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ABSTRACT 

The in vitro study of muscle cell growth is hampered by 

the presence of non-muscle cells, particularly fibroblasts. 

The heterobifunctional cross-linking agent, N-succinimidyl 

3-(2-pyridyldithio) propionate (SPDP) has been used to 

create a novel "toxic growth factor" to address the problem. 

Epidermal growth factor (EGF), which stimulates fibroblast 

but not satellite cell proliferation, was conjugated via 

SPDP to a potent ribosome inhibitor, pokeweed antiviral 

protein (PAP). By preferentially binding to fibroblasts, it 

was hoped that EGF-PAP could cytotoxically eliminate 

fibroblasts from primary cultures of rat skeletal muscle 

satellite cells. While EGF-PAP did prove to be a fibroblast 

cytotoxin, it could not completely eliminate them from cell 

cultures. Low dose-time exposures improved the ratio of 

multinucleated cells to mononucleated cells (percent fusion) 

by up to 66% over controls, but increased concentrations, or 

durations of EGF-PAP treatment, proved detrimental to 

satellite cell growth and/or differentiation. 
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I. INTRODUCTION 

The development and growth of muscle tissue is a 

complex process involving a variety of growth factors and 

several different cell types. Of primary importance is the 

satellite cell, the postnatal myogenic precursor cell. In 

order to understand the principles governing myogenesis in 

postnatal muscle, it is necessary to examine the factors 

which regulate the proliferation and differentiation of the 

satellite cell in vivo. The only practical way to analyze 

the cellular events which occur is to isolate the cells of 

interest and then to treat them in vitro with the hormones 

or growth factors which are suspected of involvement in the 

growth process. 

Many researchers have used myogenic cell lines 

(Hauschka et al. 1979; Kaufman and Parks 1977) which have 

been derived from tissues of several organisms. These 

lines consist of transformed cells, continuously culturable, 

which contain a genome implicitly altered from normal cells. 

The alternative is to use primary cultures of satellite 

cells (Bischoff 1974; Allen, Dodson and Luiten 1984) grown 

in a serum-free defined medium (Allen et al. 1985). 

However, even careful extraction of rat muscle results in a 

mixed culture containing some degree of nonmuscle cell 

10 
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contamination. Fibroblasts, the most common contaminant, can 

pose several problems which can affect the interpretation of 

results of in vitro experiments (Allen 1987). 

Various methods have been proposed and implemented 

to purify primary muscle cultures of their undesired 

fibroblasts. One technique involved a monoclonal antibody 

to a human muscle stem cell antigen (Walsh 1980) which was 

used to separate antibody-linked human myoblasts from 

unlabeled nonmuscle cells by means of a fluorescence-

activated cell sorter (FACS) (Webster 1985). The inability 

of this antibody to bind to rat myoblasts and the failure to 

produce a monoclonal specific for rat satellite cells, 

coupled with the lack of availability and high cost of using 

a FACS, led us to try a different approach to fibroblast 

elimination. By selectively introducing a toxin into the 

fibroblasts, we should cause them to die-off leaving just 

the desired muscle precursors. Since epidermal growth 

factor (EGF) was known to stimulate the proliferation of rat 

fibroblasts (Carpenter and Cohen 1979) but not rat myogenic 

cells (Allen et al. 1986), it was selected as a candidate 

for linking to a cytotoxin. We hypothesized that this "toxic 

growth factor" could be applied in culture at a level which 

would poison fibroblasts but still have a minimal effect on 

satellite cells. This thesis describes the experimentation 

that we employed to test this hypothesis. 



II. LITERATURE REVIEW 

A. Myogenesis 

The mature muscle cell, or muscle fiber, is an 

elongated, multinucleated cell containing highly specialized 

organelles designed for contraction. Under physiological 

conditions myonuclei are incapable of DNA synthesis, 

producing principally contractile proteins. The 

contracting myofibrilar component is composed of thick and 

thin filaments which are made up of myosin and actin, 

respectively. Another dozen proteins contribute structural 

and regulatory functions in the myofibril. The membrane 

system of muscle fibers is also highly specialized 

consisting of a plasmalemma and an intracellular membrane 

system known as the sarcoplasmic reticulum. The 

sarcoplasmic reticulum, in conjunction with the transverse 

tubular system, serves to regulate levels of free calcium 

ions which initiate contraction. An external basal lamina 

or basement membrane surrounds the entire fiber. Satellite 

cells are located between the plasmalamma and the basal 

lamina. These complex structures in the most massive cells 

of the body originate through the process of myogenesis. 

12 
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During embryonic growth, a small subset of myogenic 

precursors begin to fuse and differentiate into "primary 

fibers" (Kelly and Zacks 1969). The closely associated 

mononucleated cells, or myoblasts, continue to proliferate 

and fuse with the multinucleated myotubes. This was first 

shown by the seminal work of Stockdale and Holtzer (1961). 

Throughout fetal development, myoblasts continue to fuse and 

form new myotubes, or "secondary fibers" (Kelly and Zacks 

1969). The number of muscle fibers apparently remains 

constant from near parturition to death since these cells do 

not divide or replicate their DNA (Goldspink 1972). They 

do however greatly increase in mass and accumulate more 

nuclei. 

In postnatal muscle, the remaining myoblasts have 

become ensconced between the sarcolemma and basement 

membrane of muscle fibers (Mauro 1961). These diminutive 

mononuclear cells are now referred to as satellite cells. 

During muscle growth, they multiply, differentiate and fuse 

into the muscle fiber (Moss and Leblond 1970), thereby 

adding nuclei to the growing fiber. Satellite cells also 

regenerate damaged muscle tissue. Konigsberg, Lipton and 

Konigsberg (1975) examined single fibers to establish the 

sequence of regenerative response and confirm the satellite 

cell's role as the originator of this process. 
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The determination of the function of satellite cells 

was accomplished in vivo by Moss and Leblond (1970), who 

injected low levels of H-thymidine into rats and then 

monitored DNA synthesis in muscle by examining transverse 

muscle sections after various time intervals using 

autoradiographic techniques. They showed that DNA synthesis 

only occured in satellite cells and that their nuclei would 

later be found within the myofibers. Bischoff (1974) later 

showed that satellite cells would proliferate in culture and 

then spontaneously fuse to form myotubes, just like 

embryonic myogenic cells. These new muscle cells 

synthesized muscle-specific proteins and contracted in vitro 

(Allen, McAllister and Masak 1980; Cossu et al. 1980). 

Primary cultures of skeletal muscle satellite cells 

such as the ones referred to here, were originally prepared 

by excising large muscles, trimming off fat and connective 

tissue, and mincing the muscle in phosphate-buffered 

saline. After pronase digestion and differential 

centrifugation, the cells were isolated and plated into 

collagen-coated tissue culture dishes in DMEM with 10% horse 

serum and antibiotics (Bischoff 1974). Muscle fibers will 

not attach but those cells that do can be either satellite 

cells or the undesired fibroblasts. Virtually pure cultures 

of fibroblasts can be easily obtained by inducing the 

myogenic cells to fuse into myotubes which will not re-plate 
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after trypsinizing. The opposite purification is not so 

readily achieved, however. As mentioned previously, cells 

can be sorted using a suitable antibody and a FACS (Webster 

et al. 1985). Another method of separation is to clone the 

cells at very low density, then observe the cultures for 

myogenic colonies. These clones tend to grow 

asynchronously, are difficult to quantitate, and are nearly 

impossible to biochemically test due to low cell mass (Allen 

1987). 

A popular alternative to these problems is to use a 

continuous strain of myogenic cells, such as the L6 (Yaffe 

1968) or L8 (Richler and Yaffe 1970) rat myoblast cell 

lines, or the MM14 mouse myoblasts (Hauschka et al. 1979). 

While these provide culturing convenience and genetic 

uniformity without loss of differentiability, their 

drawbacks are considerable. Cell lines' unrestricted 

growth shows a lack of genetic control over the normal 

processes of senescence and death. Lack of normal 

regulation has been shown by the inability of fibroblast 

growth factor (FGF) to have a mitogenic effect on L6 cells, 

in contrast to satellite cells (Allen 1987). Whatsmore, rat 

L6 cells respond to IGF-II while MM14 murine myoblasts do 

not (Lim and Hauschka 1984). Pure satellite cell cultures 

seem to offer the only certain resolution of this dichotomy. 
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Most of the practical applications from muscle 

research can be gained by understanding, and thus 

controlling, the mechanisms of muscle regeneration and 

hypertrophy. Fundamental to this process is the regulation 

of satellite cell hyperplasia and differentiation. Most of 

the known hormones and growth factors have been applied to 

muscle cell cultures, both primary and continuous, 'and a 

pattern has begun to emerge. As noted, some of the findings 

are quite contradictory. 

Studies with insulin and the insulin-like growth 

factors (IGF-I and II), or somatomedins, as they were 

originally called, were done with satellite cells (Dodson et 

al. 1985, 1987). Both of the IGFs stimulate proliferation 

of satellite cells at physiological levels through binding 

to specific surface receptors. Insulin will cross-react 

with the IGF-I receptor and mimic its effect, but only at 

greater than physiological concentrations. IGF-I has 

recently been shown to be produced in myoblasts, myotubes 

and satellite cells of regenerating muscles in vivo 

(Jennesche and Hansson 1987), but its role in cell growth 

regulation is not fully understood. 

Another myoblast mitogen of importance is fibroblast 

growth factor (FGF, Allen, Dodson and Luiten 1984). FGF 

has been shown to inhibit differentiation (Linkhart, Clegg 

and Hauschka 1981) as well as stimulate proliferation. The 
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fact that FGF has been isolated from various cell types and 

tissues lends credence to the theory that it nay function as 

an autocrine or paracrine hormone. 

Recently, work on transforming growth factor-beta 

(TGF-ft) has shown it to be inhibitory for both proliferation 

and differentiation of rat satellite cells (Allen and 

Boxhorn 1987). This potent factor is stimulatory in some 

of the many tissues in which it is found and also affects a 

wide variety of cell types (Moses et al. 1985). 

Satellite cells have been studied with growth 

hormone, prolactin, luteinizing hormone, thyroid stimulating 

hormone, platelet derived growth factor, nerve growth factor 

and epidermal growth factor. According to Allen et al. 

(1986), none of these were mitogenic for rat satellite cells 

in vitro. Lim and Hauschka (1982) showed that EGF did not 

produce an effect on the MM-14DZ line of mouse myoblasts. 

EGF did bind to the surface of these cells but at the time 

its binding was not known to occur with normal satellite 

cells. Extensive work has been done with EGF in other 

types of cell cultures which have shown it to be a potent 

mitogen for fibroblasts. This combination of properties 

led to the formation of a hypothesis that EGF might be the 

key to elimination of fibroblasts from primary muscle cell 

cultures. 



18 

B. Cvtotoxins 

Volume 93 of Methods of Enzymology (1983) was 

devoted In large part to the development and usage of 

cytotoxic agents and cytotoxicity tests. In a fine 

procedural article about antibody (Ab) and ricin-A chain (A) 

conjugation, Krolick, Uhr and Vitetta (1983) state, 

Thus the specificity of antibodies used should 

preferably be directed against unique, non-

cross-reactive membrane antigens expressed only 

by the target cell. Such clonally exclusive mem

brane antigens may be virtually non-existent. 

However careful titrations of an Ab-A may permit 

selective cytotoxicity if the target antigen 

is expressed at greater surface density on 

the target cell than on a "negative cell". 

This led to hope that a receptor or membrane protein could 

be found on fibroblasts, in sufficiently greater numbers 

than on satellite cells, to strategically eliminate the 

former without harming the latter too drastically. 

Ghose, Blair and Kulkami (1983) referenced many uses 

of toxins conjugated to antibodies, hormones and growth 

factors, some of which were particularly relevent. In a 

more recent review of immunotoxins by Pastan, Willingham and 
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FitzGerald (1986), several toxins analogous to ricin-A were 

mentioned. Still, ricin, a castor bean toxin composed of 

two disulfide-linked subunits, has been the most commonly 

used. Its non-toxic portion, the B chain, binds to 

galactose residues on the plasma membrane of virtually any 

cell. Using this property, insulin, coupled to ricin-B, 

was introduced into rat hepatoma cells to increase their 

amino acid uptake (Roth et al. 1981), or into MDCK cells to 

induce glycogen synthesis (Hoffman et al. 1983). The 

opposite site-specific binding was utilized by Gelehrter and 

Peacock (1984) to isolate insulin-resistent rat hepatoma 

cells. They linked insulin to a functionally similar plant 

toxin, pokeweed antiviral protein (PAP), to form a conjugate 

which bound to insulin receptors. PAP was first used as an 

immunotoxin by Masuho, Kishida and Hara (1982). It belongs 

to a class of plant toxins which are enzymatic, 60S ribosome 

inhibitors of a size (Mr=30,000) similar to ricin-A 

(Houston, Ramakrishnan and Hermodson (1983). However, PAP 

lacks a ricin-B type chain which prevents its unconjugated 

cytotoxicity, except in very large amounts. As a result, 

pokeweed antiviral protein eliminates some of the problems 

that come with preparing immunotoxins from ricin-A, such as 

the extreme caution needed during the handling and 

purification of the ricin chains (Ramakrishnan and Houston 

1984a). Because PAP is composed of several different 
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moieties (PAP, PAP-II and PAP-S) which can be extracted from 

leaves or seeds at various times of the year (Houston et al. 

1983), and since antibodies against PAP and PAP-S do not 

cross-react (Barbieri et al. 1982), immunotoxins using PAP 

would be preferable to ones with ricin-A for in vivo cancer 

immunotherapy (Ramakrishnan and Houston 1984b). 

Epidermal growth factor has been used throughout 

this decade to target various cell types with different 

toxins. Cawley et al. (1980) first linked EGF to both 

ricin-A and diphtheria fragment A to study their effects on 

3T3 murine fibroblasts. The EGF-ricin A was the first 

hormone-toxin A chain conjugate to be cytotoxic at levels of 

concentration at which the hormone shows biological 

activity. Oddly, the EGF-diphtheria A conjugate was 

nontoxic. Shimizu, Miskimins and Shimizu (1980) had similar 

results with EGF-diphtheria A on EGF receptor-defective 

variants of 3T3 cells, but it showed strong cytotoxicity on 

human epidermoid carcinoma cells. EGF has also been linked 

to Pseudomonas toxin on several occasions. FitzGerald et 

al. (1983) used adenovirus infection to potentiate the toxic 

effects of EGF-Pseudomonas toxin by 10,000-fold in KB human 

carcinoma cells. Later Akizama et al. (1984) used the 

calcium channel blocker verapamil to enhance the same toxic 

hormone by 40-fold in several carcinoma lines. 
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Numerous methods have been devised for cross-linking 

proteins such as toxins and hormones or antibodies (Han et 

al. 1984). One of the most popular seems to be through the 

use of the heterobifunctional reagent N-succinimidyl 3—(2— 

pyridyldithio) propionate, or SPDP (Carlsson, Drevin and 

Axen 1978). The structure of this molecule is: 

° V, 
II ' 

-S-S-CH2-CH2-C-O-N 

cf 
The development of heterobifunctional cross-linkers allowed 

intermolecular conjugation without the drawbacks of 

simultaneous intramolecular linkages. With SPDP, the N-

hydroxy-succinimide (NHS) ester group reacts with amino 

groups while the 2-pyridyl-disulfide reacts with aliphatic 

thiols (Carlsson et al. 1978). Thus the joining of 

proteins occurs by a two-step process. First the 2-

pyridyldithio propionate (PDP) structures are introduced 

into protein by aminolysis of its NHS-ester with the primary 

amino groups of the PAP or EGF. The disulfide of one of 

the newly thiolated proteins is then reduced by 

dithiothreitol (DTT). This reaction can be made without 

the concomitant reduction of any internal disulfide bonds in 

the PDP-conjugated protein (Han, Richard and Delacourte 

1984), in this case PAP (Houston et al. 1983). Since the 

protein-2-pyridyl disulfide compound will react with other 
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thiol-containing proteins via thiol-disulfide exchange, the 

two proteins can thus be linked. 

Cawley et al. (1980) used SPDP to first introduce a 

disulfide group into EGF. They conjugated the linker to the 

N-terminus, the only amino group in EGF. Sulfhydryl-

containing toxins then replaced the N-pyridyl thiol of the 

EGF-PDP through a disulfide exchange. Likewise, 

Ramakrishnan and Houston (1984a) joined SPDP to the amino 

termini of both PAP and monoclonal antibodies. DTT-reduced 

PAP-PDP was then bound to the SPDP-labeled antibodies. A 

hybrid of these procedures was created to unite EGF and PAP 

for these experiments. 



III. MATERIALS AND METHODS 

A. Materials 

a) Animals - Adult, male Sprague Dawley rats (200 to 

300 g) were obtained from the Division of Animal Resources, 

University of Arizona (Tucson, Arizona). Horses at the 

Campbell Avenue Farm, University of Arizona (Tucson, 

Arizona) were periodically bled for serum. 

b) Tissue-cultureware and Reagents - Dulbecco's 

Modified Eagle Medium (DMEM), Earl's Balanced Salt Solution 

(EBSS), trypsin, penicillin and streptomycin were purchased 

from Gibco (Grand Island Biological Co., Grand Island, 

N.Y.). Epidermal growth factor (EGF) and basement membrane 

Matrigel (BMM) were purchased from Collaborative Research, 

Inc. (Waltham, MA). Pokeweed antiviral protein was 

purchased from Cooper Biomedical, Inc. (Freehold, N.J.). 

N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP) was 

purchased from Pierce Chemical Co. (Rockford, IL). Pronase 

is a product of Calbiochem-Behring Corp. (La Jolla, CA). 

Sodium phosphate, trichloroacetic acid (TCA), and sodium 

chloride were obtained from Mallinckrodt, Inc. (Paris, KY). 

The dimethyl sulfoxide (DMSO) was purchased from J. T. Baker 

Chemical Co. (Phillipsburg, N.J.). Bio-Rad Laboratories 
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(Richmond, CA), was the supplier of acrylamide, N,N'-

methylene-bis-acrylamide, sodium dodecylsulfate (SDS), 

Coomassie Brilliant Blue R-250, Low Mr standards and 

dithiothreitol (DTT). 3,5-Diaminobenzoic acid 

dihydrochloride (DBA) was manufactured by Kodak (Rochester, 

NY). The following reagents were purchased from Sigma 

Chemical Co. (St. Louis, MO): aprotinin, DNA, N-

tris[hydroxymethyl] methyl-2-aminoethanesulfonic acid (TES), 

tris[hydroxymethyl]-aminomethane (Tris), ethylenediamine 

tetraacetic acid (EDTA), myoglobin type II, sodium azide, 

Sephadex and bovine serum albumin (BSA). Ultrogel AcA 54 

was obtained from Pharmacia-LKB Biotechnology, Inc. 

(Piscataway, NJ). Aqueous Counting Scintillant was 

purchased from Amersham Corp. (Arlington Heights, IL). 

Plastic culture dishes were purchased from the Falcon 

Division of Becton Dickinson Labware (Lincoln Park, NJ). 

125 I-EGF was generously supplied by Dr. Y. Shimizu, 

Molecular and Cellular Biology Department, University of 

Arizona. 

B. Cell Culture 

a) Primary Muscle Cultures - Primary cultures of rat 

skeletal muscle satellite cells were prepared according to 

Allen et al. (1984). Fibroblast cultures are derived from 
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uncoated plates which are initially used to seperate them 

from satellite cells. They were cultured in DMEM with 10% 

horse serum (HS) plus 1% antibiotics (AB) and split 1:2 upon 

reaching confluency. After three such passages, the cells 

were stored as frozen stocks in DMEM with 20% HS and 10% 

DMSO. Plates for satellite cells were pre-treated with 

125 u1/well of basement membrane Matrigel (BMM) diluted 1:10 

in DMEM and adsorbed for at least 45 minutes at 37° C. 

Unbound BMM was then aspirated and the plate was washed once 

with DMEM and AB. 

b) EGF Binding Assay - Binding of EGF to receptors 

on satellite cells and fibroblasts was carried out by using 

a previously described procedure (Shimizu, Behzadian and 

Shimizu 1980). Cells of both types were grown to near-

confluency in 35 mm diameter dishes, placed on ice and 

washed twice with 2 ml cold Earl's balanced salt solution 

(EBSS), 5 mM HEPES, and 0.1% bovine serum albumin (BSA). 

The cultures were incubated for 2 hours at 15° C with 1.0 ml 

125 
of EBSS plus 0, 2.6, 5.2, 13, or 26 ng of I-EGF (1.716 x 

5 
10 cpm/2.6 ng) per plate, in duplicate. To determine non

specific binding, duplicate cultures received a ratio of 

300 ng unlabelled EGF to 2.6 ng 125I-EGF. Following 

incubation, cultures were washed three times with cold EBSS, 

cells were dissolved in 500 ul 0.5 N NaOH and were 
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transferred to scintillation vials. An additional 500 fil 

0.5 N NaOH was used to rinse each dish, and this was also 

transferred to the vials. Radioactivity was determined in 

an LKB-Wallac 1275 Minigamma gamma counter (Turbu, 

Finland). 

c) Cytotoxicity Testing - Falcon 24-well tissue 

culture plates were used to grow primary satellite cell and 

fibroblast cultures for testing the cytotoxic effects of 

EGF-PAP conjugates. Cell cultures were treated with media 

containing EGF-PAP (3 dilutions) or standard medium (DMEM -

10% HS and 1% AB), as control. The treatment media were 

changed at 24-hour intervals and were replaced with DMEM-10% 

HS after the proper number of days. Cells were 

subjectively examined daily, then quantitated after 7 days 

by DNA assay, for fibroblasts, or by microscopic evaluation, 

for satellite cells. A seven day duration control plate 

was prepared similarly with standard medium, or standard 

medium plus 1% 20 mM TES, 100 mM NaCl, and 0.02% sodium 

azide (pH =8.0) with or without 25 ng/ml PAP. Data was 

analysed using a SuperCalc 3 (Sorcim Corp., San Jose, CA) 

software program on an IBM PC (Armonk, NY). 

Satellite cell cultures were rinsed once with 

phosphate-buffered saline (PBS), fixed with absolute 

methanol for one hour, and stained with Giemsa for 15 
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minutes. The stain was replaced with water, and the number 

of nuclei in multinucleated cells and in mononucleated cells 

was deterimined in ten random microscope fields (320X). 

d) DNA Assay - Fibroblast cultures were washed once 

with PBS, drained thoroughly, and 75 #il of 2% SDS was added 

to each well. Next, 75 //l of 30% 3,5-diaminobenzoic acid 

dihydrochloride (DBA) was added, and plates were sealed and 

incubated for 30 minutes at 60° C. DNA standards (0 to 2.0 

nq) were made up similarly and all wells were agitated 

gently. After cooling for 10 minutes, 1.5 ml IN HC1 was 

added to each sample. A model 650-10S fluorescence 

spectrophotometer (Perkin-Elmer, Norwalk, CT) was set at 405 

nm excitation, 520 nm emissions to measure sample 

fluorescence. 

3 . . 3 
e) DNA Synthesis Assay ( H-thymidme uptake) - H-

thymidine was added to DMEM-2% HS medium to achieve a final 

concentration of 0.1 /iCi/ml. Medium also contained 

0,2,5,10 or 20 ng/ml EGF. DMEM-10% HS containing 3H-

thymidine was used as a control. Satellite cell cultures 

were grown in a 24-well plate with 10%HS for two days, then 

switched to medium with 2% HS and EGF for 24 hours. The 

medium was removed from the three day old satellite cell 

cultures and was replaced with treatment medium containing 

3 . . 
H-thymidme (1 ml/well). In these experiments there were 
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four wells per treatment. The cultures were incubated at 

37° C for 24 hours then washed twice with cold PBS. After 

fixing with methanol for 15 minutes, the wells were washed 

twice with cold 5% TCA for 10 minutes per wash. The plate 

was then rinsed with cold 70% ethanol and inverted on a 

paper towel to drain. Each well received 0.5 ml 0.1 N NaOH 

and the plate was shaken 5 to 10 minutes at room temperature 

to dissolve cells. Samples (0.4 ml) were transfered to 

large scintillation vials and mixed with 150 »1 of 0.5 M HCl 

and 10 ml of Aqueous Counting Scintillant. Each vial was 

shaken vigorously, then counted on a LKB/Wallac 1214 

Rackbeta liquid scintillation counter (Turku, Finland). 

C. EGF-PAP Conjugation 

a) Cross-linking - A cleavable bi-functional cross-

linking agent, SPDP, was used to covalently link EGF and 

PAP. These two proteins had not been cross-linked together, 

although each protein had previously been covalently 

attached to other proteins via SPDP (Cawley et al. 1980; 

Ramakrishnan and Houston 1984). In order to drive the 

reactions in the desired directions, three- and five-fold 

molar excesses of SPDP were used with PAP and EGF, 

respectively. Likewise, a two molar excess of (o^-SS-CH2-

CHj-CO-NH-EGF (EGF-PDP), was mixed with PAP-thiopropionate, 
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PAP-NH-CO-CH2-CH2-SH. A disulfide exchange rapidly 

replaces the aliphatic thiol of 2-pyridyl thiol of EGF-PDP, 

to yield EGF-PAP. Specific details of the procedure follow 

(Fig. 1). To 967 it 1 of stock PAP in PBS (1 mg/ml) was 

added 3.0 nl of 40 mM SPDP in absolute ethanol. After 

incubation at room temperature for 30 minutes, the mixture 

was concentrated and SPDP was removed in a YM-10 

microconcentrator (Amicon Corp., Danvers, MA) for 45 minutes 

at 5000 X g using a JA-20 fixed angle (34°) rotor in a 

Beckman J2-21 centrifuge (Irvine, CA). The concentrate was 

then reduced by adding 1.0 M DTT to a final concentration of 

0.1 mM and incubated for four hours at room temperature. 

Fresh EGF solution was made by dissolving 400 tiq of 

lyophilized hormone in 50 ul 0.2 M sodium phosphate buffer 

(pH 7.4). To this solution 8.0 «<1 of 40 mM SPDP was added, 

and the mixture was incubated for 30 minutes at room 

temperature. 

A 2 ml Sephadex G-25 gel filtration column was 

poured in a Bio-Rad Econo-Column and equilibrated with 20 

mM TES and 0.02% NaN3 buffer (pH=7.4). All chromatography 

was performed at 4° C. A 100 ul solution containing 1 mg of 

myoglobin (Mb) type II (Mr=16,800) in 0.2 M sodium phosphate 

buffer was used to measure void volume. Three times the 

G-25 column was overlayed with 100 j/l of Mb and the void 

volume was measured at 565 to 578 pi. It was estimated 



PAP SPDP 
\ ̂ 22 C. 
3 0 min. 

YM-10 concentrator 

DTT-^j EQF SJPDP 

4 hours 30"min. 

Sephadex G-25 4° C. Sephadex G-25 

mini-gel 

pool'best, fractions 

pH to 8. 

incubate >48 hours 

best 

'•°>j 

Ultrogel^ AcA 54 

mini-gel 

pool best fractions, 
aliquot and freeze 

Figure 1 - Flowchart of preparative steps required 
to link EGF and PAP via the hetero-bifunctional 
agent SPDP. 



31 

that greater than 90% of the Mb had left the matrix in the 

subsequent 5 drops yielding about 300 /il. The EGF-PAP was 

subsequently run through the G-25 column to remove excess 

SPDP. The appropriate fractions were pooled and the PAP-

thiopropionate was rechromatographed over G-25. The PAP-

thiopropionate and EGF-PDP fractions were combined, brought 

to pH 8.0 with a 1:20 dilution of 2.0 M TES (pH 8.1), and 

incubated at least 48 hours at 4° C. 

A 20 ml Ultrogel AcA 54 gel filtration matrix was 

poured in a 1.5 X 40 cm Bio-Rad column for final 

purification. The column was equilibrated with 20 mM TES, 

100 mM NaCl, 0.02% NaN3 (pH=8.0) and the void volume was 

measured at about 9 ml with myoglobin. The EGF-PAP mixture 

was then loaded and gel filtered. 

b) Electrophoresis - Polyacrylamide gels were run on 

an Idea Scientific (Corvallis, OR) MINI-SLAB electrophoresis 

apparatus with 0.75 mm thick spacers, or Hoefer (San 

Francisco, CA) PAGE equipment with 1.5 mm thick spacers. 

The best mini-gel results were obtained with 12.5% 

acrylamide. MINI-SLAB gels used column fractions of 10 //I 

mixed with 5 /il of 100° C sample buffer composed of 1.0% 

SDS, 0.01% Bromophenol blue, 30% glycerol, and with or 

without 2% 2-mercaptoethanol, in 0.05 M Tris-HCl. Density 

scanning was accomplished using a SDC 300 Density Computer 
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and SD 3000 Spectrodensitometer (Kratos Analytical 

Instruments, Ramsey, NJ) linked to a System 9000 computer 

with CAP 1.4 software (IBM Instruments Inc., Danbury, CT). 

Gels were stained with a silver stain kit and protocol from 

Bio-Rad, or 0.25% Coomassie brilliant blue R-250 in 50% 

methanol/10% acetic acid when used for photography or 

densitometry. Mini-gels were laid upon filter paper and 

dried in a Bio-Rad model 483 slab dryer. 



IV. RESULTS 

A. Preparation of Epidermal Growth Factor-Pokeweed 

Antiviral Protein Conjugation 

The PAP was derivitized first since it required a 4 

hour reduction step with DTT (Fig. 1). While this was 

incubating, 250 /ug EGF was linked with SPDP and 

chromatographed through a G-25 column that had been 

calibrated using myoglobin. It was expected that the EGF-

PDP and PAP-thiopropionate would elute in the twelfth 

through sixteenth fractions of the G-25 column. Samples 

from the void volume and fractions 9 through 19 were 

electrophoresed on a SDS polyacrylamide mini-gel and silver 

stained. Fractions 11 through 15 contained EGF-PDP. The 

PAP had been derivitized, concentrated and reduced while the 

electrophoresis and staining of EGF fractions was being 

conducted. The PAP-thiopropionate was loaded onto the same 

G-25 column and fractions 11 through 16 were added directly 

to the EGF-PDP sample. The pH was adjusted to 

approximately 8.0 by the addition of 2.0 M TES (pH 8.1), and 

the solution was incubated for at least 48 hours at 4° C. 

The EGF-PAP conjugate was chromatographed over 

Ultrogel AcA 54, samples from alternating fractions were 

33 
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subjected to SDS-PAGE on a mini-gel, and protein was 

detected using silver stain (Fig. 2). The primary purpose 

of this step was to separate EGF from E6F-PAP. As seen in 

figure 2, EGF-PAP and PAP were present in fractions 7-17. 

Separation of EGF-PAP from unlinked PAP was initially not as 

complete as hoped, but the evidence was clear that the 

conjugation of toxin and hormone had occured. 

The second time this procedure was conducted, 400 fig 

of EGF was used in order to increase the yield of EGF-PAP 

and to produce sufficient quantities of the reagent to allow 

culture experimentation. The mini-gel electrophoresis was 

omitted. The proteins from this preparation were analyzed 

by SDS-PAGE on a 7.5%-20% gradient gel (Fig. 3) in order to 

confirm that the bands seen in figure 2 were primarily 

composed of 29 kDa PAP and 30 kDa PAP II, and more 

importantly, 36 kDa EGF-PAP. Protein samples in lanes 1 

through 4, consisting of molecular weight standards, EGF-

PAP, PAP, and EGF, were prepared without 2-mercaptoethanol 

(2ME) as a reducing agent. In its non-reduced state, the 

PAP (third lane) forms 3 bands of 34 kDa or less. The 

unlinked PAP (second lane) co-migrates with the lowest and 

most plentiful band of the PAP standard on the right (lane 

3). The 36 kDa band in lane 2 is the conjugated EGF-PAP, 

properly positioned well above the pokeweed proteins. The 

distance between the 2 major bands corresponds well with the 



s 5 7 9 II 13 IS 17 MP 

Figure 2 - Mini-gel SDS-PAGE with silver staining of Ultrogel AcA 
54 column fractions of EGF-PAP. Top arrow denotes the 
36 kDa conjugated "toxic growth factor" band. Bottom arrow 
shows 30 kDa unlinked PAP. 



1 2 3 4 6 7 • 9 

Figure 3 - 7.5%-20% gradient SDS-PAGE. Lanes 1-4 are non-reduced; 
Lanes 6-9 are reduced with 2-mercaptoethanol. Lanes 1 and 6 
- M standards; lanes 2 and 7 - EGF-PAP (100 Ml); lanes 3 
and 8 - PAP only (10 fig) ; lanes 4 and 9 - EGF only (10 fig). w 
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6.1 kDa molecular weight of EGF. The two minor forms of 

PAP are barely visible in this lightly loaded lane. EGF is 

seen as a faint band in lane 4; under these conditions EGF 

has a similar electrophoretic mobility as does the 14 Kdal 

standard, lysozyme. 

Since the proteins are joined by a disulfide 

linkage, the addition of 2-ME to the samples was used to 

reduce the conjugated proteins to their constituent parts. 

Lane 7 of figure 3 shows only bands that co-migrate with PAP 

(lane 8); 36,000 Mr EGF-PAP is no longer present. The 

small amount of liberated EGF is not visible. Lane 9 shows 

the EGF control; in the presence of reducing agent EGF 

migrates with an apparent molecular weight of about 6000 

kDa. 

The concentration of EGF-PAP in the sample was 

determined by densitometry of a Coomassie Blue stained gel. 

Several concentrations of PAP were electrophoresed using 

identical conditions in order to establish a standard curve 

(Fig. 4). Lanes 1, 2 and 3 contain 1, 2 and 3 uq of PAP. 

Lane 4 contains 100 vl of EGF-PAP sample solution. The 

remaining lanes contain 4, 5, 6 and 8 ttq of PAP. 

Densitometry readings of the bands were plotted and the 

baselines were determined. Integration of the areas under 

the peaks of interest gave values which correspond to 

protein concentrations. A linear relationship between 



Figure 4 - SDS-PAGE using a 7.5%-20% gradient for densitometry 
scanning. Lane 4 contains 100 n1 EGF-PAP, other numbered 
lanes contain PAP only (see text). S - M standards. u> 

00 
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integrated peak and PAP concentration is demonstrated in 

figure 5; a correlation of 0.99 was obtained (Fig. 5). The 

integration of peaks representing EGF-PAP and PAP in the 

sample produced estimates of EGF-PAP and PAP concentrations 

of 28.3 g/ml and 26.4 g/ml respectively. The level of 

PAP used in cytotoxicity test controls was based on this 

determination. 

B.Stimulation of DNA synthesis by Epidermal Growth Factor 

The effect of EGF on fibroblast proliferation was 

evaluated by examining DNA content of cultures that had been 

treated with various concentrations of EGF for 24 hours. 

Fibroblasts show a marked response to increasing 

concentrations of EGF even with as little as 2 ng/ml (Fig. 

6 ) .  

Satellite cell cultures were established at an 

initial density of 600 nuclei/well and were grown for three 

days with 10% HS prior to 24 hours of treatment with EGF in 

DMEM-2% HS as described. The results are presented in 

figure 7. EGF did not stimulate incorporation of 3H-

thymidine above the 2% HS control and averaged less than 

25% of the incorporation in cultures receiving 10% HS. 
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Figure 5 - Plot of densitometry scanned PAP samples from 
4. Correlation coefficient is 0.99. 
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Figure 6 - Fibroblast-EGF dose response DNA assay showing the 
results of 24 hours exposure. The 10% horse serum control 
contained no added EGF. 
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Figure 7 — Satellite Cell—EGF dose response "^H—thymidine uptake 
assay showing the results of 24 hours exposure. 



43 

C. Epidermal Growth Factor Binding Assay 

One set of twelve 35 nun plates was set up on BMM 

using frozen satellite cells. Cultures were fed daily with 

DMEM and 15% HS for 3 days. About 30 hours prior to 

conducting the binding assays 12 plates of fibroblasts were 

set up. Both sets of cultures were nearly confluent at the 

time of testing. The most uniform 9 cultures of each set 

were selected for the binding assay by microscopic 

evaluation. Table I shows the specifics of the treatments 

and counts obtained for each plate. Figure 8 shows the 

relationship between EGF binding and EGF concentraton in the 

two cell types. An analysis of variance of the specific 

binding per cell showed that the dosage effect was highly 

significant (p<0.025) but that the difference between the 

two cell types was not significant. Thus, the two cell 

types from muscle tissue bind comparable amounts of EGF, and 

most importantly, satellite cells do contain specific 

binding sites for EGF in spite of the fact that no 

proliferative response has been seen in primary cultures 

(Allen et al. 1986). 

D. Cytotoxicity Assay 

a. Fibroblasts - Initial cytotoxicity experiments 

were conducted on a small scale to conserve the valuable 
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Table 1. I-EGF Cell Binding Assay 

Cold EGF 
(ng) 

125 I-EGF 
(ng) 

Mean Specific 
cpm Binding 

Counts(sbc) 

sbc/Total 
Cells 

Fibro. 

Sat. 
Cells 

0 2.6 1394 
300 2.6 424 
0 5.2 2206 
600 5.2 737 
0 13.0 4746 

1500 13.0 1670 
0 26.0 9064 

3000 26.0 3622 

0 2.6 4217 
300 2.6 407 
0 5.2 4361 
600 5.2 582 
0 13.0 9032 

1500 13.0 1586 
0 26.0 13508 

3000 26.0 4826 

970 

1469 

3076 

5442 

3810 

3779 

7446 

8682 

0168 

,0254 

.0532 

.0942 

.0390 

.0387 

.0763 

.0890 

a) mean of two sets 
b) 57,800 Fibroblasts, 97,600 Sat.Cells 

Table 1 - Comparison of Fibroblast vs. Satellite cell binding of 
radiolabelled EGF. Specific binding counts are the 
difference of the two "mean cpm" to the right. 
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Figure 8 - Plot of specific EGF binding to Fibroblasts 
Satellite cells from data in Table 1. 
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toxic-hormone and were evaluated subjectively. After 

observations of cell death in a time and dosage related 

manner, a quantitative analysis was implemented. 

Q u a d r u p l i c a t e  w e l l s  o f  f i b r o b l a s t s  w e r e  t r e a t e d  f o r  1 ,  2 , 3  

or 4 days with various concentrations of EGF-PAP. At the 

end of the fourth day DNA content was measured. As 

indicated in figure 9, increasing the length of treatment 

time with EGF-PAP and increasing the concentration of EGF-

PAP have the effect of decreasing the number of fibroblasts 

in vitro. A dose-dependent decrease in cell number was 

observed in cultures treated 1-3 days, whereas the effect of 

4 days of treatment was more severe. Statistical analysis 

showed that the effects of time, dosage, and the interaction 

of time and dosage were all highly significant (p<0.001). 

b. Satellite cells - A visual examination of 

satellite cells during preliminary EGF-PAP cytotoxicity 

tests showed that cell numbers were diminished after 

extended periods of treatment. High dosage was also seen to 

decrease the number of cells and the amount of fusion. 

Figure 10 shows results from experiments in which satellite 

cell cultures were treated for various periods of time with 

EGF-PAP. A decrease in the number of total nuclei in 

multinucleate and mononucleate cells was observed with 

prolonged treatment and with increasing concentrations of 
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Figure 9 - EGF-PAP cytotoxicity to fibroblasts expressed 
percent of DNA content in control cultures. 
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Figure 10 - EGF-PAP cytotoxicity to satellite cell cultures 
expressed as a percent of total nuclei number in control 
cultures. 
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EGF-PAP. The effects were substantial with even the lowest 

concentration of EGF-PAP in as little as 24 hours. However 

this level of cytotoxicity remained stable through a log 

increase in concentration and 7 days of treatment. Major 

differences in the effect of treatment length were only 

observed at the highest concentration of EGF-PAP, and cell 

death greater than 50% was observable only at the highest 

concentration for longer treatment periods. Control 

treatments of 250 ng/ml PAP in TES buffer or in column 

buffer alone for 7 days were comparable and did not result 

in substantial cell death. 

Figure 11 presents the effect of time and EGF-PAP 

concentration on satellite cell differentiation. In these 

experiments differentiation was assessed as percent fusion 

of cells into multinucleated myotubes. The dose and time 

differences separate sharply; exposure of satellite cells to 

the EGF-PAP conjugate for one day resulted in an increase in 

percent fusion over the control values. Though the total 

number of nuclei has dropped, a much larger proportion of 

them are found in multinucleated cells. Greater 

sensitivity to the toxic-hormone must be exhibited by 

mononucleate cells. Since the number of myotube nuclei 

remained high during the one day treatment, indicating 

little drop in the number of satellite cells which produced 

these nuclei, the great increase in percent fusion must be 
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due to the lethality of EGF-PAP on fibroblasts. The decline 

in fusion with 283 ng/ml of EGF-PAP suggests that high 

concentration might harm the satellite cells. 

Three days of treatment does not alter the percent 

fusion significantly. The number of nuclei has fallen, but 

the ratio of myotube nuclei to total nuclei remains fairly 

similar to control values. 

Prolonged exposure for five days decreased fusion 

percentage in a dose-dependent manner which closely 

parallels the decrease in nuclei number in these cultures as 

indicated in figure 10. After a full week's treatment the 

total nuclei number is virtually unchanged from that of some 

shorter time frames. However, the amount of fusion has 

dropped precipitously. The satellite cells have either 

stopped fusing or have become out-numbered by fibroblasts 

that have lost their sensitivity to EGF-PAP. The 

appearence of these survivors was generally irregular and 

unhealthy. 

Statistical analysis showed that the interaction of 

the effects of time vs. dosage was significant at p<0.01. 



V. DISCUSSION 

During my attempts to produce a monoclonal antibody 

specific for rat satellite cells to use as a cell sorting 

tool, anti-fibroblast MAbs were also desired. While it was 

felt that the surface of cells such as fibroblasts were 

primarily bearing public antigens, the chance of an unknown 

private antigen could not be ruled out. Though some 

monoclonals to fibroblastic products such as fibronectin 

were produced, no antibodies to unique fibroblast surface 

antigens were identified. This eliminated the hope of 

creating an anti-fibroblast "immunotoxin", but the 

alternative of a "toxic-growth factor" was developed. 

It has been shown again here as elsewhere (Allen et 

al. 1986; Lim and Hauschka 1982) that EGF does not cause a 

proliferative response in rat myogenic precursor cells. 

Fibroblast cultures, however, showed a 37.6% increase in DNA 

content after exposure to 20 ng/ml EGF for 24 hours. DNA 

levels in fibroblasts grown with this concentration of EGF 

and 2% HS closely matched those of the 10% HS control. 

Armelin (1973) and Hollenberg and Cuatrecasas (1973) 

originally reported that EGF was a cause of increased DNA 

synthesis in fibroblast cultures. Carpenter and Cohen 

(1976) showed that 1% calf serum supplemented with EGF 
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yielded cell proliferation equal to optimal serum 

concentrations of 10% in human fibroblast cultures. It 

thus seemed possible to selectively affect fibroblasts in 

heterogenous muscle satellite cell cultures by taking 

advantage of their differential response to EGF. The 

specific question was whether or not fibroblasts could be 

selectively killed with an EGF conjugated toxin. If this 

could be accomplished, pure satellite cell cultures could be 

obtained. Our EGF binding experiments suggested that 

there was no significant difference between satellite cells 

and fibroblasts in binding EGF over a ten-fold range of 

concentrations. Lim and Hauschka (1984) agree that EGF 

receptors are found on myoblasts from primary cultures of 

mice and human myogenic cells and that these myogenic cells 

do not proliferate in response to EGF. Perhaps these 

confusing findings are due to a process similar to that 

which occurs in aging fibroblasts which retain their normal 

number of EGF receptors, but no longer respond to the 

hormone (Bhargava, Rifas and Makman 1979). That mechanism, 

however, is not yet understood. 

In order to accomplish the selective cytotoxicity 

experiment, an active EGF-toxin conjugate had to be 

prepared. Covalent protein modification has been employed 

for many years to suit a wide variety of experimental needs 

(Means and Feeney 1971). Improvements in the versatility 



54 

of cross-linkers have allowed subtle variations to be 

introduced into the effects produced by such conjugates 

(Worrell et al. 1986). Since much of the published 

information about toxin and hormone linking left some of the 

procedural steps to the imagination, care was taken to use 

EGF as conservatively as possible due to its cost. Ideally, 

the concentrations of both proteins in the reaction mixture 

should be in the 1 mg/ml range. Cawley and others (1981) 

used 1 to 5 mg of EGF in their conjugations while 250 to 400 

fjg were more practical in ours. This may have led to a 

decreased efficiency of our conjugations. 

One to two-fold molar excesses of EGF are routinely 

used when linking it to toxins, yet PAGE shows that some of 

the toxin remains unconjugated. Since dimers are minimized 

by the heterobifunctional nature of the SPDP (Carlsson et 

al. 1978), perhaps the use of an excess of PAP over EGF 

would utilize more of the costly hormone. In fact, 

Ramakrishnan and Houston (1984) used a three-molar excess of 

PAP over a conjugating immunoglobulin. In retrospect, 

equal molar quantities of conjugates may have been superior 

to the two-fold molar surplus of EGF used here. Still, the 

EGF-PAP proved to be potent and sufficient for the scope of 

these experiments. 

Residues of unlinked PAP in the EGF-PAP solution 

were determined to be 26.4 ng/ml or 0.895 /iM, slightly less 
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than the concentration of EGF-PAP. While PAP is reported 

to be non-toxic, except in "large amounts" (Houston et al. 

1983), its 50% inhibition of protein synthesis concentration 

(IC,-Q) is only 0.6 ng/ml in a cell-free translation system. 

This level is one-fourth the concentration of the most 

dilute EGF-PAP or PAP used in these cytotoxicity tests. In 

culture, the PAP concentration was never higher than 8.95 

nM. Compared to the 2.3-3.7 //M PAP needed to produce IC50 

in Vero cells (Irvin and Aron 1982) and based on our control 

cultures, the toxicity of contaminating PAP in EGF-PAP 

appears to be negligible. The TES column buffer did 

produce a slight decline in total nuclei in long-term 

satellite cell cultures but considerably less so than even 

the most dilute one-day EGF-PAP treatment. Dialysis of the 

toxic hormone solution would have prevented any unwanted 

effects due to traces of NaN3 in the buffer. 

EGF-PAP cytotoxicity tests evolved from a subjective 

well-by-well comparison into an objective quantitation. 

Fibroblasts showed a strong sensitivity to EGF-PAP when 

grown in pure cultures (Fig. 9), but they were never 

completely eliminated by even the strongest and longest 

treatment. The cytotoxicity of fibroblasts tends to become 

hidden in mixed culture. If 10-20% of fibroblasts are 

dying-off with each day's treatment, and 20-40% of satellite 

cell cultures consist of fibroblasts, then only 2-8% of the 
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cells in mixed culture should be killed daily. This small 

range is within the limit of variability in culture plates. 

Figures 10 and 11 show this discrepancy. A highly 

significant dose-time relationship in pure culture (Fig. 9) 

might not cause the 2.83 and 28.3 ng/ml EGF-PAP points to 

decrease (Fig. 10) in a noticable time-dependent manner. 

How is this is amenable with figure 11 where the 

mononucleated cells must be severely reduced? Initially 

fibroblasts and perhaps some susceptible myoblasts are 

eliminated by the toxic-hormone. Since satellite cells 

divide in a manner which produces both a terminally 

differentiated myoblast and another satellite cell (Shultz 

1979), while fibroblasts grow exponentially, toxic 

treatments will produce large differences in final numbers 

of each cell type after several generations. Thus the 

early and brief treatment of mixed muscle culture with EGF-

PAP would show a long-term decrease in fibroblasts resulting 

in the increased fusion percentage seen in figure 11. As 

treatments progress for two or three days, pure fibroblasts 

continue to decline regularly while total cell numbers in 

mixed cultures remain about the same. Binding of EGF-PAP to 

satellite cell receptors may lower the toxin's availability 

for fibroblasts. If the most highly susceptible satellite 

cells are killed-off during the first 24 hours, and if fewer 

fibroblasts die in mixed cultures due to ligand competition, 
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then percentage of fusion would level off as seen in figure 

11. At the highest EGF-PAP concentration, the receptor 

competition effect appears to be insignificant after more 

than one day. This competition seems to have a major 

influence at mid- and low- levels of EGF-PAP through a full 

week of treatment. At the same time, myotubes become 

scarce implying perhaps their death due to toxin uptake 

occuring during fusion. 

In any heterogenous population there will be 

variables which generally can be statistically distributed 

along a bell-shaped curve. If we consider cytotoxin 

sensitivity as such a variable and examine these 

experimental results, we would expect to find a subset of 

satellite cells which might rapidly succumb to EGF-PAP. 

Conversely, there may be a portion of the fibroblast 

culture, perhaps an EGF receptorless variant, which is 

fairly impervious to our cytotoxin. It is unlikely that a 

practical dose or time could completely eliminate the 

fibroblasts, to the exclusion of the satellite cells, as had 

been originally hoped. 

Three major points have been learned from the 

creation of this toxic-growth factor and its application to 

primary muscle cell cultures: 1) fibroblasts are very 

sensitive to EGF-PAP, but it cannot be used to completely 

eliminate these contaminating cells; 2) some satellite cells 
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are destroyed by the cytotoxin, but the effect is 

considerably less than on fibroblasts; 3) fusion of 

satellite cells is inhibited by extended exposure to all 

levels of EGF-PAP tested. 

Experiments such as those described here often raise 

more questions than they attempt to answer. Why do 

satellite cells possess the EGF receptor and what is its 

function? What is the nature of the mononucleated cells 

remaining after EGF-PAP treatment? These questions remain 

beyond the scope of this thesis, but must be addressed to 

understand both the process of myogenesis and the nature of 

our novel toxin-linked growth factor. While a 66% increase 

in fusion is exciting, its relevance to the overall study of 

muscle-growth factors may be limited. Without a complete 

elimination of fibroblasts from satellite cell cultures, 

many experimental questions cannot be addressed. 
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