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ABSTRACT ... 

Rat satellite cells from young animals become activated 

and commence division sooner in culture than satellite cells 

from adult animals. Differences in the length of this lag 

period may be attributed to differences in expression of cell 

surface receptors, signal transduction or DNA replication 

capacity. To examine this period, an ELISA was developed to 

monitor proliferating cell nuclear antigen (PCNA) expression. 

Results indicated that PCNA is expressed earlier in cultures 

from young rats than in cultures from adult rats with an 

increase in PCNA levels occurring at 30 and 48 hours, 

respecti vely . Addition of basic fibroblast growth factor 

(bFGF), a mitogen for satellite cells, at the time of plating 

enhanced PCNA expression in young but not adult rat satellite 

cells. These results suggest that the adult cells may nol 

express FGF receptors (FGFR) 6~ ~hit the receptor fails to 

generate a signal. Analysis of FGFR expression indicated that 

FGF receptors were present in satellite cells from young rats 

at 18 hours post-plating and in cells from adult rats at 42 

hours post-plating. Western analysis demonstrated that the 

receptor present was the full length FGF receptor one (FGFRl). 

FGFRI mediated the tyrosine phosphorylation of proteins with 

molecular weights of 150, 145, 90, 42 and 35 kDa upon addition 

of bFGF. The presence of a functional FGFRI prior to PCNA 
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expression suggests that the expression of FGFRI can be used 

as a marker for entry of satellite cells into G, phase of the 

cell cycle. The ability of the cells from the young animals 

to become active sooner than their adult counterparts may be 

due to the length of time the adult cells have been quiescent. 

Depth of quiescence may be an important determinant in 

activation of satellite cells. 



Chapter 1 

General Overview 
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In 1961, Alexander Mauro (1961) offered the first 

description of skeletal muscle satellite cells. These cells 

characterized by their unique location beneath the basal 

lamina of muscle fibers, have since been shown to be 

responsible for postnatal muscle growth (Moss and Leblond, 

1970) . satellite cells upon activation, replicate and fuse 

into the existing fibers or, alternatively, fuse with one 

another to form new myofibers (Campion, 1984; Robertson et 

al., 1992). While the absolute number of these cells declines 

from birth to sexual maturity, the population is never 

completely depleted (Schultz, 1974; Allen et al., 1980; Gibson 

and Schultz, 1983). 

cells serves as a 

The continual persistence of satellite 

ready supply of myogenic cells should 

skeletal muscle hypertrophy or hyperplasia become necessary 

(Schultz, 1989). 

It is apparent that total muscle volume increases as a 

function of age until physiological maturity is reached. 

Similarly, muscle mass can be increased by weight training or 

exercise, hormonal treatment and nutritional supplements. 

Therefore, one can surmise from the di versi ty of external 

factors affecting muscle mass, that a multitude of factors are 

involved in the regulation of muscle hypertrophy at the 
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cellular level. In the adult individual, increases in muscle 

mass are primarily a result of c.anges in protein turnover, 

either by enhanced protein synthesis or a reduction in protein 

degradation. However, myofiber hyperplasia can occur as in 

the cases of extreme exercise leading to muscle damage and 

during muscle regeneration (White and Esser, 1989). In both 

instances of hypertrophy or hyperplasia, fusion of satellite 

cells with existing fibers or formation of new fibers results 

in an increase in genetic material available for the 

transcription of muscle proteins. 

Given that an increase in DNA within myofibers can only 

be achieved by recruitment of satellite cells, it becomes 

evident that factors regulating satellite cell activity will 

have a profound affect on the overall attainment of muscle 

mass (Cheek et al., 1971). Identification of several agents 

affecting myogenesis have been documented through the use of 

cell culture systems. satellite cells isolated from h~m~ri, 

rodent and avian subjects all proliferate and differentiate 

into multinucleated myotubes in vitro (Konigsberg, 1961; 

Hauschka, 1974; Bischoff, 1974). While the in vitro model is 

only a hypothetical representation of the actual in vivo 

situation , it does allow for the examination of potential 

regulators of satellite cell activity. 

In the quest to understand the regulation of satellite 

cell activity, one must consider the multitude of local 
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factors present, particularly the polypeptide growth factors, 

as candidate regulators. The insulin-like growth factors 

(IGF-I, IGF-II), transforming growth factor-beta (TGF-B), and 

basic fibroblast growth factor (bFGF) have profound in vitro 

effects on satellite cell proliferation and differentiation, 

both singly and in combination (Allen and Boxhorn, 1989; Allen 

and Rankin, 1990). For instance, insulin-like growth factor 

I (IGF-I) stimulates prolifeLation of rat satellite cells and, 

more importantly, serves as a potent stimulator of 

differentiation (Dodson et al., 1987; Boxhorn and Allen, 

1989). Furthermore, IGF-I is also localized to proliferating 

satellite cells (Jennische and Olivecrona, 1987). Insulin

like growth factor II (IGF-II) serves in a similar capacity as 

IGF-I by stimulating satellite cell proliferation and 

differentiation (Dodson et al., 1987). While these are 

examples of the direct effects of two growth factors, a 

multitude of growth factors exist which act in concert with 

one another. Allen and Boxhorn (1989) demonstrated that rat 

satellite cells can be manipulated in vitro by the addition of 

various growth factors to mimic the in vivo situation. 

However, with regard to satellite cell activation, very little 

information is available concerning the effects of growth 

factors on this period of the cell cycle. 

Perhaps the best candidate regulators of satellite cell 

activation are the heparin binding growth factors, acidic and 



basic fibroblast growth factor (aFGF; bFGF). 
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Both of these 

growth factors have been found in skeletal muscle (Kardami et 

al, 1981; DiMario et al., 1989; Morrow et al., 1990). Both 

forms are also mitogenic for cultured myogenic cells 

(Gospodarowicz et al., 1976; Allen et al, 1984; DiMario and 

strohman, 1988). Further support for their involvement in 

myogenesis comes from the work of Alterio et al. (1990) who 

reported that satellite cells express both aFGF and bFGF. The 

expression of the growth factors is developmentally regulated 

as transcripts for aFGF and bFGF were not found in the mature 

myotube. Moore et al. (1991) also found that the transcript 

levels for the two growth factors were down regulated at the 

onset of differentiation in muscle cell lines. Furthermore, 

this down regulation was accompanied with a decline in FGF 

receptor 1 (FGFR1) transcription, paralleling the work of 

Olwin and Hauschka (1988) who reported an absence of bFGF 

binding sites upon differentiation of·MM14 muscle cells. Due 

to its pronounced effects on myogenesis and its localization 

within skeletal muscle, bFGF may play a vital role in 

reactivation of quiescent satellite cells. 

Another demonstration of locally produced factors 

affecting satellite cell activity is the use of crushed muscle 

extract in cultures of isolated ra~ myofibers. Fiber 

associated satellite cells proliferate and fuse in vitro 

following addition of a crushed muscle extract (CMEj Bischoff 
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1986b, 1989, 1990). Using this single myofiber system, 

Bischoff (1986a) tested the ability of various growth factors 

as well as CME to stimulate satellite cell proliferation. 

Only FGF and CME were able to stimulate reentry of the 

satellite cells into the cell cycle and subsequent 

proliferation. Furthermore, Bischoff found that the CME need 

only be supplemented for as little as nine hours to cause 

continuation into the cell cycle (Bischoff, 1989). The author 

suggests that the satellite cell mitogen present in CME is a 

"competence" factor. Competence factors are those factors 

which commit the cell to reenter the cell cycle while 

progression factors are those which are involved in cell cycle 

transit (Baserga, 1985). We propose that an additional period 

is found in the conventional myogenic cell cycle which we call 

activation. Activation describes the period of time 

encompassing the exit from quiescence to the reentry of the 

cells at Gt • This time period also includes commitment to the 

cell cycle by the satellite cells as described by Bischoff 

(1989) . Manipulation of events during this period will 

ultimately lead to alterations in the kinetics of entry into 

the cell cycle. The cascade of events leading to 

proliferation and subsequent fusion of these cells into 

myofibers all hinge on the ability of the satellite cell to 

become activated. 
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The model that has been selected for studying satellite 

cell activation exploits the inherent differences in growth 

kinetics between satellite cells from young and adult rats 

(Schultz and Lipton, 1982; Dodson and Allen, 1987). While the 

numbers of satellite cells decline with age, so also does the 

mitotic activity of these cells. Darr and Schultz (1987) 

reported that approximately 20% of the satellite cells in the 

young, 4 week old rat were proliferative as evidenced by their 

ability to incorporate radiolabeled thymidine. In contrast, 

less than 3% of the satellite cells in their adult 

counterparts were mitotically active. Associated with the 

decrease in the numbers of active satellite cells is a change 

in the proliferative capacity of the cells (Lipton and 

Schultz, 1982). Clonally derived satellite cells isolated 

from adult rats demonstrate a longer period of quiescence when 

placed in culture than those derived from young rats. This 

same finding was rOeported by Dodson and Allen (1987) using 

mass cultures of satellite cells isolated from young, adult 

and aged rats. 

for the loss 

From this, one can speculate that one reason 

in muscle mass associated with age related 

atrophy is due to a reduction in ability of the satellite cell 

to become activated. 

Using this aging model, experiments were designed to 

examine events regulating the duration of the in vitro lag 

period demonstrated by satellite cells isolated from young and 
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adult rats. Particular attention was paid to events leading 

to the onset of cell proliferation, specifically expression of 

bFGF receptors and DNA replication enzymes. 

Objectives 

The objectives of this study were: 

1. To develop an assay system to monitor satellite cell 

activation and to use this assay to examine the ability of 

basic fibroblast growth factor (bFGF) to affect activation. 

2. To characterize the bFGF receptor(s) in cultures of 

rat satellite cells and to examine the differences in bFGF 

receptor numbers, type, affinity and signal transduction 

between the two age groups during the time period leading up 

to cell division. 

To address these objectives, this dissertation has been 

arranged such that each objective encompasses a journal 

article complete with its own literature review, materials and 

methods, results, and discussion. Chapters two and thre~ of 

this work have been adapted for pUblication. 
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Chapter 2 

Proliferating cell nuclear antigen (PCNA) is expressed in 

activated rat skeletal muscle satellite cells. 

Introduction 

Skeletal muscle possesses a population of myogenic 

precursor cells which are critical for muscle hypertrophy and 

regeneration (Campion, 1984i Carlson and Faulkner, 1983). 

These cells, referred to as satellite cells, are normally 

found in a quiescent state in mature muscle. Following 

activation, however, satellite cells proliferate and 

ultimately differentiate and fuse into existing myofibers or 

form new fibers. These events are fundamental for muscle 

regeneration (Carlson and Faulkner, 1983) and for work-induced 

hypertrophy (Darr and Schultz, 1982). 

Regulation 

satellite cells 

of 

is 

the 

only 

events involved in activation of 

partially understood. In vitro 

studies have permitted the identification of several growth 

factors that regulate proliferation and differentiation of 

satellite cells. Included among these factors are basic 

fibroblast growth factor (bFGF), insulin-like growth factors 

I and II (IGF-I and -II), transforming growth factor beta 

(TGF-{3i reviewed in Allen and Rankin, 1990) and platelet

derived growth factor (PDGFi Jin et al., 1991, Yablonka-
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Reuveni·et al., 1990). Based on the elegant work of Bischoff 

(1986a,b; 1990), it appears that satellite cells must first 

commit to the cell cycle, or become activated, before they 

can progress through the cell cycle. Furthermore, additional 

factors may be required for activation. Using isolated rat 

muscle fibers, with their associated satellite cells, Bischoff 

(1986b) was able to demonstrate that neither serum nor several 

growth factors, such as transferrin, insulin, IGF-II, PDGF, 

EGF, luteinizing hormone and dexamethasone, were effective in 

stimulating DNA synthesis in satellite cells. bFGF was 

partially effective, but a crude extract from crushed muscle 

was a potent stimulator of satellite cell activation 

(Bischoff, 1986a, b) . In addition, this extract was only 

required for a relatively short period of time in order to 

activate satellite cells, and once cells had been activated, 

they were able to proliferate in response to serum (Bischoff, 

1990). These critical observations suggest that activation 

and proliferation should be treated as separate events. 

Schultz and Lipton (1982) were first to report that 

satellite cells from rats of different ages began to divide in 

clonal density cultures after variable lag periods. The lag 

period correlated with the age of the donor animal. Dodson 

and Allen (1987) demonstrated the same thing in mass cultures 

of satellite cells from rats of three different ages, from 3 

to 24 months. Once activated, however, the rates of 
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proliferations were comparable among the three age groups. In 

contrast, satellite cells taken from regenerating muscle do 

not display a lag phase when cultured (Allen and Rankin, 

1990). These results suggest that the lag phase observed in 

cultures of satellite cells from uninjured muscle reflects the 

period of time required to activate satellite cells and move 

them from a classical Go phase into G(. 

In order to study the activation process, a convenient 

marker for entry into the cell cycle is required. One such 

protein is proliferating cell nuclear antigen (PCNA). PCNA is 

an auxiliary protein to DNA polymerase delta whose expression 

is coincident with entry of cells into 5 phase (Tan et al., 

1986; Bravo et al., 1987 i Prelich et al., 1987). PCNA is 

directly involved in DNA synthesis because induction of 

antisense PCNA transcription results in inhibition of both DNA 

synthesis and cell proliferation (Jaskulski et al., 1988ai Liu 

et al., 1989). Levels of PCNA mRNA are low to undetectable in 

Go and steadily rise to maximal levels at the G( \5 phase border 

in normal human fibroblasts (stewart and Dell'Orco, 1992). 

Maximal levels of PCNA are 6-8 fold higher than the quiescent 

basal levels. In transformed cells undergoing continual 

proliferation, PCNA mRNA and protein levels rise only 2-3 fold 

during the transition from Gu to 5 phase with maximal 

expression occurring during mid-5 phase (Morris and Matthew, 
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The slight variation in the levels of PCNA may be a 

result of cell transformation. Furthermore, PCNA is also a 

growth regulated gene, in that its expression can be induced 

by growth factors (Bravo and Mcdonald-Bravo, 1984; Jaskulski 

et al., 1988b). Addition of PDGF or FGF to serum-starved 

fibroblasts results in an up-regulation of both PCNA and DNA 

synthesis (Bravo and Mcdonald-Bravo, 1984). Due to the 

ability of a crude preparation of FGF to stimulate PCNA 

synthesis, it possible that addition of purified bFGF to 

cultures of rat satellite cells may promote reentry of these 

cells into the cell cycle through induction of PCNA. 

Differences in responsiveness between young and adult rat 

satellite cells to bFGF may be an underlying factor regulating 

the duration of the lag period. 

Objective 

The objectives of these experiments were to develop an 

assay system to monitor satellite cell activation and to use 

this assay to examine the ability of basic fibroblast growth 

factor (bFGF) to affect activation. 



Materials and Methods 

Cell Isolation 
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Satellite cells were isolated from young (3 - 4 week old) 

and adult (approximately 9 mo old) male Sprague Dawley rats. 

Briefly, muscle groups from the hind limb and back were 

excised, trimmed of fat and connective tissue, coarsely ground 

with a commercial meat grinder and digested for one hr at 37° 

C with 1.25 mg/ml Pronase E (Sigma). Proteinase was removed 

by centrifugation at 1500 x g in a swinging bucket centrifuge 

followed by decantation of the supernatant. Pellets were 

resuspended in sterile phosphate-buffered saline (PBS), mixed 

with a vortex mixer for 20 sec and centrifuged for 10 min at 

200 x g. The supernatant containing the cell fraction was 

removed, and the pe llet was resuspended in PBS, mixed and 

centrifuged as before. This process was repeated a third 

time, and all supernatant fractions were pooled. The 

remaining tissue pellet was subsequently digested for 20 min 

with 0.25% trypsin (Gibco BRL). Cells were separated from 

tissue debris by filtration through sterile gauze pads 

followed by centrifugation at 1500 x g for 3 min. Cell 

pellets from both digestions were pooled and resuspended in 

Dulbecco's modified Eagle's medium (DMEM) containing 20% fetal 

bovine serum, 10% dimethylsulfoxide, 1% antibiotic mix and 

0.5% gentamicin and stored in liquid nitrogen. Cell cultures 
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were plated at an initial density of 25- nuclei/mm2 on 

fibronectin coated plates in DMEM-10% horse serum plus 

antibiotics and maintained in a humidified atmosphere of 5% 

CO2 at 3r C. 

Immunofluorescence 

Rat satellite cells from both age groups were plated at 

25 nuclei/mm2 on fibronectin-coated Leighton tubes in DMEM-

10%HS. Cultures were removed from the incubator at six hour 

intervals beginning at 18 hr post-plating and ending at 48 hr 

post-plating. Upon removal, cells were quickly rinsed with 

phosphate buffered saline (PBS) and fixed in ice cold methanol 

at 4° C for 10 min. CuI tures were prepared for 

immunofluorescent staining using the following series of 

incubations: 1) 0.5% NP-40, 4° C, 5 min, 2) 10 JLg/ml mouse 

anti-PCNA IgG 19F4 in PBS (Boehringer Mannheim), 12 hr, 4° C, 

3)PBS, 3 times for 5 min, 22° C, 4) 1:50 goat anti-mouse IgG

FITC, 45 min, 22° C, 5)PBS, 3 times for 5 min, 22° C. 

Fluorescence was monitored using a Zeiss inverted microscope 

equipped with epifluorescence. The number of PCNA-positive 

nuclei and total nuclei were counted in 10 randomly selected 

microscope fields under 32X power. Each field contained 15 or 

more nuclei. Labeling indices were calculated as the 

percentage of PCNA-positive nuclei. 
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PCNA ELISA 

Rat satellite cells from both age groups were cultured in 

DMEM-10% HS, DMEM-10% HS + 1 mg/ml CME or DMEM-10% HS + 5 

ng/ml bFGF on fibronectin coated 96-well tissue culture plates 

(Nunc). cultures were removed at 6 hr intervals, beginning at 

18 hr post-plating, and fixed in -200 C methanol containing 

0.03% H20 2 for 10 min. Plates of cells were processed for 

ELISA as follows: 1) 0.1% Triton X-100, 20 min, 2) 2% bovine 

serum albumin in PBS, 20 min 3) 10 ~g/ml anti-PCNA 19F4, 90 

min, 4) 1:5000 goat anti-mouse IgG-horseradish peroxidase, 45 

min. All steps were performed at room temperature with 

extensive washing with PBS after each incubation. Peroxidase 

activity was monitored by incubation in 1 mM 2,2-azino-di-(3-

ethyl)-benzothiazoline-6-sulphonic acid (ABTS) containing 

0.03% H202 for 15 min followed by absorbance measurement at 405 

nm in a Titertek plate reader. There was a linear increase in 

absorbance with increasing numbers of PCNA-positive cells, and 

assays were conducted in the linear range. Total cell numbers 

per well were determined by counting 6 random fields per well 

under 32 X power following Giemsa staining. 

Immunoblot 

Rat satellite cells were harvested in 10 roM Tris-HCl, pH 

8.0, 150 roM NaCI, 1 roM EDTA and 1 roM PMSF. Cell were pelleted 

by centrifugation for 5 min in a microfuge, boiled in SOS-PAGE 
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sample buffer (Laemmli, 1970), electrophoresed through 12.5% 

SDS gels and electrophoretically transferred to 

nitrocellulose. Blots were blocked for 60 min in 10% non-fat 

dry milk in 10 roM Tris-HCl, pH 8.0, containing 150 roM NaCl 

(TBS), incubated for 90 min with anti-PCNA (5 ~g/ml in TBS) 

and followed by incubation for 45 min with peroxidase

conjugated goat anti-mouse IgG second antibody (1:25,000 in 

TBS) . PCNA bands were visualized using an ECL Western 

Detection kit (Amersham). 
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Results 

Initial experiments were designed to document the 

presence of PCNA in cultured satellite cells and the time 

course of its accumulation. Figure 2.1 shows the localization 

of PCNA in proliferating satellite cells from young rats. 

Immunofluorescent staining is seen only in nuclei, as 

previously reported for other cells. Furthermore, the 

antibody was shown to recognize only one protein (34 kDa) in 

satelli te cell extracts, and the Western blots of equal 

numbers of cells from cultures of 3 week old rats showed the 

expected increase in PCNA from 18 to 30 hr in culture (Fig. 

2.2) • 

To examine the relationship between PCNA accumulation and 

cell proliferation, PCNA-Iabeling indices and cell number were 

determined for cells from young rats (Fig. 2.3). The 

percentage of PCNA-positive cells began to increase after 24 

hr and reached a plateau at appro~ici~tely·42 hr. Total cell 

number increased at a slow rate from 24 to 42 hr and then 

increased more rapidly after 42 hr. As would be expected of 

a protein that is synthesized at the beginning of S, the 

percentage of PCNA-labeled cells increased more rapidly than 

cell number. These results parallel those obtained by Western 

blot analysis. 
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Figure 2.1. Anti-PCNA (19F4 ) localizes specifically to t he 

nuclei of proliferating cells. a) fluorescent staining b ) 

phase contrast of the same field. Arrows represent cells 

negative for PCNA staining. Magnification bar = 20 ~m. 
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Figure 2. 2. Western immunoblot of PCNA in satellite cell 

homogenates. Each lane contains 50, 000 cells. Lanes 1-3 

c orrespond to cells from 3 week old rats lysed at 30 , 24 and 

18 hours post-plating, respectivelyo Anti-PCNA ( 19F4 ) is 

specific for a 34 kda protein band, and levels of PCNA 

increase with time in culture. 
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-Figure 2.3~. Changes in the percentage of PCNA-positive cells 

and total cell density were monitored in cultured satellite 

cells from 3 wk old rats. The number of PCNA positive nuclei 

increased more rapidly than that of cell number in cultures 

from 3 week old rats. points represent the means and standard 

errors of cell density determinations of 3 wells per 

treatment. 
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Because PCNA accumulation can be detected prior to 

changes in cell number, it can serve as an early marker for 

cells that have entered the cell cycle. As an alternative to 

visually counting labeled cells, an ELISA was developed to 

monitor changes in PCNA expression. Results using this system 

further verified differences in the expression pattern of PCNA 

between the two age groups (Fig. 2.4). Satellite cells from 

young rats increased the accumulation of PCNA at an earlier 

time in culture than cells from adult rats. 

Using the PCNA-ELISA, bFGF was tested for its ability to 

hasten entry of satellite cells into the cell cycle. bFGF 

supplementation stimulated the early synthesis of PCNA in cell 

cultures from 3 wk-old rats, but cells from 9 mo-old rats were 

not stimulated by bFGF at 24 hr and were much less responsive 

at the other culture ages examined (Fig. 2.5). 
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Figure 2.4. Accumulation of PCNA in satellite cell cultures 

from 3 wk and 9 mo-old rats. PCNA was detected by ELISA; each 

point represents the mean and standard error of 4 wells per 

treatment. Relative levels of PCNA increase in cells from 3 

wk-old rats more rapidly than in cells from 9 rna-old rats. 
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cells 

bFGF. 

cultures received bFGF (5 ngjml) in DMEM-IO%HS beginning at 0 

hr. PCNA was detected by ELISA, and bars represent the means 

and standard errors of 4 wells per treatment. 
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Discussion 

Satellite cells represent a unique cell type in that 

these muscle precursor cells are most often found in a 

quiescent state (Go). Given the appropriate stimulus, these 

cells proliferate and ultimately fuse into multinucleated 

myofibers, or they may withdraw from the cell cycle and return 

to quiescence. Therefore, satellite cells provide a novel 

model system for studying the Go phase of the cell cycle and 

events that lead to entry into the cell cycle. 

Bischoff (1986a) provided the first in vitro model for 

studying quiescent satellite cells. He demonstrated that 

satellite cells associated with living rat muscle fibers could 

be maintained in culture without entering the cell cycle. 

Furthermore, these satellite cells could not be stimulated to 

divide by serum or insulin-like growth factor (IGF), and bFGF 

was only a weak stimulator of division (Bischoff, 1986b). The 

living fiber apparently exerts an inhibitory influence on 

associated satellite cells. This was further demonstrated in 

experiments in which marcaine was used to kill the fibers in 

vitro (Bischoff, 1990); satellite cells associated with the 

dead fibers were more readi ly stimulated to divide. In 

addition, a component of crushed muscle extract was shown to 

have the ability to cause commitment to the cell cycle when 

applied to satellite cells on living fibers or on dead fibers 



34 

(Bischoff, 1986b; 1990). This elegant culture system has 

permitted the dissociation of cell cycle commitment, or 

activation, from control of cell cycle progression. 

Unfortunately, this in vitro system requires a high level of 

skill and does not lend itself to production of large numbers 

of cells for biochemical or molecular studies. 

Satellite cells in mature muscle are predominately in the 

Go phase of the cell cycle, and when placed in mass cultures, 

they experience a lag period of 24 to 36 hr prior to a 

relative synchronous entry into the cell cycle. The length of 

the lag period is age dependent (Schultz and Lipton, 1982; 

Dodson and Allen, 1986) and differs in this regard from 

cultures of fetal origin or even from cultures prepared from 

regenerating muscle. In cultures taken from regenerating 

muscle, cells are already in the cell cycle and there is no 

extended lag phase (Allen and Rankin, 1990). Therefore, the 

lag period in primary cultui~s cit "non-injured satellite cells 

from mature animals may provide a useful model for studying 

satellite cell activation. 

In order to study activation, a suitable assay for entry 

into the cell cycle was required; therefore, we developed an 

ELISA to monitor the accumulation of the cell cycle-regulated 

protein, PCNA. PCNA is an auxiliary protein to DNA polymerase 

delta whose expression is initiated at the G./S interface, 
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with maximal expression during S phase (Tan et al., 1986; 

Bravo et al., 1987; Prelich et al., 1987). Based on the 

expression pattern of PCNA, we expected to be able to detect 

entry into the cell cycle earlier than if we were just 

monitoring changes in cell number. Initial experiments 

verified that PCNA was present in the nucleus of satellite 

cells and that the percentage of PCNA labeled cells increased 

with time in culture. Because visual appraisal of the number 

of labeled cells in culture is a labor intensive process, an 

ELISA was developed to monitor changes in PCNA expression. 

Results obtained with the PCNA ELISA directly paralleled those 

obtained from construction of a PCNA labeling index. Based on 

these results, we concluded that PCNA can serve as a useful 

marker protein indicating entry into the cell cycle. 

The PCNA ELISA was applied to the study of satellite 

cells in mass cultures prepared from young and adult rats. In 

these experiments, it was demonstrated that there is a delay 

in PCNA accumulation in cells from mature adult rats when 

compared with cells from young rats. This indicates that the 

delayed cell proliferation is due to factors or cell 

activities that occur prior to the beginning of the S phase of 

the cycle. In fact, earlier work reported by Dodson and Allen 

(1987) indicated that the rate of proliferation of satellite 

cells from old and adult rats was comparable to the rate of 
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proliferation of cells from young rats; these results indicate 

that the slow step may be activation, or transit out of Go. 

We have proposed that mass cultures of satellite cells 

can be used to study satellite cell activation. If this 

system is to provide an authentic model for this process, 

these cells should behave as satellite cells in the Bischoff 

system (1986a). We examined this by evaluating the effect of 

bFGF, a known stimulator of satellite cell proliferation 

(Allen et ale , 1984) . continuous supplementation of 

stimulatory levels of bFGF produced an elevation in PCNA 

levels only in cells from young rats. The occurrence of age-

related differences in the effects of bFGF on satellite cell 

activation is interesting and may be explainable if a 

distinction is made between satellite cell activation and 

proliferation. 

Approximately 20% of the satellite cells from young rats 
.. 

were PCNA-positive at 18 hr in control cultures, indicating 

that this fraction of the satellite cell population has been 

engaged in proliferation. Consequently, these cells should be 

responsive to bFGF, just as other proliferating myogenic cells 

would be. Satellite cells have been shown to be more active 

in muscle from young animals, and therefore, most of these 

cells may not have completely withdrawn into a quiescent state 

and lost their ability to respond to bFGF. In cultures from 
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9 mo old rats, however, the percentage of PCNA-positive cells 

present at 18 hr is between 5 and 10% (data not shown). This 

agrees with the concept that satellite cells are relatively 

inactive in non-injured adults. Consequently, we would expect 

very little response from these cells when plated in the 

presence of bFGF. Therefore, we suggest that bFGF is not an 

activator of quiescent satellite cells but is mitogenic for 

cells that are in G, of the cell cycle. 

In mass culture, we have not been able to maintain 

satellite cells in a quiescent state. They are undoubtedly 

exposed to activating agents during tissue dissociation and 

cell isolation. However, Bischoff (1989, 1990) has 

demonstrated that the activating signal must be present for a 

certain period of time and that the process is dose-dependent. 

Therefore, it is not surprising that satellite cells in 

primary cultures become activated, but it is also not 

surprising that the process occurs very slowly. 

The cascade of events that lead a quiescent satellite 

cell back into the cell cycle is unknown. Early electron 

microscope investigations described age-related changes in 

satellite cells and noted that satellite cells from older 

subjects contained few intracellular organelles, only a thin 

rim of cytoplasm and highly heterochromatic nuclei (reviewed 

in Campion, 1984). Therefore, when a dormant satellite cell 
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receives an activation signal, many metabolic and protein 

synthetic systems may need to be up-regulated. Certainly, up

regulation of elements of signalling systems for mitogenic 

factors, such as the FGFs, must be part of the activation 

process. Regulation of the activation process through which 

satellite cells become committed to the cell cycle is central 

to the function of satellite cells in muscle growth and 

regeneration, and it may be possible to begin to probe these 

events using primary cultures of satellite cells. 
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Chapter 3 

Functional fibroblast growth factor receptors (FGFR1) are 

expressed in activated rat satellite cells. 

Introduction 

Basic fibroblast growth factor (bFGF) stimulates the 

proliferation of a variety of cells including myoblasts (for 

review see Rifkin and Moscatelli, 1990; Gospodarowicz et aI" 

1976; Olwin and Hauschka, 1986). Because satellite cells are 

myogenic precursor cells, it is not surprising that bFGF also 

stimulates proliferation of cultures of rat, mouse and bovine 

satellite cells (Allen et al., 1984; DiMario and Strohman, 

1988; Greene and Allen, 1991). While serving as a positive 

regulator of myogenic cell proliferation, bFGF acts as an 

inhibitor of the differentiated phenotype (Gospodarowicz et 

al., 1976; L{nkhart et al., 1980; Linkhart et al., 1981), but 

inhibition of myotube formation by bFGF is not a consequence 

of continued cell proliferation (Clegg et al., 1987). Myotube 

formation, however, is associated with down-regulation of 

fibroblast growth factor receptors (Olwin and Hauschka, 1988). 

The effects of bFGF are receptor mediated. To date, four 

FGF receptors have been characterized, and in their full 

length forms they are transmembrane proteins of 135 to 150 

kDa. The extracellular portion is composed of three 
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immunoglobulin-like domains, and the intracellular portion .. 

contains a split tyrosine kinase domain that is responsible 

for intracellular signalling. As will be discussed later, 

isoforms of these four receptors have been described and have 

been shown to be produced by alternative splicing events. 

The four receptors were discovered by different groups 

using various experimental systems; therefore, they acquired 

a variety of names. For the sake of this discussion, the 

receptors will be referred to as FGFR1, FGFR2, FGFR3 and 

FGFR4. Lee et ale (1989) first isolated the bFGF receptor 

(FGFR1) from chick embryos. Sequencing revealed a gene 

product homologous to chicken cek1 and human fIg gene products 

(Pasquale and Singer, 1989; Ruta et al., 1988). FGFR1 can 

bind both acidic and basic FGF (Johnson et al., 1990; 

Wennstrom et al., 1991). FGFR2, also known as bek, cek3, K-

sam and TK14, shares strong amino acid sequence homology with 

FGFR1 and can bind both acidic fibroblast growth factor ( aFGF)" 

and bFGF (Pasquale, 1990; Kornbluth et al., 1988; Dionne et 

al., 1990; Houssaint et al., 1990; Raz et al., 1991; Crumley 

et al., 1991). Similarly, FGFR3, also referred to as cek2 or 

flg-2, is a structural homolog of FGFR1 and FGFR2 found in 

human skin, brain and lung which can bind both aFGF and bFGF 

(Pasquale, 1990; Keegan et al., 1991; Avivi, et al., 1991). 

FGFR4 binds only aFGF and can be found in a wide range of 

human and murine fetal tissues including adrenal, lung, 
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kidney, liver, and skeletal muscle (Partanen et al., 1991; 

Stark et al., 1991). In contrast I rat FGFR4 is found in a 

limited number of adult tissues, particularly lung and kidney 

(Horlick et al., 1992). Overall amino acid homology between 

the various receptor forms is summarized in Table 1. 

While the most prevalent receptor form consists of an 

extracellular domain of three Ig-like loops, a transmembrane 

region and an intracellular, 

forms of FGFR1 and FGFR2 

split kinase domain, divergent 

can arise due to alternative 

splicing. These receptor types differ primarily in the number 

of Ig-like loops and in the exon used in the third Ig-like 

loop (Champion-Arnaud, et al., 1991; Dionne, et al., 1990; 

Eisemann, et al., 1991; Fasel et al., 1991; Johnson et al., 

1990, 1991; Reid et al., 1990; Sa to et al., 1991). Dionne et 

al. (1990) reported the cloning of a FGFR1 composed of three 

Ig-like loops while Johnson et al. (1990) reported the 

existence of a two Ig-like loop form which lacked the first of 

the three loops. Both groups reported that the two forms 

could bind both aFGF and bFGF, thereby, demonstrating that the 

first Ig-like loop is not necessary for binding. Instead, 

binding specificity is conferred by the use of alternate exons 

located in the third Ig-like loop (Werner et al., 1992). 

Exons IlIa, IIIb and IIIc code for a secreted receptor form 

and two transmembrane forms, respectively. FGFR1 IIIb and 

FGFRl IIIc, the most commonly encoded receptor form, both bind 
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aFGF and bFGF with high affinity (Werner et.al., 1992; Johnson 

et al., 1990; Dionne et al., 1990). However, when exon IIlb 

is used, the resulting FGFR1 binds aFGF with a much higher 

affinity than bFGF (Werner et al., 1992). Furthermore, Werner 

et al. (1992) reported the existence of a secreted form of 

FGFR1, formed through the use exon IlIa, which is found in 

skeletal muscle and preferentially binds bFGF (Duan et al., 

1992) . 

A similar expression pattern is found for FGFR2, where 

FGFR2 IIIb and IIIc variants are the structural homo logs of 

FGFR1 IIIb and IIIc (Johnson et al., 1991). Expression of 

FGFR2 IIIb exon gives rise to a receptor with a 1000-fold 

higher affinity for aFGF than for bFGF (Dell and Williams, 

1992) I whereas expression of the IIIc form results in a 

receptor with equal binding affinities for the two FGF forms 

(Dell and Williams, 1992; Dionne et al. 1990). Similarly, 

Miki et al. (1990) reported that keratihotyte growth factor 

(KGF) I a member of the FGF family, and aFGF were bound 

preferentially by the KGF receptor, a FGFR2 IIIb variant 

containing two Ig-like loops. K-sam, a two loop, FGFR2 IIIb 

var iant, also binds aFGF (Hattori et al., 1990). Another 

FGFR2 IIlc variant, TK14, which possess three Ig-like loops, 

binds both aFGF and bFGF (Houssaint et al., 1990). For a 

summary of the structures and a comparison of the amino acid 



43 

sequences of the various FGF receptors, refer to Figure 3.1 

and Table 3.1. 

Signal transduction in response to aFGF or bFGF binding 

to its receptor is initiated by receptor dimerization (Ueno et 

al., 1992) and mediated by tyrosine phosphorylation (Coughlin 

et al., 1988; Friesel et al., 1989; Huang and Huang, 1986). 

Two-loop human FGFR1 and three-loop FGFR2 and FGFR3 can form 

dimers with each other in the presence of bFGF and induce a 

physiological response. While each of these receptor forms 

can also dimerize with var iants lacking an intracellular 

kinase domain, they fail to generate a response (Amaya et al., 

1991; Ueno et al., 1992). Dimerization of two receptors with 

kinase domains is critical because ligand binding and receptor 

dimerization result in receptor autophosphorylation (Blanquet, 

et al., 1989; Kuo et al., 1990; Mansukhani, et al., 1990). 

The autophosphorylated form of the receptor is capable of 

phosphorylating several intracellular substrates and is 

required to initiate the mitogenic response. Phosphorylation 

of tyrosine 766 wi thin the kinase region is necessary for 

binding to the SH2 domain (src-homology domain 2) of 

phospholipase C-gamma and SUbsequent stimulation of 

phosphotidylinositol turnover (Mohammadi et al., 1991; Peters 

et al., 1992; Mohammadi et al., 1992). However, ablation of 

the phospholipase C-gamma pathway by si te-directed mutagenesis 

of the FGFR does not prevent receptor autophosphorylation, 
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a 

b 

Figure 3.1. Structural forms of the FGF receptor. (a) full 

length, three-Ig loop variant (b) two loop variant and (c) 

secreted variant. Ig-like loops are numbered I, II and III. 

Solid box represents the acidic region, diagonal box 

represents -- the -t -:Fansmembrane domain and vertical boxes 

represent the split kinase domain. Exons conferring binding 

specificity are located in loop III. 
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Table 3.1. Amino acid sequence homology comparison of the FGF 
receptors. 

Domain 

I 

II 

III 

TMjJM 

TK1 

TK2 

overall 
identity 

R1 
vs 
R4 

22 

63 

74 

32 

75 

86 

56 

R2 
vs 
R4 

21 

70 

72 

31 

78 

84 

57 

R3 
vs 
R4 

26 

78 

74 

34 

78 

86 

60 

R1 
vs 
R2 

38 

81 

79 

66 

88 

92 

71 

R1 
vs 
R3 

21 

66 

82 

41 

83 

91 

61 

R2 
vs 
R3 

27 

72 

81 

45 

87 

92 

65 

Domain I, II, and III correspond to immunoglobulin-like loop 
I, II and III, respectively. TMjJM represents the 
transmembrane and juxtamembrane regions. The intracellular 
kinase region is divided into the tyrosine kinase 1 (TK1) 
domain and tyrosine kinase 2 (TK2) domain. Adapted from 
Partanen et al., 1991. 
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phosphorylation of other cellular proteins or mitogenesis 

(Peters, et al., 1992; Mohammadi, et al., 1992). Proteins 

with molecular weights of 150, 90, 42 and 35 kDa are also 

phosphorylated on tyrosine residues in response to bFGF 

binding to its receptor (Coughlin et al., 1988; Basilico et 

al. , 1989; Bottaro et al., 1990; Peters et al., 1992). 

Sequence analysis of the 150 kDa protein identified it as 

phospholipase C-gamma (Burgess et al., 1990). It is likely 

that the 42 kDa protein is p42 MAP kinase; L'Allemain et al. 

(1991) reported phosphorylation of this protein in fibroblasts 

by bFGF. Similarly, phosphorylation of the full-length 

receptor results in a phosphotyrosine-containing protein of 

145-150 kDa. Currently, little is known about the identities 

of the 90 and 35 kDa proteins (Jaye et al., 1992), although 

the 90 kDa protein was one of the first proteins identified as 

being phosphorylated in response to FGF (Coughlin et al., 

1988) . 

Receptor crosslinking studies have revealed the presence of 

FGF receptors in a variety of human and rodent tissues and 

cell lines. Neufeld and Gospodarowicz (1986) first 

demonstrated the existence of two receptor types in BHK cells 

and found that both receptor types bound aFGF and bFGF. Olwin 

and Hauschka (1989) conducted a survey of FGF receptors in a 

variety of mouse and human cell lines and reported the 

existence of a single receptor type of approximately 150 kDa. 
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Receptor numbers ranged from 30,000 receptors per cell in 

mouse C3H10T1/2 fibroblasts to 700 receptors per cell in mouse 

MM14 myoblasts. wi th the discovery and cloning of four 

different FGF receptor types, more sensitive assay systems 

have been employed to identify the tissue expression patterns 

of the various receptor types. Two or three immunoglobulin

like (Ig-like) loop FGFR1 mRNAs have been detected in the 

muscle and heart of developing mouse embryos, while only the 

three Ig-like loop form has been detected in the brain 

(Bernard, et al. 1991). Wanaka et al. (1991) demonstrated 

the existence of FGFR1 in the same tissues of developing rat 

embryos via in situ hybridization. Due to the nature of the 

probe, Wanaka was unable to distinguish between the various 

forms of FGFR1. In the adult mouse, FGFR1 message has been 

detected in skin, muscle, kidney and brain but not in the 

liver (Werner, et al., 1992). Werner et al. (1992) also 

reported the existence of a soluble, secreted for~ of FGFR1 in 

mouse brain, skeletal muscle and skin. FGFR2 message, like 

FGFR1, can be found encoding either a 2 or 3 Ig-like loop form 

(Crumley et al., 1991). RNA encoding the three Ig-like loop 

form of FGFR2 has been detected by Northern analysis 

predominantly in the lung and brain of chicken with low level 

expression in the heart, liver, kidney and spleen (Sato et 

al., 1991). Sato et al. (1991) also reported the existence of 

two sizes of receptor messages for cek2 (FGFR3) in lung and 



48 

brain tissue of chickens as well as two receptor proteins with 

molecular weights of 120 and 68 kDa. However, Keegan et al. 

(1991) reported only a single protein of 125 kDa when COS 

cells were transfected with human FGFR3 cDNA. It is possible 

that these two receptor types reported by Sato et al. (1990) 

are generated by alternative splicing mechanism. No 

information has been reported on the FGFR types expressed by 

satellite cells. 

Objective 

The purpose of this study was to characterize the bFGF 

receptor(s) in cultures of rat satellite cells and to examine 

the differences in bFGF receptor numbers, type, affinity and 

signal transduction between the two age groups during the time 

period leading up to cell division. 
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Cell Isolation 
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Satellite cells were isolated from young (3 - 4 wk-old) 

and adult (approximately 9 mo-old) male Sprague Dawley rats. 

Briefly, muscle groups from the hind limb and back were 

excised, trimmed of fat and connective tissue, coarsely ground 

with a commercial meat grinder and resuspended in PBS,0.3-0.5 

g/ml. Tissue was digested for one hr at 37° C with 1.25 mg/ml 

Pronase E (Sigma). Proteinase was removed by centrifugation 

at 1900 x g in a swinging bucket centrifuge followed by 

decantation of the supernatant. Pellets were resuspended in 

sterile phosphate-buffered saline (PBS), mixed with a vortex 

mixer for 20 sec and centrifuged for 10 min at 200 x g. The 

supernatant containing the cell fraction was removed, and the 

pellet was resuspended in PBS, mixed and centrifuged as 

before. This process was repeated a third time, and all 

supernatant fractions were pooled. The remaining tissue 

pellet was subsequently digested for 15 min with EnzarT 

trypsin solution (Intergen). Cells were separated from tissue 

debris by filtration through sterile gauze pads followed by 

centrifugation at 1900 x g for 3 min. Cell pellets from both 

digestions were pooled and resuspended in Dulbecco's modified 

Eagle's medium (DMEM) containing 20% fetal bovine serum, 10% 

dimethylsulfoxide, 1% antibiotic mix and 0.5% gentamicin and 
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stored in liquid nitrogen. Cell cultures were plated at an 

initial density of 25 nuclei/mm2 on fibronectin coated plates 

in DMEM-10% horse serum plus antibiotics and maintained in a 

humidified atmosphere of 5% CO2 at 37° C. 

Iodination of bFGF 

Five ug of carrier free bFGF (Intergen) were iodinated using 

the chloramine T method. Briefly, 5 ug of bFGF was incubated 

for 90 seconds in 2 mg/ml chloramine T and 1 mCi of 1~1 NaOH 

(Amersham) . The reaction was stopped by the addition of 

excess sodium metabisulfite. Labeled bFGF was separated from 

free iodine by purification over heparin Sepharose. 1~1-bFGF 

was eluted with 25 mM HEPES, pH 7.4 containing 2 M NaCI and 

0.1% bovine serum albumin. 1251 bFGF was stored at 4 C no 

longer than one month. 

Specific activity was measured by spotting dilutions of 

labeled bFGF and known concentrations of unlabeled bFGF on 

nitrocellulose. The dot blot was blocked with 10% nonfat dry 

milk in 10 mM Tr is, 150 mM NaCI, pH 8.0 (10% NFDM/TBS, 

incubated in polyclonal rabbit anti-bFGF (1: 5,000 in TBS i 

Sigma) for 60 min followed by incubation in peroxidase 

conjugated goat anti-rabbit (1:25,000 in TBSi American Qualex) 

for 40 minutes. Blots were washed three times for 10 minutes 

each with 10 mM Tris plus 150 roM NaCI, pH 8.0 containing 0.05% 

Tween 20 (TBST) after each antibody incubation. Blots were 
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developed using an ECL Western detection kit (Amersham). 

Scanning laser densitometry was performed on the X-ray films. 

A standard curve was constructed using the densitometry values 

of the known amounts of bFGF. Final specific activity for the 

labeled bFGF was calculated for each dilution as the number of 

counts applied divided by the amount of bFGF in the spot. 

Receptor binding assay 

Satellite cells were cultured in growth media or treatment 

media until time of assay with media replaced every 24 hr. 

Binding assays using radiolabeled growth factor were performed 

using cells cultured in 12-well cluster plates (25 mm 

diameter wells). Cell density was approximately 25,000 cells 

per well. The cells were pre incubated in binding buffer (25 

roM HEPES, pH 7.2, in Hams FlO containing 0.1% bovine serum 

albumin) for 30 min at 4 C. Fresh binding buffer was added 

with various dilutions of I~I-bFGF and the reaction allowed to 

proceed for 90 min. Nonspecific binding was determined in the 

presence of 1000-fold excess unlabeled bFGF. The reaction was 

terminated by rapidly rinsing the wells 3 times with cold PBS. 

Binding to low affinity sites was removed by rinsing the wells 

once with 0.5 ml of 2 M NaCl in 25 roM HEPES/Hams FlO, pH 7.4. 

Binding to high affinity receptor sites was removed by 

addition of 0.5 ml of 2 M NaCl in 20 roM sodium acetate, pH 

4.0. Radioacti vi ty was measured in a LKB MiniGamma gamma 
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counter. After completion of the receptor assay, 3 wells.were 

fixed with methanol for 10 minutes and stained with geimsa. 

Cell numbers were determined by counting 10 randomly selected 

microscope fields under 32X power. Receptor numbers and 

affinity were calculated by construction of Scatchard plots 

(Scatchard, 1949). 

Anti-FGFR Western Blots 

Satellite cells from young and adult rats, 24 and 48 hr 

post-plating, respectively were rapidly rinsed three times 

with TBS containing 1 mM PMSF, 1 ug/ml leupeptin and 1 ug/ml 

pepstatin. Cells were immediately lysed by placing them in, 

SDS sample buffer at 1000 for 5 minutes. Total cell lysates 

were electrophoresed through 7.5% SDS-polyacrylamide gels and 

transferred to nitrocellulose. Blots were blocked with 5% 

nonfat dry milk in TBST and then incubated with 1:2000 anti

human FGFR1 receptor (FGFRl) antibody, anti-human bek receptor 

(FGFR2) antibody or anti-FGFR4 antibody (Sa:i1ta' Cruz 

Biotechnology) in 1% non fat dry milk/TBST overnight at 4° C, 

followed by incubations with 1:10,000 goat anti-rabbit IgG 

peroxidase (Sigma) in 1% non fat dry milk/TBST for 45 minutes 

at room temperature. Blots were then incubated with ECL 

chemiluminescent Western detection reagents (Amersham) for 1 

min. Bands were visualized by exposure to X-ray film. As a 

positive control for the FGFR2 antibody, tissues were isolated 
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from ten day chick embryos, lysed in RIPA buffer (1% NP40, 

0.5% sodium deoxycholate, 0.1% SOS in TBS, pH 8.0) and boiled 

in SOS sample buffer. Samples were electrophoresed through 

7.5% SOS polyacrylamide gels and electrophoretically 

transferred to nitrocellulose. Blots were incubated with 

FGFR2 antibody as described and detected by chemiluminescence. 

As a second control, the peptide antigen for FGFRl, FGFR2 and 

FGFR4 antibodies were blotted onto nitrocellulose and reacted 

with the antibodies as described above. 

Anti-phosphotyrosine Western blots 

Cell cultures from young or adult rats were serum starved 

for 6 hours in OMEM containing 10 ugjml protamine sulfate 

prior to harvest. At 18 hr and 42 hr post-plating for the 

young and adult cells, respectively, the cultures were rinsed 

four times with OMEM to remove the protamine sulfate and 

stimulated for 10 minutes with 5 ngjml bFGF in OMEM. After 

the 10 min period, cells were rapidly rinsed with ice-cold TBS 

containing 5 roM EOTA, 1 mM PMSF, 1 ugjml leupeptin and 1 ugjml 

pepstatin and were lysed in SOS sample buffer by boiling for 

5 min. Total cellular protein from 5 X 104 cells were 

separated on 12% SOS polyacrylamide gels and transferred to 

nitrocellulose. Blots were blocked for 2 hr at room 

temperature with 2% bovine serum albumin in TBS and incubated 

in 1:250 anti-phosphotyrosine antibody FB2 supernatant 
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(American Type Culture Collection) in TBST overnight at 4 C. 

Blots were washed 3 times for 

incubated in goat anti-mouse 

(Sigma; 1:25,000 in TBST) for 

10 min each with TBST and 

IgG-horseradish peroxidase 

45 min. After extensive 

washing, blots were developed using an ECL Western detection 

kit (Amersham). 

Molecular weight markers (BioRad) were used in all Western 

analyses to estimate apparent molecular weight. 
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Results 

Specific binding of bFGF to high affinity receptors (kd 

approximately 14 pM) were detected in satellite cells from 

both young and adult rats and was analyzed by the method of 

Scatchard (1949). The earliest time post-plating at which 

receptors could be detected was 18 hr and 42 hr for cells 

isolated from the young and adult rats, respectively (Table 

3.2) . The number of high aff ini ty binding sites ranged 

between 216 and 327. No statistically significant differences 

between the number of receptors per cell were found between 

the time points or between the age groups. Furthermore, no 

differences in receptor affinity between the times or ages 

were found. Representati ve Scatchard plots for the 18 hr 

post-plating, young rat cells and the 42 hr post-plating adult 

rat cells are shown in Figure 3.2. 

The bFGF receptor in 24 hr satellite cell cultures from 

young rats and 42 hr satellite cell cultuiesfiom adult rats 

was identified as FGFR1 by Western analysis using antibodies 

specific for FGFR1, FGFR2 and FGFR4 (Figure 3.3). The 

molecular weight of the receptor is approximately 145 kDa and 

would correspond, therefore, to FGFR1 containing three Ig-like 

loops. The two loop form of FGFR1 was not detected. In 

addition, neither FGFR2 nor FGFR4 proteins were detected in 

satellite cells from young or adult rats by Western analysis 
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Table 3.2. FGFR1 Numbers and Dissociation Constants. 

Time 
(hr) 
18 
24 
30 
36 
42 
48 

4 
236 
220 
216 

ReceQtors~Cell 

week 9 
+\- 23 
+\- 43 
+\- 22 

303 
327 

month 
0 
0 
0 
0 

+\- 47 
+\- 49 

kD (QM) 
4 week 9 month 

12.0 +/- 3 0 
8.9 +/- 2 0 

14.1 +/- 4 0 
0 

23.0 +/- 10 
12.2 +/- 0.4 

Each point represents the mean and standard error of three 
experiments. 
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Figure 3.2. Scatchard plots of satellite cells isolated from 

(a) 3-4 wk-old and (b) 9 rna-old rats. bFGF binding assays 

were performed at 18 hours and 42 hours, respectively. Points 

represent specific binding of 125I-bFGF in duplicate wells. 
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Figure 3.3. Western blot and chemiluminescent identification 

of FGFR1 in cultures of satellite cells from young and adult 

rats. (a) Total cell lysates of satellite cell cultures from 

3-4 wk-old (lane 1) and 9 month old (lane 2) rats were 

analyzed by Western blots using a polyclonal FGFR1 antibodyo 

Each lane represents approximately 50,000 cells. Predicted 

molecular weight of receptor is 145 kDa. (b) Lane 1 represents 

chick embryonic heart tissue (pos. control), lane 2, 4 wk old 

and lane 3, 9 mo old cells probed with FGFR2 antibody. Lane 4 

and 5 represent 4 wk old and 9 mo old cell probed with FGFR4 

antibody. (c) Peptide antigens for FGFR1, FGFR2 and FGFR4 were 

analyzed by Western analysis. Dot 1, 2 and 3 represents 

peptide R1, R2 and R4 probed with FGFR1, FGFR2 and FGFR4, 

respectively. Dot 4 represents the second antibody control. 
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It is possible 

that one or more of these may be present, but the quantities 

were below the level of detection in these experiments. 

Receptor signalling was assessed by Western analysis 

of tyrosine phosphorylation in total cell lysates from the two 

age groups. These experiments revealed that addition of 

stimulatory levels of bFGF increased phosphorylation of 

proteins of 150, 90, 42 and 35 kDa, respectively (Figure 4a) . 

Due to the strong signal at 150 kDa range, the corresponding 

cell lysates were electrophoresed through 10% SDS 

polyacrylamide gels (8 X 10 cm) to obtain better resolution. 

These results show the presence of a 145 kDa as well as a 150 

kDa phosphotyrosine containing protein (Figure 4b). We 

speculate that the 150 kDa protein is phospholipase C-gamma 

and the smaller protein is the phosphorylated receptor. 

Furthermore, these results demonstrate that the receptor is 

functional at 24 hr in the young rat cells and at 48 hr in the 

adult rat cells. It should be noted that bFGF-induced 

phosphorylation of these proteins was not evident in adult rat 

satellite cells stimulated at 24 hr. 
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Figure 3.4. Western blot and chemiluminescent detection o f 

phosphotyrosine containing proteins in response to bFGF 

stimulation in cultures of satellite cells. Satellite cell 

homogenates from (a ) 3-4 week old rats and (b) 9 month old 

rats were analyzed by Western blot at 24 and 48 hours, 

respectively. Lanes a1 and b1 represent control cells and 

lanes a2 and b2 represent cells stimulated with 5 ngjml bFGF 

for 10 minutes. Phosphoproteins of 150/145, 90, 42 and 35 are 

marked with arrows 8 Figure 3c depicts the separation of 150 

and 145 kDa phosphoproteins. Lanes 1 and 3 represent control 

cultures of 4 week and 9 month old cells, respectively, and 

lanes 2 and 4 represent bFGF treated cultures from 3 week and 

9 month old rats, respectively. 
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Discussion 

Because rat satellite cells proliferate in response to 

bFGF, it was proposed that this growth factor may play an 

important role in activation and subsequent reentry of these 

cells into the cell cycle. Bischoff (1986) demonstrated the 

ability of quiescent satellite cells to reenter the cell cycle 

and proliferate in response to FGF. Furthermore, mass 

cultures of satellite cells from young animals respond to bFGF 

very early in culture as indicated by an increase in PCNA 

synthesis. This suggested that bFGF may be involved in 

activation of these cells. However, an increase in PCNA 

levels in response to bFGF did not occur until much later in 

cultures of adult satellite cells. The inablity of bFGF to 

significantly alter the duration of the lag period suggested 

that bFGF may not have an effect on activation of adult 

satellite cells. In turn, this may be due to the absence of 

bFGF receptors. Alternatively, bFGF receptors may be present 

in the adult cells but unable to generate a signal. These 

findings led to the hypothesis that developmental regulation 

of satellite cell activation may be directly related to 

expression of functional bFGF receptors. 

Receptors for bFGF were first apparent at 18 hr post

plating in the cells from the young animals, but cells from 

adult animals did not exhibit specific bFGF binding until 42 

hr post-plating. No statistical differences were apparent 
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between receptor numbers on cells from young at 18 through 30 

hr versus adult rat cells at 42 and 48 hr, even though the 

trend was for adult rat cells to have higher numbers. This 

indicates that once expression of FGFR1 is activated, 

comparable quantities of receptor are synthesized. 

Included in the objective of this experiment was the 

examination of the functionality of the bFGF receptor. 

Initially, we theorized that perhaps the bFGF receptor was 

present in the adult rats but for some reason the receptor 

could not illicit a response, thereby, delaying reentry into 

the cell cycle. Enhanced phosphorylation of proteins at 

approximately 150, 145, 90, 45 and 35 kDa is apparent 

following addition of bFGF at all ages when receptors are 

detectable. The observed FGF-stimulated tyrosine 

phosphorylation of these proteins is in agreement with 

phosphorylation patterns found by Coughlin et al (1988) and 

Peters et al. (1992). Phosphorylation of a protein with 

apparent molecular weight of 145 kDa may represent 

autophosphorylation of FGFRl, and bFGF-stimulated 

phosphorylation of a 90 kDa protein is consistent with 

previous reports of phosphorylation of an unidentified 90 kDa 

protein following FGF stimulation of fibroblasts (Coughlin et 

al., 1988). Phosphorylation of these two proteins represents 

events that, presumably, occur early in the cascade of 

reactions starting with FGF binding and culminating in the 
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initiation of DNA synthesis. Tyrosine phosphorylation of the 

putative p42 MAP kinase, however, is common to mitogenic 

signalling pathways of other growth factors, as well as bFGF, 

and is presumably downstream from the initial FGF-specific 

phosphorylation events. Therefore, the results of this study 

suggest that elements along the signalling cascade are present 

and functional. The results of the binding assays and the 

phosphotyrosine Western blots allow us to conclude that a 

functional bFGF receptor is present in both age groups but its 

expression occurs later in the adult rats. 

with the aid of sensitive detection methods, four 

different FGF receptors have been identified (Lee et al., 

1989; Dionne et al., 1990; Keegan et al., 1991; Partanen et 

al., 1990). The presence of these different types have been 

demonstrated in a variety of tissues including skeletal muscle 

(Werner et al., 1992). Recently, 

(1992) reported the existence of a 

isoform in MM14 myoblasts, as well 

Templeton and Hauschka 

full length FGFR1 mRNA 

as a shorter two loop 

version. The shorter isoform is much less abundant than the 

full length form and represents only approximately 5% of the 

total FGFR1 mRNA. Previously, Olwin and Hauschka (1986) 

reported a single cell surface receptor for bFGF on MM14 

cells. Because of the low level of expression of the two loop 

isoform mRNA, Templeton and Hauschka (1992) concluded that the 

conventional crosslinking methods used earlier would have been 
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unable to detect the shorter FGFR1 on the surface of MM14 

cells. Our results demonstrate the existence of a single 

FGFR1 in satellite cells that corresponds to the full length 

isoform of FGFR1. While Western analysis is much less 

sensitive than the RNAse protection assays used by Templeton 

and Hauschka (1992), it does suggest that the shorter FGFR1 

isoform is not present in large quantities in rat satellite 

cells. If the two loop form had been present at low levels, 

it is unlikely that it would have been detected in these 

experiments. A third FGFR1 isoform found in skeletal muscle 

is a secreted isoform which is not involved in signal 

transduction (Werner et al., 1992). Because the FGFR1 

antibody only recognizes the c-terminus, which is not present 

in the secreted isoform, the presence of this isoform in 

satellite cells cannot be ascertained. 

The presence of FGFR2 and FGFR4 was not detected in the 

narrow time frame m'onitored in both ages of satellite cells. 

Again, it is possible that very small numbers of receptors 

were present, but it is unlikely that these receptor types 

represent a significant fraction of the FGF receptors present 

in these cells. The absence of FGFR4 is curious as this 

receptor form has been found in skeletal muscle tissue of 

embryonic mouse (Stark et al., 1990}i however, Templeton and 

Hauschka (1992) failed to find FGFR4 transcripts in MM14 

cells. Because Stark et al. (1990) used embryonic tissue, it 
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is possible that FGFR4 is only expressed during early 

development. Satell i te cells represent an adult myogenic 

population and may not express the receptor form because they 

arise at a very late stage of muscle development. 

MM14 cells were derived from mouse satellite 

Similarly, 

cells and, 

therefore, may not express the receptor form for the same 

reason. These findings are consistent with the notion that 

discrete populations of myogenic cells arise at differing 

times during development (Stockdale, 1992). 

This study demonstrates that the FGFR1 is the primary, if 

not the only, FGF receptor type present in rat satellite cells 

and that this receptor is expressed in the activated 

phenotype. Previously, we documented the use of PCNA, an 

auxiliary protein to DNA polymerase-delta, as a marker 

indicating entry into the cell cycle (Johnson and Allen, 

1993) . Using this assay system, a rapid increase in the 

levels of PCNA were found at 30 hr in satellite cells from 

young rats and at 48 hr in cells from adult rats. The 

appearance of a functional receptor at 18 and 42 hr in young 

and adult cells, respectively, demonstrates that FGFRI 

expression occurs prior to entry of the cells into S phase. 

This is an important finding in that it suggests that 

expression of the FGFR1 may be a critical step in the 

activation program by rendering satellite cells responsive to 

FGFs which can subsequently stimulate proliferation. 
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While this series of experiments was undertaken to answer 

questions concerning the activation of satellite cell reentry 

into the cell cycle, it may have raised more questions than it 

has answered. Although the factor(s) responsible for 

activating quiescent satellite cells has not been identified, 

it is apparent that bFGF is not responsible for the action. 

Basic FGF, however, does contribute to the proliferative 

process. In the cells isolated from the young rats, the time 

period until proliferation, i.e. the lag phase, was much 

shorter than that same time frame in the adult rat cells. 

Addition of bFGF to cultures of young cells resulted in 

stimulation of PCNA above control levels. However, this 

finding was not observed in the adult cell cultures until 42 

to 48 hr. Prior to this time, no differeNces in PCNA levels 

were observed in bFGF supplemented cultures. Based on these 

observations, we conclude that at least a portion of the young 

cells have reentered the cell cycle at a time prior to assay 

and that bFGF is actually stimulating proliferation, as 

indicated by the accumulation of PCNA. 

The results of the PCNA induction study allowed us to 

hypothesize that the adult satellite cells may not be 

responsive to supplemental levels of bFGF at earlier times 
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within the lag period because they do not possess bFGF 

receptors or that these receptors are present but not 

functional. When the presence of bFGF receptors was 

monitored, we found that satellite cells from both age groups 

were capable of specifically binding bFGF and that this 

binding was detectable prior to an the major increase in rate 

of PCNA accumulation. As expected, bFGF receptors were 

present on the surface of cells from the young animals sooner 

than on those from the adult animal. This is consistent with 

the inability of bFGF to stimulate proliferation in satellite 

cells from adults prior to 42 hr. Western analysis using 

polyclonal antibodies FGFR1, FGFR2 and FGFR4 revealed the 

existence of a full length, three loop isoform of FGFR1 in 

cultures of satellite cells from both ages and indicated that 

this is the primary FGFR expressed. Furthermore, the 

appearance of phosphotyrosine containing proteins of 150, 145, 

90, 42 and 35 kDa in response to bFGF stimulation demonstrated 

that FGFR1 was capable of signal transduction. 

The absence of FGFR2 and FGFR4 on MM14 myogenic cells, a 

mouse satellite cell-derived I ine (Templeton and Hauschka, 

1992), and the contradictory findings of Stark et ale (1990) 

that FGFR4 is present in embryonic skeletal muscle, suggests 

that the appearance of this receptor type is developmentally 

regulated and may not be expressed in significant amounts in 

postnatal muscle tissue. Therefore, it is not surprising that 
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FGFR4 was not detec.ted in satellite cells isolated from 

postnatal rat muscle tissue. It has also been proposed that 

the various isoforms of the receptors may play an important 

role in development (Johnson et al., 1991). While we were 

able to detect only the full length proteii1 isoform, our 

methods are not as sensitive as those measuring message 

levels. To conclusively rule out the existence of shorter 

forms of FGFR1, more sensitive methods of mRNA detection, such 

as solution hybridization or polymerase chain reaction, need 

to be performed. 

Few investigators have focused on cellular aspects of the 

problem of activation of quiescent satellite cells. Bischoff 

(1986a; 1986b) was first to develop a cell culture system in 

which this could be addressed. Using cultures of single 

myof ibers with attached satellite cells, Bischoff (1986a) 

found that most growth factors that had previously been shown 

to affect satellite· cell growth were unable to stimulate 

quiescent satellite cells. Even bFGF, a potent mitogen, was 

only partially effective. Bischoff did discover, however, 

that supplementation of a crude homogenate of crushed muscle 

could stimulate normally quiescent satellite cells to reenter 

the cell cycle and proliferate. Through the use of tritiated 

thymidine labeling and autoradiography, he determined the 

length of the cell cycle to be 12 hr, and the length of time 

from initial exposure to CME to S phase was determined to be 
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In addition, Bischoff (19S0) found that cells 

needed to be exposed to CME continuously for at least 9 hours 

in order to allow them to enter the cell cycle. The 16 - 18 

hr period should represent the time required to exit Go plus 

the time spent in G, prior to entry into the S. From these 

experiments it could be hypothesized that the minimum time of 

exposure to CME may represent the time required to exit Go and 

the remaining 7 to 9 hours may correspond to the time spent in 

G, pr ior to S. Exit from Go and the associated cellular events 

could be considered to represent "activation" and may be 

viewed as distinct from events associated with G, of the cell 

proliferation cycle. If this hypothesis is correct, it should 

be possible to identify molecular markers for Go and the 

transition between Go and G,. 

The proposed molecular "landmarks", based on the present 

experiments, are the expression of receptors for FGF and the 

ability of cells to respond to this mlf~gen as a molecular 

indicator that cells have entered G, and the accumulation of 

PCNA as an indicator of entry into S. Using satellite cells 

from old rats as the model, significant increases in these two 

marker proteins occur between 36 and 42 and between 42 and 48 

hr, respectively; therefore, the length of time spent in G, 

prior to entering S is estimated to be between 6 and 12 hr. 

Consequently, the length of time spent in transit from Go into 
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GJ would be between 36 and 42 hr for cells from old rats and 

less than 18 hr for cells from young rats. The length of GJ , 

based on the expression of FGF receptors and peNA, compares 

favorably with the length of GJ estimated from the cell growth 

kinetics of satellite cells in Bischoff's experimental system. 

Transit time from Go to GJ may be variable and dependent on 

developmental or physiological state of the animal from which 

satellite cells were derived, whereas the length of GJ may be 

more constant. Therefore, the reasons for variation in lag 

time associated with satellite cell stimulation may be found 

in studies of the subcellular events associated with the 

hypothetical "activation" phase of satellite cell growth. 
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