, CA). Tissue culture plates 

were obtained from Nunc Intermed (Vangard International Inc. , Neptune, NJ) 

and Costar (Cambridge, MA). Goat anti-Mouse Igs (Polyvalent) Horseradish 

peroxidase (HRPO) was purchased from American Qualex, (La Mirada, CA). 

The D3 and MF20 antibodies were obtained from the Developmental Studies 

Hybridoma Bank maintained by the Department of Pharmacology and Molecular 

Sciences, Johns Hopkins University School of Medicine, Baltimore, MD and 

the Department of Biology, University of Iowa, Iowa City, IA under 

contract NOl-HD-6-2915 from the NICHD. 

Animals 

Bull calves (2-10 weeks of age) were obtained from the University 

of Arizona Dairy. 
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Serum Preparation 

Blood was aseptically collected from mature geldings (Campell Ave 

Farm, Tucson, AZ) and allowed to clot overnight at 4°C. Blood was spun 

in the centrifuge at 1520xg for 30 minutes. Serum was pipeted off and 

stored at -70°C in 100 ml aliquots. 

Hormones and Growth Factors 

Fibroblast growth factor 

Basic fibroblast growth factor (bFGF) was purchased from R and D 

Systems, Inc. (Minneapolis, MN). bFGF has been found to be at least 95% 

pure based on silver-stained gels, amino acid analysis, and N-terminus 

sequences. bFGF was reconstituted with Dulbeccos Modified Eagle Medium 

(DMEM) containing 1 mg/ml bovine serum albumin, aseptically aliquoted into 

1 ml cryotubes and stored at -20 °C. 

Insulin-like growth factor I 

Thr-59 recombinant insulin-like growth factor (IGF-I) was 

purchased from Amgen (Thousand Oaks, CA) . This recombinantly produced 

growth factor is 99% pure as determined by HPLC and radioimmunoassay. 

IGF-I was dissolved in 0.1 M sterile acetic acid, aseptically aliquoted 

into 1 ml cryotubes and stored at -20°C. 

Transforming growth factor /3 

Transforming growth factor beta (TGF-0) was purchased from R 

& D Systems, Inc. (Minneapolis, MN) . TGF-/3 was purified from porcine 

platelets and was found to be at least 97% pure by N-terminal analysis 

and analysis on silver-stained gels. TGF-/9 was reconstituted with 4 mM 

HC1 containing 1 mg/ml bovine serum albumin and stored at -20°C. 
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Satellite Cell Cultures 

Bovine satellite cells (BSC) were harvested from the hindlimb 

muscles of calves 2-10 weeks of age, according to the procedure described 

by Allen, Dodson and Luiten (1984), as modified from Bischoff (1974). In 

brief, muscle, dissected free of connective tissue and adipose tissue, was 

rinsed in phosphate buffered saline (PBS) and was passed through a sterile 

meat grinder. The ground tissue was weighed and transferred into sterile 

centrifuge tubes (approximately 20 grams per tube) and was incubated in 

protease (1 mg/ml in PBS) at 37°C for 60 minutes to liberate the satellite 

cells. The centrifuge tubes were manually agitated at fifteen minute 

intervals to insure adequate exposure to protease. Following the 

incubation, cells were pelleted by differential centrifugation. BSC were 

separated from fibroblasts by a 2 hour incubation in McCoys 5A Medium 

containing 10% horse serum in uncoated 144 mm culture dishes. After the 

preplating period, the satellite cell suspension was decanted, and cells 

were pelleted by centrifugation. BSC were resuspended in McCoys 5A medium 

containing 20% fetal bovine serum and 10% dimethyl sulfoxide and frozen 

in liquid nitrogen in three ml aliquots. 

Satellite Cell Proliferation and Differentiation in Primary 

Cultures 

BSC were seeded at a density of 50 cells/mm2 in 

fibronectin-coated 24 well plates. Cells were cultured in McCoys 5A 

medium (McCoys) containing 10% horse serum (HS) and maintained in a 

humidified atomosphere of 95% air and 5% carbon dioxide. After 24 hours, 

cultures were washed 3 times with McCoys containing 1% Gibco antibiotic 
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antimycotic to remove cellular debri and dimethyl sulfoxide. Cells were 

monitored and fed daily with McCoys plus 10% HS. When the BSC had 

attached and begun to proliferate, they were washed twice as previously 

mentioned to remove all serum. BSC were placed in a serum-free defined 

media containing the following constituents: selenium (3.75 ng/ml), 

linoleic acid (1 ug/ml), dexamethasone (10~7M), fetuin (500 ug/ml), insulin 

(10~nM), fibronectin (50 ng/ml), biotin (500 ng/ml), Gibco antibiotic 

antimycotic (1 ml/100 ml), gentamicin sulfate (0.2 ml/100 ml), vitamin E 

(100 ng/ml), heparin (100 ug/ml), and McCoys and MDCB medium 104 in a 3:1 

ratio. The three growth factors; bFGF, IGF-I, and TGF-/3 were included in 

the defined media at the indicated concentrations. 

After 3 days in treatment media, the cells were washed several 

times with PBS to remove the medium. BSC were fixed in cold (-20°C) 

methanol containing 20 ul of 30% H202/ml MeOH. BSC were washed 3 times 

quickly, then 2 (5 minute) rinses with PBS and incubated in blocking 

solution (4% HS in PBS with 0.1% Triton X) at room temperature for 20 

minutes. BSC were then incubated overnight (4°C) in supernatant 

containing D3 anti-desmin monoclonal antibody (Danto and Fischman, 1984) 

at a 1:5 dilution with PBS. Washes were repeated as previously described, 

and BSC were incubated for 1 hour in a horseradish peroxidase conjugated 

goat anti-mouse IgG second antibody which had been diluted 1:1000 in PBS. 

BSC were washed and colorized with 3,3' diaminobenzidine. Colorizing was 

monitored using the microscope until desired intensity was obtained, and 

the reaction was terminated with 2 PBS washes. All desmin positive cells 

were counted in 10 random fields/well under 32x power. The cultures were 
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then counterstained with Giemsa and remaining (i.e., desmin negative) 

cells were counted in a similar manner. 

In related experiments, BSC plated in 100 mm petri dishes were 

washed with PBS, trypsinized, and seeded in 96 well fibronectin coated 

plates at 6xl03 cells per well. Cells were cultured in McCoys with 10% HS 

for 24 hours. Cultures were then treated with serum-free defined media 

containing various treatments of bFGF (5ng/ml), IGF-I (10 ng/ml), and 

TGF-fi (1 ng/ml) for 4 days. Plates were dipped in 0.15 M NaCl to remove 

culture media and fixed with methanol for 30 minutes. Fixative was 

removed, and 100 ul of filtered 1% (w/v) methylene blue in 0.1 M sodium 

borate buffer (pH 8.5) was added to each well. Excess dye was removed, 

followed by serially dipping the plate into each of 4 tanks containing 

0.01 M sodium borate. Excess buffer was removed from plates between tanks 

with a quick shake. Dye was eluted using a mixture of 1:1 (v/v) ethanol: 

0.1 M HC1 (Oliver et al., 1989). Plates were gently shaken for 20 

minutes and absorbance was measured at 600 nm (A60o) with a Titertek 

Multiskan plate reader. 

Differentiation was determined in duplicate plates. Cultures were 

fixed in methanol for 25 minutes and washed 3 times with PBS. Cells were 

treated with 0.1% Triton for 15 minutes and washed three times with 

PBS/tween (0.05%). Nonspecific binding sites were blocked with 10% nonfat 

dry milk in PBS/tween for 45 minutes. Blocking solution was rinsed from 

plates 3 times with rinse solution (1% nonfat dry milk in PBS/tween) and 

plate was inverted rapidly on an absorptive surface after each rinse. 

Cells were incubated for 2 hours with a monoclonal antibody to skeletal 
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muscle myosin, MF20 (Bader, Masaki and Fischman, 1982), washed with rinse 

solution as before, then incubated for 90 minutes in horseradish 

peroxidase conjugated goat anti-mouse second antibody (diluted 1:1000 in 

1% nonfat dry milk in PBS/tween). Plates were washed as before and 100 

ul of 2,2-azino-di-(3-ethyl)-benzothiazoline-6-sulphonic acid (ABTS) 

solution (10 ml of ABTS stock solution with 10 ul of 30% peroxidase 

substrate solution) was added to each well. Color was developed in the 

presence of excess substrate. Plates were read at 405nm (AA05) after 20 

minutes. 

Satellite Cell Proliferation and Differentiation in Cloned 

Satellite Cell Cultures. 

Primary BSC cultures were plated in fibronectin coated 144mm 

dishes and fed with McCoys with 10% HS until the cells attached and 

commenced to proliferate. At this time, BSC were trypsinized (3:15 

trypsin:PBS), stained with trypan blue and counted on a hemocytometer. 

The cells were diluted, and fibronectin-coated 96 well plates were seeded 

with 5 cells/well, 1 cell/well, or 0.5 cells/well to compensate for 

counting error or cell viability. Wells were examined after 4 days, and 

wells containing single colonies were identified. Clone-containing wells 

were monitored daily, and were trypsinized and replated into 24 well 

plates at the first sign of myotube formation. Clonal colonies were 

transferred into larger wells upon reaching 25% confluency. Low cell 

density was maintained to prevent differentiation. Bovine satellite cell 

clones were trypsinized from mass cultures, pooled, and replated in 
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fibronectin-coated 96 well plates at a density of lxlO3 cells per well. 

Cells were cultured in McCoys with 10% HS for 24 hours. Cultures were 

then treated with serum-free defined media containing various treatments 

of bFGF (5 ng/ml), IGF-I (10 ng/ml), and TGF-/9 (1 ng/ml) for 4 days. Cell 

number per well was determined by methylene blue dye-binding assay (Oliver 

et al. , 1989) used previously. Plates were read at 600nm (A600) after 20 

minutes. 

Statistical Analysis 

Data in all experiments were analyzed by analysis of variance 

(Steele and Torrie, 1960). 
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CHAPTER 4 

RESULTS 

Bovine satellite cells (BSC) were cultured in fibronectin coated 

24 well plates in McCoys 5A Medium (McCoys) containing 10% horse serum 

(HS) and maintained in a humidified atomosphere containing 5% carbon 

dioxide. BSC were treated for 3 days with defined medium containing bFGF 

at concentrations of 0, 1, 3, 10, 20, and 30 ng of bFGF/ml in combination 

with one of three concentrations of IGF-I (0, 10 or 50 ng/ml) (Figure 1). 

Density of total nuclei was determined at the end of the treatment 

period. A significant dose dependent stimulation of proliferation was 

seen at all concentrations of bFGF (p<0.01). When IGF-I was added to 

treatments containing bFGF at a concentration of 10 ng/ml, there was a 

significant increase in total nuclei/mm2 (p<0.01). This response was 

further amplified when IGF-I was added at a concentration of 50 ng 

IGF-I/ml (p<0.01). When differentiation was analyzed by counting nuclei 

in desmin-positive cells, there was significant inhibition of 

differentiation at concentrations of 3 ng FGF/ml and greater (Figure 2). 

The presence of IGF-I at 10 and 50 ng IGF-I/ml, did not significantly 

alter the inhibition of differentiation induced by bFGF. Figure 3 shows 

the effect of various concentrations of IGF-I on satellite cell 

proliferation and differentiation. BSC were treated for 3 days in defined 

medium with concentrations of 0, 1, 3, 5, 10, and 30 ng IGF-I/ml. At the 

end of the treatment period, densities of total nuclei and nuclei in 

desmin-positive cells were determined in order to analyze proliferation 

and differentiation, respectively. There were no significant differences 



Figure 1. The effects of bFGF on BSC proliferation in the presence of varying 

concentrations of IGF-I. BSC were treated for 3 days with concentrations of bFGF 

ranging from 0-30 ng/ml in the presence of 0, 10 and 50 ng/ml of IGF-I. At the 

end of the treatment period, total nuclei density was determined. Points 

represent the mean of 4 cultures per treatment ± S.E. 
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Figure 2. The effects of bFGF on BSC differentiation in the presence of varying 

concentrations of IGF-1. BSC were treated for 3 days with concentrations of bFGF 

ranging from 0-30 ng/ml in the presence of 0, 10 and 50 ng/ml of IGF-I. At the 

end of the treatment period, the density of desmin-positive cells was determined. 

Points represent the mean of 4 cultures per treatment ± S.E. 
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Figure 3. The effects of IGF-I on BSC proliferation and differentiation. BSC 

were treated for 3 days with concentrations of IGF-I ranging from 0-30 ng/ml. 

At the end of the treatment period, total nuclei density and the density of 

nuclei in desmin-positive cells were determined. Points represent the mean of 

4 cultures per treatment ± S.E. 
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between IGF-I treated cells and control cultures when proliferation was 

examined (Figure 3). However, the presence of IGF-I resulted in a 

significant increase of nuclei in desmin-positive cells at all IGF-I 

concentrations (p<0.01), indicating that IGF-I stimulated differentiation. 

Figure 4 shows the effect of the same concentrations of IGF-I used 

previously, in the presence of 1 ng bFGF/ml. BSC were treated for 3 days 

with concentrations of IGF-I ranging from 0-30 ng IGF-I/ml in the presence 

of 1 ng bFGF/ml. At the end of the treatment period, proliferation and 

differentiation were assessed by counting cells and determining density 

of total nuclei and density of nuclei in desmin-positive cells, 

respectively. With 1 ng bFGF/ml present in the treatment medium, there 

was a significant dose dependent increase (p<0.05) in proliferation at 

concentrations of 3 ng IGF-I/ml and greater. Differentiation was also 

stimulated at concentrations of 3 ng IGF-I/ml and greater (p<0.05). 

In order to determine whether high concentrations of bFGF would 

cause an increased response to IGF-I, BSC were treated for 3 days in 

defined medium containing IGF-I at concentrations of 0, 1, 3, 5, and 10 

ng IGF-I/ml in the presence of 50 ng/ml of bFGF (Figure 5). At the end 

of the treatment period, proliferation was analyzed by determining total 

nuclei/mm2, and differentiation was assessed by determining the number of 

nuclei in desmin-positive cells/mm2. In the presence of 50 ng bFGF/ml, all 

IGF-I treatments caused a significant increase in cell proliferation 

(p<0.01). However, the response did not appear to be dose dependent as 

seen with 1 ng bFGF/ml (Figure 4). A major effect on differentiation was 

not observed with a maximum concentration of bFGF present, only a slight 



Figure 4. The effects of IGF-I on BSC proliferation and differentiation in the 

presence of 1 ng/ml bFGF. BSC were treated for 3 days with varying 

concentrations of IGF-I ranging from 0-3 ng/ml. At the end of the treatment 

period, total nuclei density and the density of nuclei in desmin-positive cells 

were determined. Points represent the mean of 4 cultures per treatment ± S.E. 
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Figure 5. The effects of IGF-I on BSC proliferation and differentiation in the 

presence of 50 ng/ml of bFGF. BSC were treated for 3 days with concentrations 

of IGF-I ranging from 0-10 ng/ml in the presence of 50 ng/ml of bFGF. At the 

end of the treatment period, total nuclei density and the density of nuclei in 

desmin-positive cells were determined. Points represent the mean of 4 cultures 

per treatment ± S.E. 
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increase in nuclei in desmin positive cells was seen at concentrations of 

1 and 5 ng IGF-I/ml (p<0.05). 

Figure 6 demonstrates the effect of TGF-/3 on BSC. BSC were 

treated for 3 days with defined medium containing TGF-/3 at concentrations 

of 0, 0.01, 0.05, 0.5, 1, and 2 ng/ml. At the end of the treatment 

period, total nuclei density and density of nuclei in desmin-positive 

cells were determined. Proliferation was significantly inhibited at 

concentrations as low as 0.01 ng TGF-/3/ml (p<0.01). Differentiation was 

completely inhibited in treatments containing 0.01 ng TGF-/3/ml and greater 

(p<0.01). 

Figure 7 displays the effects of TGF-/9 on BSC proliferation and 

differentiation in the presence of 100 ng/ml of partially purified FGF. 

BSC were treated with concentrations of TGF-/3 ranging from 0-2 ng/ml in 

the presence of partially purified FGF obtained from Collaborative 

Research. At the end of 3 days in defined treatment medium, total nuclei 

density and myotube nuclei density were determined. When 100 ng FGF/ml 

was present, there was a significant dose dependent stimulation of 

proliferation (p<0.01) demonstrated at all concentrations of TGF-/3 tested. 

Differentiation was completely inhibited at all concentrations of TGF-/3 

examined (p<0.01). 

In Figure 8, BSC were plated in 96 well plates at a density of 

6xl03 cells per well and fed with McCoys medium and 10% HS for 24 hours. 

BSC were then placed in serum-free defined media containing various 

combinations of bFGF (5 ng/ml), IGF-I (10 ng/ml), and TGF-/3 (1 ng/ml) for 

four days. At the end of the treatment period, cells to be analyzed for 



Figure 6. The effects of TGF-/3 on BSC proliferation and differentiation. BSC 

were treated for 3 days with concentrations of TGF-/S ranging from 0-2 ng/ml. 

At the end of the treatment period, total nuclei density and the density of 

nuclei in desmin-positive cells were determined. Points represent the mean of 

4 cultures per treatment ± S.E. 
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Figure 7. The effects of TGF-/9 on BSC proliferation and differentiation in the 

presence of 100 ng/ml partially purified FGF. BSC were treated for 3 days with 

concentrations of TGF-/3 ranging from 0-2 ng/ml. At the end of the treatment 

period, total nuclei density and myotube nuclei density were determined. Points 

represent the mean of 4 cultures per treatment ± S.E. 



800 

6000--
600 E 

E 

LU 
_l -- 400 y 4000 
z: 

2 -- 200 fc o 1 

i— 

- 2000--, 
o-o 

200 
2.00 0.50 1.00 0.00 1.50 

TGF-B (ng/ml) 



Figure 8. The effects of bFGF, IGF-I, and TGF-/3 on BSC proliferation. BSC were 

treated for 4 days with one or more of the growth factors. bFGF was present at 

a concentration of 5 ng/ml, IGF-I at 10 ng/ml, and TGF-/0 at 1 ng/ml. At the end 

of the treatment period, cell number was determined using the methylene blue 

dye-binding assay. Bars represent the mean of 6 cultures per treatment ± S.E. 
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proliferation were fixed in methanol and prepared for the cell number 

assay using the methylene blue procedure described in the Materials and 

Methods section. 

When primary bovine satellite cell cultures were treated with 5 

ng/ml bFGF, there was a 50% increase in bovine satellite cell 

proliferation over control cultures (p<0.01). Treatments with IGF-I and 

TGF-/3 alone, showed no significant difference from control. However, when 

IGF-I and TGF-/9 were present together, there was a 20% increase in BSC 

proliferation. bFGF, in combination with either IGF-I or TGF-/3, resulted 

in a significant increase in BSC proliferation over both control and bFGF 

treated cultures (p<0.01). The addition of bFGF, IGF-I, and TGF-/3 to BSC 

cultures, resulted in a 76% increase of proliferation over control, which 

was significantly greater than all previous combinations of growth factors 

used (p<0.01). 

Differentiation was determined in duplicate plates (Figure 9) 

using the skeletal myosin heavy chain enzyme-linked immunosorbant assay 

described in the Materials and Methods section. To determine absorbance 

per cell, optical density readings from ELISA assays were divided by means 

from corresponding treatments from methylene blue assays. Treatments 

containing bFGF were not significantly different from control cultures. 

IGF-I and TGF-/3 together, showed a 27% increase in absorbance over control 

cultures (p<0.01). IGF-I alone, stimulated a 57% increase in 

differentiation over control cultures (p<0.01). 

In order to verify proliferation assay results obtained with 

primary cultures, BSC clones were established by a dilution technique 



Figure 9. The effects of bFGF, IGF-I, and TGF-/? on BSC differentiation. BSC 

were treated for 4 days with one or more of the growth factors. bFGF was present 

at a concentration of 5 ng/ml, IGF-I at 10 ng/ml, and TGF-/3 at 1 ng/ml. At the 

end of the treatment period, absorbance of MF20 anti-skeletal myosin antibody 

per cell was determined using the ELISA procedure. Bars represent the mean of 

6 cultures per treatment ± S.E. 
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Figure 10. The effects of bFGF, IGF-I, and TGF-/9 on proliferation of BSC derived 

from clones. Cloned bovine satellite cells were treated for 4 days with one or 

more of the growth factors. bFGF was present at a concentration of 5 ng/ml, IGF-

I at 10 ng/ml, and TGF-/J at 1 ng/ml. At the end of the treatment period, cell 

number was determined using the methylene blue dye-binding assay. Bars represent 

the mean of 6 cultures per treatment ± S.E. 
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where single colonies were identified and later replated at the first 

sign of myotube formation. When enough cells were available, bovine 

satellite cell clones were trypsinized, pooled and replated into 96 well 

plates at a density of lxlO3 cells per well. The bovine satellite cell 

clones were cultured in McCoys with 10% HS for 24 hours before being 

placed in treatment medium. Cultures were treated for 4 days with 

serum-free defined medium containing combinations of bFGF (5 ng/ml) , IGF-1 

(10 ng/ml), and TGF-/9 (1 ng/ml). At the end of the treatment period, 

cultures were analyzed for proliferation with the methylene blue nuclear 

dye-binding technique (Figure 10). When bovine satellite cells were 

treated with 5 ng/ml of bFGF, there was a significant increase in 

satellite cell proliferation over control cultures (p<0.01). Treatment 

with IGF-I and TGF-/3, alone or together, did not result in any significant 

differences from control. However, the addition of bFGF to IGF-I, TGF-/3 

or both, resulted in significant increases in proliferation (p<0.01). 
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CHAPTER 5 

DISCUSSION 

The effects of bFGF, IGF-1 and TGF-/9 have been established in many 

primary muscle cell types and muscle cell lines (Allen and Boxhorn, 1989; 

reviewed in Florini and Magri, 1989). Depending on the muscle type 

examined, these growth factors had varying effects. Few studies, however, 

have examined all three growth factors and their interactions, and none 

have used bovine satellite cells. 

Gosposdarowicz (1974) and Armelin (1973) were among the first to 

identify bFGF by its ability to stimulate proliferation and phenotypic 

transformation of BALB-c 3T3 fibroblasts. Gospodarowicz (1985) 

hypothesized that increased proliferative activity produced by FGF can 

be attributed to a reduction in cellular doubling time due to a shorter 

time spent in the Gx phase of the cell cycle. This explanation seems 

feasible since bFGF is a very strong mitogen in most cell lines and 

primary cell types. One exception is the L6 rat skeletal muscle cell line 

used by Florini and Ewton (1981). This particular cell line is not 

responsive to FGF, nor does it express receptors for FGF. In bovine 

satellite cell cultures treated with defined media containing bFGF alone, 

both primary (Figure 1 and 8) and cloned (Figure 10) bovine satellite 

cells exhibited a highly significant increase in proliferation. When 

concentrations of 10 and 50 ng/ml of IGF-I were present in the defined 

media, there were significant interactions between the FGF and IGF-I. 

IGF-1 enhanced the mitogenic action of FGF and may be functioning as a 

progression factor. 



49 

Differentiation of primary bovine satellite cell cultures was 

significantly inhibited in the presence of concentrations of bFGF greater 

than 3 ng/ml. Unlike the effect on proliferation, inhibition was not 

significantly increased with increasing concentrations of bFGF. 

Differentiation was not significantly affected by the presence of IGF-I 

in the defined media (Figure 2). It appears that at levels of 3 ng/ml 

and greater, bFGF can override any differentiation-promoting effects that 

IGF-I would have on the satellite cell cultures. In similar experiments 

with rat satellite cells (Allen and Boxhorn, 1989), inhibition of 

differentiation by FGF was not as pronounced. In the presence of IGF-I 

and FGF, a high degree of differentiation occured. 

IGF-I alone (Figure 3 and 8), did not significantly affect 

proliferation, but there was a significant increase in differentiation as 

evidenced by an increase in the number of cells and myotubes that stained 

positive for desmin (Figure 3). In Figure 9, differentiation was measured 

by cellular binding of MF20 anti-skeletal myosin antibody (Bader, Masaki 

and Fischman, 1982) using the ELISA procedure; differentiation of primary 

bovine satellite cells was significantly stimulated in the presence of 

IGF-I alone. This increase in differentiation is similar to results seen 

with rat L6 myoblasts (Florini and Ewton, 1981), rat satellite cells 

(Dodson, Allen and Hossner, 1985; Allen and Boxhorn, 1989), and primary 

chick embryo myoblasts (Schmid et al., 1983). Florini and Ewton (1981) 

have shown that IGF-I can stimulate differentiation over a wide range of 

densities in rat L6 myoblasts. Since there was no significant increase in 

cell density, the possibility of density dependent differentiation was not 
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applicable. Ewton, Falen and Florini (1987) also measured creatine kinase 

levels and myoblast fusion levels in L6 myoblasts in the presence of low 

concentrations of IGF-I. They showed an increase in proliferation as 

well as significant decrease in protein breakdown. This is contradictory 

to results seen in both primary (Figure 3) and clonal (Figure 10) cultures 

of bovine satellite cells. In treatments containing both IGF-I and TGF-

/?, there was a 20% increase in proliferation as compared to control 

cultures (Figure 8). Although this increase was statistically 

significant, the biological significance may be questionable. When 

primary bovine satellite cells were exposed to the same concentrations of 

IGF-I in the presence of 1 ng/ml bFGF, as presented in Figure 4, 

proliferation was stimulated in a dose dependent manner (p<.05), and 

differentiation was not inhibited by the low levels of bFGF present. This 

data suggests that a low concentration of bFGF may act as a competence 

factor similar to PDGF (Pledger et al., 1977) to allow the cells to enter 

the cell cycle. Then, since there are increasing concentrations of IGF-I 

present, this resulted in an increase in the number of cells that were 

capable of returning to the cell cycle and progressing into S phase. 

Also, since the bFGF was not present at concentrations great enough to 

inhibit differentiation, cells were able to proliferate, differentiate, 

and therefore express desmin and form myotubes. 

In order to determine whether high concentrations of bFGF would 

cause an increased response to IGF-I, cultures were treated with 

increasing concentrations of IGF-I in the presence of 50 ng/ml bFGF 

(Figure 5). With 50 ng/ml bFGF present, it appears that the effects of 
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high concentrations of bFGF exceeded any response to IGF-I. All 

concentrations of IGF-I showed significant stimulation of proliferation, 

but stimulation was not dose-dependent as seen previously (Figure 4). 

Only a slight increase in differentiation was seen at concentrations of 

1 and 5 ng/ml of IGF-I. The decreased amount of differentiation could be 

explained by the effects of bFGF on differentiation shown previously 

(Figure 2) . 

Differentiation of primary bovine satellite cells was completely 

inhibited by TGF-/3, regardless of concentration present (Figure 6). With 

the addition of 100 ng/ml partially purified FGF (Figure 7), complete 

inhibition of differentiation still occured at the lowest concentration 

of TGF-/3. This. result was expected, since both TGF-/3 and FGF alone act 

to inhibit differentiation. These results are similar to those seen in 

primary rat satellite cells (Allen and Boxhorn, 1989), as well as C2 

(Olson et al., 1986) and Yaffes L6 (Florini and Ewton, 1988) fusing rat 

skeletal muscle cell lines. Olson et al. (1986) suggest that TGF-/3 is 

controlling differentiation by repressing muscle specific mRNA 

accumulation. If this is the case, then a mitogenic growth factor such 

as FGF should be able to maintain stimulatory characteristics on cells 

treated with TGF-/3. 

In Figure 6, primary bovine satellite cells treated with TGF-/3 

alone, showed an inhibition of proliferation at all concentrations tested. 

However, when 100 ng/ml of FGF was present (Figure 7), there was a 

significant dose-dependent increase of proliferation. TGF-/3 actually 

showed an additive interaction with FGF. This stimulation of 
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proliferation is in contrast with actions of bFGF and TGF-/3 on primary rat 

satellite cells (Allen and Boxhorn, 1989). 

When bovine satellite cell proliferation was analyzed with the 

methylene blue dye-binding assay (Figure 7), there was no significant 

difference between TGF-/3 treatments and controls, in contrast to 

experiments in which proliferation was determined by direct cell counts. 

A possible explanation may reside in the effects of TGF-/3 on cell 

morphology. Methylene blue dye binds to some proteins within the cell. 

The majority of these proteins are located within the nucleus, however, 

cytoplasm contains some membrane and cytoskeletal proteins that also bind 

dye. Throughout experiments, observations were made regarding changes of 

morphology in cells treated with TGF-/?. In the presence of TGF-/3, alone, 

cells appeared to have increased amounts of cytoplasm and a flattened 

appearance, similar to morphological characteristics observed by Allen and 

Boxhorn (1987). Since cell number was based on absorbance, increased 

cytoplasmic staining could elevate dye binding in the TGF-/3 treatment 

which could obscure any inhibition of proliferation. 

The effects of growth factors on differentiation in primary bovine 

satellite cells was measured in experiments using ELISA procedure with the 

MF20 anti-skeletal myosin antibody (Figure 9). The only significant 

stimulation of differentiation occurred in response to the treatment 

containing IGF-I alone. These results agree with the IGF-I effects on 

differentiation that are discussed in Florini and Magri (1989). The 

present experiments suggest, however, that this stimulatory effect may 

only be expressed in the absence of a mitogenic signal, such as an FGF 
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generated signal. These experiments provide an explanation for the 

apparent contradictory roles of IGF-I as a stimulator of proliferation and 

differentiation. In vivo. proliferation may be stimulated by IGFs in the 

presence of a mitogen, along the lines of the previously discussed 

competence-progression model for cell proliferation. The mitogen, such 

as FGF, would be the competence factor and IGF-I would be the progression 

factor. In the absence of a competence factor, or mitogen, IGF-I may 

stimulate differentiation. 

There is always a question with the use of primary cell cultures 

whether contaminating cells are contributing to the results. There is a 

preplate step in the procedure for obtaining satellite cells that is meant 

to remove the majority of contaminating fibroblasts. Fibroblasts will 

adhere quickly to uncoated culture dishes, whereas satellite cells 

generally require more time and an extracellular matrix coating on the 

culture dish for high plating efficiency. This difference in plating 

characteristics permits the removal of a large percentage of contaminating 

fibroblasts, resulting in increased purity of myoblast cultures. Since 

this technique does not remove all of the fibroblasts, bovine satellite 

cell clones were utilized to verify the precision of mixed primary culture 

proliferation results (Figure 10) . Data from bovine satellite cell clones 

verified proliferation results obtained with mixed cultures. TGF-/3 and 

IGF-I, alone or together, did not stimulate proliferation and there was 

a significant increase of proliferation in all treatments containing bFGF. 

Further experimentation in vivo is required to determine whether 

the in vitro results presented previously accurately reflect the effects 



that these growth factors have in vivo. On some occasions, when cells are 

removed from their host, certain changes develop in order to adapt to 

their new environment. If in vivo experiments yield similar results, 

future applications of growth factors in vivo could be potentially useful. 

With the advent of recombinant growth factors, less time and money 

are required for mass production. This in turn, makes them more accessible 

to the producer, therefore making in vivo use more feasible. For the 

cattle producer, control of muscle mass production in the future may 

entail the use of sustained release ear implants containing combinations 

of the growth factors found to be most beneficial for growth. The addition 

of growth factors in vivo could control the regulation of proliferation 

and differentiation of these muscle satellite cells, as well producing 

other effects. Other applications of growth factors could be beneficial 

as well, such as using TGF-/3 to decrease adipocyte proliferation, and 

differentiation which may decrease adipose tissue accumulation. 
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CHAPTER 6 

CONCLUSIONS 

As a result of experiments conducted in vitro with bovine 

satellite cells and threee polypeptide growth factors, the responses of 

BSC to bFGF, IGF-I and TGF-/3 were similar in many respects to those 

observed with rat satellite cells. When bovine satellite cells were 

treated with varying concentrations of bFGF, proliferation was increased 

in a dose-dependent manner. Differentiation of BSC was inhibited at all 

concentrations of bFGF, with complete inhibition of differentiation at 

concentrations as low 3 ng/ml of bFGF. Increasing concentrations of IGF-

I, in association with bFGF stimulated proliferation of BSC in a dose-

dependent manner. IGF-I and bFGF together resulted in an additive 

response in proliferation of BSC, but differentiation was inhibited. IGF-

I alone, had no effect on BSC proliferation, but stimulated 

differentiation at all concentrations. TGF-/9 and IGF-I alone or together, 

showed no effect on proliferation. However, when bFGF was present, 

proliferation was stimulated. TGF-/3 alone inhibited both proliferation 

and differentiation of BSC at concentrations of 0.05 ng/ml TGF-/3 or 

greater. In the presence of FGF, TGF-/8 stimulated proliferation in a 

dose-dependent manner, but continued to completely inhibit 

differentiation. 
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