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ABSTRACT 

Primary cultures of skeletal muscle satellite cells 

were induced to proliferate by exposure to physiologic levels 

of somatomedins and pharmacologic levels of insulin. Dexa

methasone inclusion in serum containing medium facilitated 

the ovine somatomedin (oSm) (P < 0.05) and multiplication 

stimulating activity/rat insulin-like growth factor II (MSA/ 

rIGF-II) responses but not the insulin proliferative re

sponse. Data from defined medium studies indicate that sat

ellite cells are more sensitive to both IGF moieties than 

insulin and that the proliferation induced by half-maximal 

concentrations of oSm and insulin were similar (P > 0.05), 

but that both were different than the proliferation induced 

by MSA/rIGF-II (P < 0.05). In the presence of insulin con-

centrations that promote maximum proliferation, addition of 

oSm did not produce an additive effect, whereas the addition 

of MSA/rIGF-II did produce a significant increase in satel

lite cell proliferation above that induced by insulin. An 

in depth analysis of the interaction ?f MSA/rIGF-II with 

its satellite cell receptor under a variety of experimen

tal conditions revealed that binding of 125 I _MSA/ 

rIGF-II was inhibited by oSm and MSA/rIGF-II, but not by 

insulin. Migration, and localization of 125I-MSA/rIGF-

II receptor complexes in 7% sodium dodecyl sulfate 

viii 
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polyacrylamide gels suggest that these complexes are Type II 

IGF receptors. In addition, this receptor system of satel

lite cells was shown to be modulated by other hormones; not

ably, pre-exposure of cells to insulin increased 125 I _MSA/ 

rIGF-II binding, while oSm or MSA/rIGF-II preincubation de

creased the binding of 125L-MSA/rIGF-II. Therefore, the 

proliferative effects of MSA/rIGF-II appeared not as a con

sequence of MSA/rIGF-II induction of other receptor types 

such as the insulin, or Type I IGF receptor systems. Con

commitant to the previous experimentation, oSm was further 

examined in an initial attempt to elucidate its biologic 

binding mechanism in myogenic satellite cells. Binding of 

125 I _oSm was inhibited by MSA/rIGF-II, insulin and IGF-I; 

thus these data suggest that oSm may be the ovine analog of 

human IGF-I. In addition, pre-exposure of cells to MSA/ 

rIGF-II a~d oSm down-regulated the ability of satellite 

cells to bind oSm, while only concentrations of insulin 

greater than 550 ng insulin/ml had this ability. Collectiv

ely, these data support the hypothesis that somatomedins play 

an important role in the control of postnatal muscle growth 

by providing a link between these hormones and satellite 

cells, one of the significant target cells involved in the 

growth process. 



CHAPTER 1 

INTRODUCTION 

As is evident by the voluminous amount of litera

ture generated within a variety of disciplines, contemporary 

animal scientists have been furiously studying the myriad of 

factors involved in animal growth processes. Researchers 

that have devoted considerable effort to this study include 

geneticists/breeders, nutritionists, biochemists and muscle 

biologists, just to name a few. In general, from data 

provided from animal geneticists/breeders we have learned 

that growth rates and various carcass traits of domestic 

animals are attributable to the cumulative effects of addi

tive gene action. Nutritionists have shown that different 

rations, supplements and feeding regimens can be devised 

which can more efficiently promote the accretion of protein 

into the muscles of domestic animals. Biochemists have, in 

part, isolated various endogenous anabolic polypeptides, 

characterized them for growth promoting activity, and in 

some cases have synthesized promising polypeptides for sub

sequent pharmacologic admini~tration into appropriate animal 

models in an effort to artificially sustain/promote various 

growth processes. Muscle biologists have provided data on 

muscle cell classification (e.g., biologic and biochemical 

1 
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characteristics of muscle cells both in vivo and in vitro) 

as well as elucidation of the developmental aspects of 

muscle growth. By no means are these examples the only 

areas currently being studied with respect to animal growth. 

Indeed, other areas should be noted here, but a complete 

listing of all research areas would, in all practicality, be 

impossible. These examples should, however, point out that 

animal growth does not occur by only one mechanism; rather 

it is an "integrated" process. Endocrinologists have demon

strated that the endocrin~ system mediates the complement of 

additive, "growth" genes; and, although the overall mechan

isms have yet to be completely elucidated, the somatomedins 

have been postulated to playa major role in the integrated 

control of animal growth. 

Literature Review 

Somatomedins, Insulin and Growth 

Biochemistry of the Somatomedins and Insulin. 

Somatomedin-C was origionally isolated from human plasma 

(Van Wyk et'al., 1974) and has subsequently been purified to 

homogeneity (Svoboda et al., 1980). Biochemically, somato

medin-C refers to a single chain polypeptide, 70 amino acids 

long wi th 3 i ntracha in disu 1 f ide bonds (6-48, 18-61, 47-52). 

The molecular weight of this polypeptide is 8389 daltons, 

as calculated from the sequence data of Klapper et al., 

(1983). Somatomedin-C has a pI of 8.5, as determined by Li 



et al., (1983). Amino acid analysis (24 hr hydrolysis in 

HC1) revealed that somatomedin-C lacks his and trp (Klapper 

et al., 1983). Somatomedin-C is capable of being iodinated 

to a specific activity of 150 to 250 uCi/ug polypeptide (Li 

et al., 1983). Somatomedin-C (Sm-C) has been shown to be 

structurally homologous to insulin-like growth factor-I 

( I GF - I; Lie tal ., 1 9 8 3; K 1 a p per eta 1 ., 1 9 83) and has bee n 

synthesized by chemical synthesis (Li et a1., 1983). 

Another somatomedin, multiplication stimulating 

activity, was originally isolated (Dulak and Temin, 1973ai 

1973b; Smith and Temin, 1974) from the conditioned medium 

3 

of Buffalo Rat liver cells (BRL-3Ai Coon, 1968). Although 

multiplication stimulating activity actually refers to a 

family of seven related polypeptides (Moses et al., 1980), 

the major form has been shown to be 93% homologous (in amino 

acid composition) to insulin-like growth factor-II (Marquardt 

et al., 1981) and will hereafter be called MSA/rIGF-II. 

Biochemically, MSA/rIGF-II is a single-chain polypeptide, 

consisting of 67 amino acids and three intra-chain disulfide 

bonds (9-47, 21-60, 46-52; Nissley et al., 1983). MSA has a 

molecular weight of 7484 da1tons (Marquardt et a1., 1981) 

and a pI of 6.5 (Ginsberg et al., 1979). with the evolution 

of and improvements in cell culture technology, cell lines 

are now capable of synthesizing MSA, de novo, in much higher 

quantities than origiona11y described (Mayer and Scha1ch, 

1983). Furthermore, cell lines, other than hepatocytes have 
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also been shown capable of, in vitro, synthesis of MSA (Adams 

et al., 1983). 

Insulin was the first protein recognized as a hormone 

(Reviewed by Katsoyannis, 1967). Biochemically, insulin is 

a polypeptide hormone that consists of 51 amino acids (Sang

er, 1959). Rather than being a linear, single-chain species 

like the somatomedins, insulin is composed of two polypeptide 

chains (A chain composed of 21 amino acids; B chain composed 

of 30 amino acids) covalently connected by two disulfide 

bonds (A-7 to B-7; A-20 to B-19); insulin also has one intra

chain disulfide link (A-6 to A-II; Sanger, 1959; Katsoyannis, 

1967). The molecular weight of zinc-free insulin is approx

imately 5700 daltons (Sanger, 1959; Katsoyannis, 1967; Lehn

inger, 1975; Righetti and Caravaggio, 1976); only slight var

iation in the trivial weight of zinc-free insulin purified 

from different species has been noted (Turner and Bagnara, 

1976). Insulin has a pI of 5.7 to 6.0 (Righetti and Cara

vaggio, 1976), and travels in the systemic circulation inde

pendently of a specific binding protein. 

Plasma Transport of Endogenous Somatomedin. The 

endogenous transport of the somatomedins in the plasma oc

curs in association with plasma binding proteins (Zapf et 

al., 1975; Hintz and Liu, 1977). Indeed, while the total 

plasma concentration of somatomedin is high. (as high as 1 ug 

per ml), recent estimates suggest that 90 to 100% of plasma 
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somatomedin is bound to protein carriers (Humbel et al., 

1979). Since somatomedin research has been primarily dir

ected towards the elucidation of the biological and biochem

ical characteristics of the somatomedins, themselves, little 

is currently known regarding the overall importance of these 

transport proteins. Indeed, even the purification and 

characterization studies that have been conducted on these 

moieties are not conclusive. In general, two somatomedin 

carriers have been elucidated. The major carrier is thought 

to be a protein greater than 150,000 daltons (Zapf et al., 

1975; Hintz et al., 1977), synthesized in hepatocytes after 

growth hormone signalling (White et al., 1981), and having 

the capacity to bind approximately 70 to 80% of the total 

circulating somatomedin (Oaughaday et al., 1982). The minor 

somatomedin carrier is also thought to be a protein (Smith, 

1984). This moiety has an estimated molecular weight of 

less than 60,000 daltons (Oaughaday et al., 1982) and is 

thought to function as a scavenger for free somatomedin in 

the plasma (Smith, 1984). Both transport proteins are 

thought to have specific receptor sites for both somatomedin 

forms (SmC/IGFI and MSA/rIGFIIi Smith, 1984). The role 

of these binding proteins in facilitating the biologic ac

tions of the somatomedins (at the cellular level) has not 

been determined. Furthermore, other physiologic functions 

of these proteins have yet to be elucidated. 



The Somatomedin Hypothesis. Research with som-

atomedins began in the mid and late 1950's under the guise 

of experiments with "sulfation" factor. While studying the 

humoral regulation of cartilage metabolism, it was deter-

mined that plasma from hypophysectomized rats decreased, 

while replacement therapy with growth hormone increased 

35S-sulfate incorporation into chondroitin sulfate of 

cartilage, in vivo (Murphy et al., 1956). However, not all 

serum proved reliable for this system. Consequently, an in 

vitro, costal-cartilage bioassayl for serum was devised 

Salmon and Daughaday, 1957). Using this system, normal rat 

serum was shown capable of reinitiating chondroitin sulfate 

metabolism in cartilage derived from hypophysectomized rats 

6 

(Salmon and Daughaday, 1957). Furthermore, normal synthesis 

of chondroitin sulfate was also observed if test serum was 

obtained from hypophysectomized rats that received replace-

ment therapy with growth hormone (Salmon and Daughaday, 

1957). Paradoxically, no appreciable 35S-sulfate incorpor-

ation was observed in vitro if chondrocytes were directly 

exposed to growth hormone (Salmon and Daughaday, 1957). 

Because of these classic observations, the term "sulfation" 

factor was given to define the nonnutritive, systemic 

1. Previous bioassays for growth hormone activity 
were based on weight gain of hypophysectomized rats (Marx 
et al., 1942) and on width increases of the proximal tibial 
epiphyses of hypophysectomized rats (Evans et a1., 1943; 
Greenspan et aL, 1949). 



factor derived from human serum that was capable of restor-

ing in vitro chondroitin sulfate biosynthesis of cartilage 

(Daughaday et al., 1959). 

Subsequent studies demonstrated that "sulfation" 

factor was also capable of inducing 3H-uridine incorpor-

ation into RNA of chondrocytes derived from chick-embryo 

pelvic leaflets and 14C-leucine incorporition into isola-

7 

ted rat diaphragm muscles (Salmon and DuVall, 1970a; 1970b), 

as well as promote glucose oxidation in adipocytes isolated 

from epididymal fat pads of rats in vitro (Hall and Uthne, 

1971). As a result of these, and other studies, the term 

"sulfation" factor seemed too restrictive. Consequently, 

the more general term of somatomedin was introduced (Daugha-

day et al., 1972). Concommitant to this change of terminol-

ogy, the somatomedin hypothesis was proposed. This hypo-

thesis declared that the actions of growth hormone on skele-

tal tissues was actually mediated by one, or more, of the 

somatomedins (Daughaday et al., 1972). It was only after 

this hypothesis was proposed that somatomedin/insulin-like 

growth factor research began to come into focus. 

In Vivo Studies with the Somatomedins and Insulin. 

Early studies attempting to clarify the somatomedin hypo-

thesis dealt with the elucidation of how growth hormone was 

involved in the release of somatomedin into the plasma. 

Injection of 125I-labeled growth hormone into immature, 
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hypophysectomized rats and whole-body autoradiographs showed 

that 1~5I-Iabeled growth hormone localized predominately 

in the liver (Van Wyk et al., 1974). In addition, perfusion 

of rat liver with growth hormone led to an increase in som

atomedin-like activity within the effluent (Daughaday et 

al., 1976; Schwander et al., 1983). Other studies confirmed 

the idea that the liver was able to produce somatomedin ac

tivity. For example, partial hepatectomy of rats resulted 

in decreased levels of plasma somatomedin, whereas regenera

tion of the liver reestablished normal somatomedin levels 

(Uthne and Uthne, 1972), and growth hormone addition to 

tubes containing rat liver slices led to increased somatome

din activity in the medium (McConaghey, 1972). Although 

little was known about the actual synthesis of somatomedin, 

these data suggested that the liver was primarily respons

ible for somatomedin production; the release of which occur

ed with growth hormone signalling. 

Attempts to correlate plasma levels of growth hor

mone alone to measures of growth, in vivo, have met with 

negative results (Reviewed by Dodson, 1982; Davis et al., 

1984). This disparity also exists in vitro. For example, 

Salmon and Daughaday (1957) demonstrated that growth hor

mone, alone could not stimulate chondroitin sulfate biosyn

thesis, in vitro; somatomedin, however, had this ability 

(Daughaday and Kipnis, 1966; Salmon and DuVall, 1970). 

Furthermore, although growth hormone has been shown to 
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promote lipolysis and inhibit glucose uptake by adipocytes 

~aughaday and Kipnis, 1966; Goodman and Coirp, 1981), stim

ulate erythropoiesis (Laron, 1982) and aid the incorporation 

of amino acids into diaphragm slices (Ahren et al., 1975), 

growth hormone was not shown to have any direct, prolifera

tive effects on muscle cells (Ewton and FIorini, 1980), or 

any other somatic cell type in vitro. 

These, previous observations led to physiologic 

studies which attempted to correlate plasma levels of growth 

hormone to subsequent somatomedin appearance in the plasma. 

For example, in patients with hypopituitary dwarfism, growth 

hormone administration promoted a linear increase in plasma 

somatomedin concentrations over time (Hall and Olin, 1972). 

In addition, patients with acromegally, and consequently 

increased levels of growth hormone, had elevated plasma 

somatomedin levels over controls (Riew et al., 1982). 

Furthermore, Laron-type dwarfs, who experience elevated 

plasma levels of growth hormone but abnormal growth hormone 

tissue receptors, were shown to have lower levels of plasma 

somatomedin than controls (Verhoeven and Wilson, 1979). 

A direct attempt to document the growth hormone 

dependence of somatomedin entry into the plasma was conduc

ted by Copeland et ale (1980) who administered 0.01 U human 

growth hormone/kg body weight/hr, by continuous infusion, 

into hypopituita~y and normal patients over a period of 12 

hr. Plasma somatomedin-C levels, from plasma collected 
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every 4 hr, indicated that somatomedin-C entered the plasma 

8 hr after growth hormone administration began; the peak re-

sponse occurring at hr 16 to 28, and the return to basal 

levels occuring at time 48 hr. These radioimmunoassay2 

studies, as well as the classical hypophysectomy studies 

conducted by Salmon and Daughaday, (1957), Daughaday et ale 

(1959) and Schoenle et ale (1982) demonstrated that there 

indeed exists a growth hormone-somatomedin regulatory axis. 

Since growth hormone was shown to influence the 

eventual appearance of somatomedin in the plasma, factors 

affecting growth hormone release might indirectly facilitate 

somatomedin entry into the plasma. Several reviews have 

been generated regarding the control of growth hormone sec-

retion (Martin, 1983; Laron, 1982). In brief, growth hor-

mone secretion, from the anterior pituitary, has been shown 

to occur in an episodic manner in adult male humans 

(Plotnick et al., 1975), domestic animals (Davis and Borger, 

1974) and in rodents (Tannenbaum and Martin, 1976). It is 

2. The first radioimmunoassay (RIA) devised for a 
somatomedin was the assay for somatomedin-C (Furlanetto et 
al., 1977). Somatomedin-C, as measured by this RIA, was ex
pressed in Units of somatomedin-C, relative to a reference
standard pool of serum obtained from arbitrarily-selected, 
healthy, young adult males. Furthermore, this RIA was shown 
to be equally sensitive to IGF-I, as Sm-C, but less sensi
tive to either MSA, or IGF-II; insulin and cortisol did not 
cross-react with the somatomedin-C antibody in this assay 
system (Furlanetto et al., 1977; Copeland et al., 1980). 
Subsequently, other RIA's were devised specifically for 
MSA/rIGF-II (Mayer and Schalch, 1983; Adams et al., 1983), 
and IGF-I (Daughaday et al., 1982); rather than serumpool 
standards, however, these RIA's depend on purified poly
peptide standards obtained from the NIADDKD. 
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currently believed that the secretory episodes of growth 

hormone are the result of pulsed-releases of hypothalamic 

regulatory factors (Roth et al., 1963; Brazeau et al., 1973; 

Vale et al., 1975; Schally ~t al., 1971). Various other 

factors, acting through the hypothalamic-pituitary axis, 

have also been shown to elicit the release of growth hor

mone. Some of these factors include amino acids (Davis, 

1972) and plasma free fatty acids (Basset, 1974). Further

more, growth hormone has been shown to influence its own 

secretory pattern (Sakuma and Knobil, 1970). Recent 

evidence indicates that the somatomedins have the ability 

to exert a negative feedback on growth hormone release 

(Barelowitz et al., 1981; Tannenbaum et al., 1983; Abe et 

al., 1983). 

Other endocrine factors shown to influence somato

medin release from the liver include insulin (Daughaday et 

al., 1976; Schalch et al., 1980), glucocorticoids (Schalch 

et al., 1980; Laron, 1982), and thyroid hormones (Schalch et 

al., 1980). Pathophysiologic studies are consistant with 

these data. Indeed, diabetes mellitus (and depressed plasma 

insulin levels) appears to have a major influence at the 

level of the liver in decreasing plasma somatomedin levels 

(Winter et al., 1979; La Cauza et al., 1983); this effect 

does not seem to be as a result of hypoglycemic-induced 

growth hormone release and subsequent growth hormone-induced 

somatomedin release (Horner et al., 1981; Caufriez et al., 
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1984). Patients with Cushing's Syndrome have been shown to 

have elevated plasma levels of cortisol, as well as increased 

immunoassayable somatomedin-C levels (Furlanetto et al., 

1977). Furthermore, hypothyroidism resulted in lower plasma 

levels of somatomedin (Chernausek et al., 1983; Copeland and 

Franks, 1984) while replacemen~ therapy with thyroxine re

sulted in a return to normal concentrations of plasma somat

omedin (Chernaus'ek et a1., 1983; Copeland and Franks, 1984); 

the decreased somatomedin levels observed in hypothyroid pa

tients appears to be as a result of deminished growth hormone 

secretion (Chernausek et a1., 1983). 

Although it has not been determined that nutrition, 

alone, has a direct modulating effect at the level of the 

liver, nutrition status has been shown to be an important 

agent in establishing plasma somatomedin levels (Laron, 

1982). Fasting of humans (Caufriez et al., 1984) or rats 

(Maes et al., 1983) resulted in lower circulating levels of 

somatomedins, while refeeding restored normal somatomedin 

levels in both species (Caufriez et al., 1984; Maes et al., 

1983). In vitro data support these observations. For 

example, divalept cations, vitamin3 and amino acids have 

been shown to be stimulatory agents in promoting rIGF-II 

appearance in the medium of BRL-3SC hepatocyte cell cultures 

(Schalch and Mayer, 1983). 

Due to the lack of specific detection assays for 

all somatomedin moieties, quantitation of plasma levels of 
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somatomedin throughout various growth (or developmental) time 

periods has only recently been attempted. Developmental 

changes in serum somatomedin levels have been observed in 

some mammalian species, and these data provide additional in 

vivo data to support the somatomedin hypothesis. 

Recent evidence indicates that maternal, circulat

ing, plasma somatomedin levels may be important in fetal 

growth and development. Maternal human plasma somatomedin

C/IGF-I levels have been shown to be increased throughout 

gestation (Furlanetto et al., 1975) and have been correlated 

with the eventual length of gestation (Wilson et a1., 1982). 

Maternal IGF-II levels have been shown to rise dramatically 

during the third trimester of pregnancy (Wilson et al., 

1982) and have been shown to be positivily correlated with 

fetal birth weight and length (Sara et a1., 1982). 

Fetal growth and development is not so well under- . 

stood. Growth hormone does not seem to be involved in fetal 

growth and development; fetal growth does, however, seem to 

be correlated well with fetal, circulating levels of somato

medin (Hintz et al., 1982). Although the exact stimulus of 

somatomedin release is speculative (e.g., insulin is specul

ated as being predominately responsible for fetal somatome

din release during gestation; Hintz et al., 1982), Daughaday 

et al. (1982) reported that rIGF-II levels were selectively 

elevated in fetal rats during gestation; particularly the 

time just prior to term. However, these high levels of 



14 

IGF-II appear to fall quickly following birth (Moses et al., 

1980). In addition, fetal somatomedin-C and IGF-II levels 

have both been positively correlated to infant birth weight 

(Bennett et al., 1983). Furthermore, pathophysiologic 

studies have demonstrated that there exists a negative" cor

relation between fetal, circulating levels of somatomedin 

and various forms of intrauterine growth retardation (Foley 

et al.,1980). 

Patterns of plasma somatomedin concentrations during 

puberty has also received some initial documentation. 

Physiologic levels of estradiol-17-B administered to cas

trate female baboons was shown to cause increased plasma 

levels of radioimmunoassayable Sm-C/IGF-I, without altering 

plasma growth hormone status (Copeland et al., 1984); these 

data indicate that estrogens might be independent effectors 

of somatomedin release. More direct evidence concerning the 

effects of puberty on somatomedin status was elucidated by 

Luna et ale (1983) who monitored plasma levels of somatome

din from 110 adolescents betweem the ages of 10 and 18 yrs. 

In this study, Sm-C/IGF-I levels rose dramatically during 

the prepubertal growth spurt (Luna et al., 1983). It was 

later determined that plasma levels of Sm-C/IGF-I (mid

puberty) were greater for girls than for boys (Rosenfield et 

al., 1983) and could be correlated to plasma levels of both 

estrogen (girls) and testosterone (boys). Furthermore, 

Sm-C/IGF-I levels were also shown to be correlated with 
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postnatal growth velocity in both sexes (Rosenfield et al., 

1983). 

As with the observations concerning the somatome

dins, data derived predominately from pathophysiologic 

studies have provided support for the concept that insulin 

is important for fetal growth and development. For example, 

maternal diabetes mellitus often results in infants being 

born with excessive size and weight for their gestational 

age (Straus, 1984). Although this fetal weight gain appears 

primarily due to increased fat deposition, skeletal growth 

has also been shown to increase as a consequense of maternal 

diabetes (Cooke and Nicoll, 1983). Characteristically, 

fetal diabetes decreases (Cooke and Nicoll, 1983) while 

chronic injections of insulin increases fetal body weight 

(Picon, 1967; Susa et al., 1979). Infants born with abnor

mal/dysfunctioned tissue receptors for insulin (Lepre

chaunism), repeatedly display lower than normal birth 

weights, absence of subcutaneous fat, decreases in muscle 

mass, insulin resistance and early death (Verhoeven and 

Wilson, 1979). These data provide compelling evidence to 

suggest a direct involvement of insulin in regulating fetal 

growth processes. However, the fact that the bulk of fetal 

development occurs, even in the absence of insulin, suggests 

that insulin is not the prima~y, fetal, growth-regulating 

hormone. Recent ,reports have suggested a link between fetal 

plasma insulin levels and hepatic release of somatomedins 
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(Hintz et al., 1982; Heinze et al., 1982). Although this 

postulate appears consistant with both pathophysiologic and 

correlative data it has not been mechanistically substan

tiated. 

Numerous studies have established the importance of 

insulin as a postnatal anabolic hormone (Reviewed by Laron, 

1982). Insulin has been determined to play an important 

role in the counter-regulatory response to hyperglycemia 

(Unger, 1983). In this respect, insulin is predominately 

thought of as a metabolic hormone. Indeed, the laok of 

pancreatic production/secretion of insulin results in dia

betes mellitus. Characteristically, if of chronic duration, 

this malady leads to several cellular anomalies including 

increased width of the basement membrane surrounding somatic 

cells (Rohrbach et al., 1982), increased intracellular pro

tein and glycogen catabolism (Ballard et al., 1983), de

creased protein accretion (Brooks et al., 1983) and in

creased hepatic ketogenesis (Netter, 1977). The cumulative 

effect of this altered metabolism results in systemic hyper

glycemia, glycosuria, polyuria, polydipsia and loss of body 

minerals (Unger, 1983; Netter, 1977). In addition, non-(in

sulin)-compensated acidosis produces vascular shock, . lethargy 

and in extreme cases coma and death (Netter, 1977). Mechan

isms such as cellular increases in insulin receptor number 

(Schultz et al., 1983) or compensatory catecholamine secre

tion (Koerker and Halter, 1982) are not sufficient to rectify 



17 

chronic insulin deficiency. 

These previous in vitro data demonstrate the import

ance of insulin as a general, systemic, metabolic regulator 

of growth. The effects of insulin as a major, autonomous, 

growth-rate effector (such as insulin having the direct 

ability to promote hyperplasia of tissues) however, have not 

been elucidated in vivo. Although Laron (1982) has describ

ed pathophysiologic conditions in which plasma levels of 

insulin have been found to be positively correlated with 

growth velocity, Etherton and Kensinger (1984) and Davis et 

al. (1984) have both presented evidence to suggest that 

plasma insulin content is not correlated with growth rate in 

healthy postnatal animals. This disparity in postnatal 

insulin action might, in fact, simply be as a consequence of 

species differences in animal need/reliance for insulin. 

Or, this disparity may be due to the invalid assumption that 

radioimmunologic activity accurately infers biologic activ

ity. Considering the physiologic complexity of in vivo 

designs, data to directly demonstrate the in vivo hyperplas

tic effects of insulin will be hard to directly elucidate. 

In Vitro Studies with the Somatomedins and Insulin. 

The somatomedins and insulin have previously been shown to 

be involved in a wide variety of growth responses in vivo. 

However, due to the physiologic complexity of in vivo sys

tems, as well as the lack of availability of large amounts 
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of purifi~d somatomedins, quantitation of the mechanisms by 

which the somatomedins, in particular, induce growth in vivo 

has been precluded. For these reasons in vitro cell systems 

have been devised for the direct study of the cellular 

effects of the somatomedins. 

The attractiveness of using in vitro cell systems 

for somatomedin related studies is readily apparent. In 

vitro, cell systems allow researchers to directly administer 

small quantities of the somatomedins to proposed target 

cells; thereby permitting subsequent visualization (or meas

urement) of the cells' responsiveness to the somatomedin. 

These cell systems also allow for the direct manipulation of 

the cells' environment; thereby permitting studies to be con

ducted regarding the interaction of somatomedins with other 

moieties. The low cost, compared to many in vivo designs, 

as well as the ability to conduct large numbers of different 

types of experiments (at the same time) are also attractive 

features of using in vitro cell systems for somatomedin 

related research. 

In vitro cell systems have, also, been shown to have 

their limitations. For example, 'cells that have been prop

agated for many generations have been shown to have a high 

probability of variable distributions of DNA passed from 

mother to daughter cells (Coelho et al., 1982), unexplained 

increases in episomal DNA (Shmooker et al., 1983), altera

tions in membrane properties (Coelho et al., 1983) and 
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losses in responsiveness to endocrines (Phillips et al., 

1984). In general, these alterations in cell physiology 

during prolonged propagation may reflect cells that are 

functionally different from those initially plated. As a 

consequence, data derived from cells from later passages 

might give completely different results than those data de

rived earlier. However, many early in vitro systems were 

shown to be uncomplicated and quite repeatable. These sys

tems proved to be intrinsically important for use in monit

oring the biochemical purification of somatomedins from both 

plasma and conditioned medium. 

Ear ly systems of this type were based on the abi 1-

ity of the somatomedins to promote the incorporation of 

35S-sulfate into chondroitin sulfate of costal cartilage 

(Murphy et al., 1956; Salmon and Daughaday, 1957; Van Wyk 

et al., 1974), stimulation of 3H-thymidine incorporation 

into the DNA of fibroblasts (Dulak and Temin, 1973; Morell 

and Froesch, 1973) and on the ability of somatomedins to 

promote glucose uptake by adipose cells (Hall and Uthne, 

1971; Oelz et al., 1972; Zapf et al., 1978). 

The chick pelvic-leaflet in vitro assay system was 

devised in an effort to increase ~he precision, as well as 

to decrease the expense of the rat costal-cartilage bio

assay. This system has been shown to be specific for so

matomedin activity as insulin did not appear to elicit an 

appreciable response (Van Wyk et al., 1974; Zapf et al., 
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1978). Furthermore, somatomedin-induced 35s-sulfate incor

poration into these leaflets has been shown to be enhanced 

by thyroid hormones (Zapf et al., 1978) and inhibited by 

puromycin (Van Wyk and Underwood, 1978). Three to four fold 

increases in sulfate incorporation have been observed with 

this assay system (Van Wyk and Underwood, 1978). Although 

the simplicity of the chick-leaflet system has been shown to 

be one of its major assets, many protocol modifications 

(from laboratory to laboratory) have been published (Hall, 

1970; Audhya and Gibson, 1974; Van Wyk et al., 1974; Jen

nings et al., 1980). 

Later, in vitro systems were designed to study the 

direct effects of the somatomedins on specific variables 

of cell metabolism. Data derived from these studies indic

ated that the somatomedins had the ability to promote amino 

acid uptake (Salmon and DuVall, 1970a; Smith and Temin, 

1974; Merrill et al., 1977; Merrill et al., 1979; Ewton and 

FIorini, 1980; De Vroede et al., 1984; Kaplowitz et al., 

1984), nucleic acid synthesis (Schmid et al., 1983), protein 

synthesis (Salmon and DuVall, 1970b; FIorini et al., 1977; 

King et al., 1980; Monier et al., 1983; Janecko and 

Etlinger, 1984), and glucose uptake (Smith and Temin, 1974; 

Zapf et al., 1978; Schmid et al., 1983; Janeczko and Et

linger, 1984; De Vroede et al., 1984) by many cell types, in 

vitro. These data provided speculation that the somatome

dins had the ability to induce peripheral events leading up 
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to mitosis. This idea had a (contemporary) physiologic 

basis of support as Rubin (1971) and Rubin and Koide (1973) 

demonstrated that glucose uptake was positively correlated 

with DNA synthesis. 

Concommitant, or subsequent, to these metabolic 

studies, the somatomedins were shown to have the direct 

ability to qualitatively induce the in vitro proliferation 

of HeLa cells (Salmon and Hosse, 1971), fibroblasts (Smith 

and Temin, 1974; Rechler et al., 1974; Zapf et al., 1975; 

Rechler et al., 1977; Zapf et al., 1978; Sasaki et al., 

1981; Adams et al., 1983; Nissley et al., 1983; Conover et 

al., 1983), chicken-heart mesenchymal cells (Balk et al., 

1984), osteoblastic Calvaria cells (Schmid et al., 1983), 

human endothelial cells (Bar, 1982), lens epithelial cells 

(Reddan and Dziedzic, 1982), embryonic carcinoma cells 

(Nagaraj an et al., 1982), embryonic myogenic cells (Kumegawa 

et al., 1980), neonatal myoblasts (Florini et al., 1977; 

FIorini and Roberts, 1979; Florini and Ewton, 1981; Ewton 

and FIorini, 1980) and smooth muscle cells (Pfeifle and Dit

schunei t, 1983a). 

As similarly described for somatomedin-C research, 

experimental findings dictated the evolution of the present 

day terminology, IGF. Originally, the term "nonsuppressi

ble insulin-like activity" (N~ILA) was given to that fract

ional activity o~ human serum that could not be suppressed 

by the anti-insulin antiserum (Froesch et al., 1963). Since 
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specific organ, it had to be purified from serum. This 

extraction procedure yielded only minute quantities of 
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NSILA. However, crude preparations of NSILA were shown to 

stimulate glucose uptake of adipose tissue and isolated fat 

cells, as well as to inhibit lipolysis in much the same 

manner as insulin (Oe1z et a1., 1972; Zapf et a1., 1978a). 

Furthermore, NSILA has been shown to stimulate 35S-sulfate 

incorporation into chick cartilage (Froesch et a1., 1976), 

3H-thymidine incorporation into DNA of chick fibroblasts 

(Morell and Froesch, 1973) and stimulate the growth of 

hypophysectomized rats (Schoenle et a1., 1982). 

Recently, it has been elucidated that NSILA prepara

tions actually consisted of two related polypeptides (Rind

erknect and Humbel, 1976). Because of this finding, as well 

as the expanding biological potential of these moieties, the 

terms "insulin-like growth factors I and II" (IGF-I and IGF

II) were coined (Rinderknect and Humbe1, 1976). 

Although structurally related to insulin (Shields, 

1977), IGF's actually are more closely related to proinsu

lin (Rinderknect and Humbe1, 1978a). Subsequently, the pos

sible relationship between IGF's and other somatomedin 

moieties became apparent (Zapf et a1., 1977a; Humbe1 et a1., 

1979). IGF-I has been determined to have an identical pri

mary sequence to somatomedin-C (Li et al., 1983; Klapper et 

a1., 1983) and IGF-II has been shown to be 93% homologous to 
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the major form of MSA (Marquardt et al., 1981). 

In vitro MSA physiology studies began when Pierson 

and Temin (1972) demonstrated that a 6000-fold purified 

fraction of calf serum had the ability to promote the pro

liferation of chick embryo fibroblasts, in vitro. However, 

only small quantities of this MSA-like material could be is

olated at a time, and there appeared to be a lack of consis

tancy in the activity of the purified material from one pur

ification to another. 

Subsequently, it was determined that MSA could be 

purified more easily and in larger quantities from the con

ditioned medium of BRL-3A hepatocyte cell cultures (Dulak 

and Temin, 1973a; 1973b). Comparing the activities of this 

BRL-3A MSA to calf serum, Smith and Temin (1974) showed that 

DNA synthesis of fibroblasts was linearly proportional to the 

MSA concentration added to the support medium and that, even 

though calf serum promoted approximately 40% more prolifera

tion than did MSA, MSA was more active if based on a pro

tein-mass bas is (Smi th and Temin, 1974) • 

These data were subsequently extended to other fibro

blast systems. For example, Rechler et ale (1974) demon

strated that exposure of human fibroblasts to either MSA or 

to insulin contained in a serum-free medium, promoted pro

liferation, that MSA was 2 to 3 times more potent as insulin 

in promoting proliferation, and that both moieties appeared 

to promote proliferation only after an 8 to 10 hr lag time 
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after initial exposure. Furthermore, the half-maximal stim

ulation of 3H-thymidine incorporation into DNA was 

determined to be induced by 150 ng MSA/ml medium in this 

system (Rechler et al., 1974). Collectively, these studies 

demonstrated that MSA promoted proliferation in a similar 

manner as insulin and that MSA was.the most potent prolif

erative moiety of the two. Later MSA studies showed that 

MSA had its own physiologically important growth receptor in 

fibroblasts and that MSA, IGF-II or NSILA-s binding to this 

receptor resulted in high correlations to subsequent DNA 

synthesis (Rechler et al., 1976; Rinderknect and Humbel, 

1976; Rechler et al., 1977; Zapf et al., 1978; Nissley et 

al., 1983). 

Insulin, like somatomedin-C/IGF-I or MSA/IGF-II, has 

also been shown to have quite diverse effects on altering 

static cell physiology in vitro. Not only has insulin been 

determined to be a potent metabolic (flux) regulator (Zapf 

et al., 1978; King and Kahn, 1984), nearly all somatic cells 

which are exposed to physiologic levels of insulin clearly 

display insulin-altered cell metabolism (Straus, 1984; King 

and Kahn, 1984); insulin has also been shown capable of in

ducing the proliferation of numerous cell types if provided 

at supraphysiologic concentrations (Reviewed by Perdue, 1983; 

Straus, 1984; Reviewed by King and Kahn, 1984). The latter 

effect of this biphasic mode of insulin bioreactivity has 

been postulated to occur through a similar mechanism as that 
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induced by the insulin-like growth factors/somatomedins. In 

general, pharmacologic levels of insulin have been required 

for induction of proliferation in cultured cells. Specific 

systems illustrating this need for high levels of insulin 

include chick embryo fibroblasts (Temin, 1967; Rubin, 1976; 

Zaph et al., 1978), Balb/C 3T3 cells (Gospodarowicz and 

Moran, 1974), human foreskin fibroblasts (Rechler et al., 

1974; Weinstein et al., 1982), WI-38 cells (Phillips et al., 

1984), F-9 carcinoma cells (Nagaraj an et al., 1982), chicken

heart mesenchymal cells (Balk et al., 1984), embryo cells 

(Baker et al., 1979), adult-rat hepatocytes (Friedman et 

al., 1981), chick myoblasts (Kumegawa et al., 1979), neonatal 

myoblasts (FIorini and Roberts, 1979; FIorini and Ewton, 

1981; FIorini, 1984) as well as a variety of other cell sys

tems (King and Kahn, 1984). 

Many of these data were collected by studies in 

which insulin was contained in a serum-based medium. The 

interpretation of data gained by these (serum-based) studies 

has been questioned due to the fact that serum, alone, pro

vides additional hormones and support moieties which serves 

to distort individual treatment effects (Ross and Sato, 

1979; Sato, 1982). More quantitative, serum-free defined 

media were subsequently devised for numerous cell systems 

(Baker et al., 1979; FIorini and Roberts, 1979; Kumegawa et 

al., 1980; Nagarajan et al., 1982; Weinstein et al., 1982; 

Phillips et al., 1984) and using these media to reassess the 
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confirmed that supraphysiologic levels of insulin were, 

indeed, a nesessity for in vitro proliferation to occur by 

insulin. 
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More mechanistically-oriented studies conducted 

during the 1970's demonstrated that similarities existed 

between the slopes of the log-dose/response lines of insulin 

and Sm-C/IGF-I, but not MSA/rIGF-II, in experiments studying 

the induction of 3H-thymidine incorporation into. the DNA 

of a number of cell types (Rechler et al., 1974; Van Wyk and 

Underwood, 1978; Reviewed by King and Kahn, 1984). In addi

tion, Zapf et al. (1978) showed that a stoichiometric rela

tionship existed between the amount of 125I-insulin added 

and the inhibition of IGF-I binding to rat adipocytes. Re

cent radioreceptor assay studies have directly demonstrated 

that pharmacologic levels of insulin compete with the Sm-C/ 

IGF-I, but not with the MSA/rIGF-II, receptor type for bind

ing (Zapf et al., 1975; Megyesi et al., 1975; Rechler et 

al., 1977; Van Wyk et a1., 1980; Rosenfeld and Hintz, 1980; 

Nissley et al., 1983; De Vroede et al., 1984; Yu and Czech, 

1984). Collectively, these data provide the basis for the 

postulate that numerous biologic effects (in this case pro

liferation) of pharmacologic levels of insulin occurs as a 

result of insulin cross-reacting with a somatomedin receptor 

type; thus illustrating that a relationship may exist between 

these two types of growth factors in vitro. 
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These latter in vitro studies demonstrated that 

physiologic levels of the somatomedins, in particular, pos-

sess the ability to alter the existing physiology of num-

erous cell types. It is not unreasonable to assume, then, 

that the somatomedins and insulin at pharmacologic levels 

might (indirectly or directly) induce target cells to trav

erse specific cell cycle3 compartments; the insulin 

effect on the cell cycle occuring via insulin binding to the 

type I IGF receptor. Although there is a lack of informa-

tion as to the exact effects of these moieties at the molec-

ular level, some data are available which have provided 

introductory definition as to the time frame in which their 

modes of action in modulating the cell cycle might occur. 

3. All living cells exist in a dynamic state of 
physiological flux; any given cell from a population will be 
heterogeneous (to other, individual, cells) with respect to 
cell size, shape, pIotein content, DNA/RNA content, etc; 
though the mean values for the population will remain con
stant (Darzynkiewicz et al., 1982). Examination of indiv
idual cell populations have resulted in attempts to cate
gorize, and correlate, major (discrete) morphologic changes 
in cellular physiology to specific indexes of (measurable) 
cellular activity. Bizzozero, in 1894, proposed that cell
ular classification should be based on the mitogenic proper
ties of cells (Reviewed by Rothstein, 1982). From this idea 
has evolved a workable system of histophysiological class
ification, based on the reproductive career of cells, and 
termed the cell cycle. A review of the evolution of found
ation studies used for the designating the individual land
marks of the current model of the cell cycle has been 
reported (Rothstein, 1982). In addi tion, Darzynkiewicz et 
ale (1982) have provided definition of the cellular accumu
lation of biomaterials during' each cell cycle compartment. 
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In general, growth factors which are capable of in

ducing cells to undergo proliferation in vitro have been 

postulated to effect a decrease in the G0/GI (cell cycle) 

transit time (Moses et al., 1982; o'Keefe and Pledger, 1983; 

Olashaw et al., 1983). Even though little is currently 

known regarding the events involved, somatomedin (Rothstein 

et al., 1980; Chambard et a1., 1983) and insulin at 1.0 to 

10.0 ug/ml medium (Chambard et al., 1983) appear not to be 

exceptions to this observation. Furthermore, it has been 

postulated that cells must be "competent" in order for 

somatomedins to induce "progression" through the G0/G1 com

partment into the S phase of the cell cycle (Stiles et al., 

1979; Wharton et al., 1981). Growth factors such as plat

elet derived growth factor (PDGF) have been identified as 

competence factors, having the ability to prime cells for 

subsequent progressional events (Stiles et al., 1979; 

Wharton et al., 1981). Somatomedin, as a progression agent 

has been postulated to exert its G0/G1 transit effects just 

after competence has been established and just prior to S 

phase (Wharton et al., 1981; Leof et al., 1982). 

Recently, Chambard et ale (1983) has proposed that 

competence factors such as PDGF, A-thrombin and eye-derived 

growth factor stimulate the phosphorylation of a 270,000 dal

ton polypeptide and that this, phosphorylation event must oc

cur prior to the insulin (1.0 to 10.0 ug insulin/ml medium)' 

or MSA/IGF-II potentiation of their mitogenic effects; 
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neither of the latter two moieties possessed the intrinsic 

ability to phosphorylate the 27 kdalton peptide. Further

more, Campisi and Pardee (1984) have postulated that Sm-C/ 

IGF-I might exert its Gl-transit effects at a post transcrip

tional level, since Sm-C/IGF-I action did not require new 

transcription in order to effectively prompt 3T3 cells to 

enter S phase. 

Although the preceeding data have narrowed down the 

general time element and have provided limited peripheral 

definition by which somatomedin-like moieties (apparently) 

affect the cell cyc Ie, the exact point in GI.3/Gl, that the 

somatomedins exert their potentiating effects remains 

obscure. As a result of these in vitro studies, however, 

tremendous interest has been generated as to how the soma to

medins, in particular, signal cells to.respond. 

Somatomedin and Insulin Receptor Definition. 

Hormones have long been thought to produce effects by bind

ing to specific cellular receptors. This idea was the pro

duct of the simple observation that hormones act to modify 

the biochemistry and physiology of specific tissues and 

seemingly have no effects on others. It was Langly (191.35) 

who first proposed that tissues which react to a hormonal 

signal must be able to detect the specific chemical effect

or. This idea was later expanded by Ehrlich (1913) who said 

"hormones do not act unless they bind." A simplistic 



30 

definition o~ a hormone receptor might be the following: 

Hormone receptors are moieties which contain a site, or 

sites, to which a hormone can specifically bind; binding ap

pears to change the conformation of the receptor, thereby 

allowing (subsequent) information transfer to the cell. Un

til only recently, the identification of hormone receptors 

has relied mainly on hormone administration and subsequent 

observable biologic effects, or on genetic studies where 

losses of, or changes in, receptors (amount or sensitivity) 

are associated with altered hormone responsiveness. Several 

reviews are available that provide elementary and theoretical 

considerations concerning hormone receptors (Catt and Dufau, 

1977; Baxter and Funder, 1979; Ariens and DeMiranda, 1979; 

Gorden et al., 1981; Bergeron and Posner, 1981; Leavitt et 

al., 1983; Clark and Peck, 1984). 

The difference in sensitivity observed between cells 

with respect to somatomedin- or insulin-induced prolifera

tive responses, might be accounted for by the fact that 

different cell types possess Sm-C/IGF-I (alone), MSA/rIGF-II 

(alone), insulin (plus one or both of the other receptor 

types), or any combination of these rec~ptor types together 

(Perdue, 1983). Another contributor to this cellular sensi

tivity difference in reactivity is probably due to the dif

ference in affinity of growth factors for their respective 

receptors. In this light, the binding of somatomedins and 

insulin merits consideration. 
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Marshall et al. (1974) demonstrated that the somato

medins had their own specific cell surface receptors in 

placental tissues. This observation resulted in attempts 

to elucidate the nature of somatomedin binding, to its 

cellular receptor, and whether or not other factors aided, 

or inhibited, this binding. Radioligand methods were de

vised and a variety of competitional studies were performed. 

In general, a radioligand assay utilizes the naturally oc

curing, and biologically active membrane-receptor component 

(of a cell) that can be obtained after tissue homogenization 

differential centrifugation. A constant amount of radioact

ively-labeled somatomedin standard, varying amounts of test 

somatomedin material and a constant amount of receptor prep

aration are then mixed, incubated, centrifuged and the super

natant decanted. The retentate can then be counted for the 

presence of radioactivity. The total radioactivity present 

in the retentate reflects competition between the radioactive 

(known) amount of somatomedin standard and the actual amount 

of somatomedin in the (unknown) test preparation (e.g. low 

amounts of radioactivity in the retentate reflects high 

amounts of somatomedin in the test material). Such data are 

analogous to those data obtained by a. radioimmunoassay, ex

cept that radioimmunoassay uses a specific antibody, rather 

than a receptor, as the binding agent (Valentine and Hollen

berg, 1984). 
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Data derived from these radioligand assays have pro

vided initial ~vidence to suggest that multiplication stimu

lating activity (MSA) and insulin-like growth factor-II 

(IGF-II) have their own receptor population, distinctly dif

ferent than the receptor population of somatomedin-C/insu

lin-like growth factor-I (Sm-C/IGF-I), or insulin. Evidence 

to support this concept were derived from fibroblast radio

ligand assays which showed that the amount of binding of 

125I_IGF_II was highly sensitive to the presence of un

labeled IGF-II (Zapf et al., 1975) and MSA (Rechler et al., 

1977; Nissley et al., 1983) but not to insulin (Zapf et al., 

1975; Nissley et al., 1983). However, in a variety of 

radioligand systems, it has been shown that Sm-C/IGF-I and 

supraphysiologic levels of insulin compete almost identical

ly, as characterized by parallel competition curves (Van Wyk 

et al., 1980; Rosenfeld and Hintz, 1980; Pfeifle and Ditschu

neit, i983; De Vroede et al., 1984). MSA/rIGF-II competition 

with Sm-C/IGF-I, or pharmacologic levels of insulin, did not 

produce curves that were as parallel, and certainly not over

lapping (Megyesi et al., 1975; Rechler et al., 1977; Van Wyk 

et al., 1980; Rosenfeld and Hintz, 1980; De Vroede et al., 

1984). Furthermore, based on radioligand data, it was deter

mined that nerve growth factor, growth hormone, epidermal 

growth factor and fibroblast growth factor did not compete 

with any somatomedin related receptor (Megyesi et al., 1975; 

Tr ippel et al., 1983). 
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The basic observation that the somatomedins and in

sulin may possess their own, specific, cell receptors and 

the subsequent development of in vitro radioligand assays 

led to a variety of subsequent studies to isolate, purify 

and characterize these receptors from a variety of tissues. 

Prior to this time, it was really only speculative whether 

or not somatomedins acted by a somatomedin, or an insulin 

receptor (Rechler et al., 1974). 

Preliminary studies revealed that somatomedin-C/ 

IGF-I, MSA/rIGF-II, and insulin receptors are glycoproteins; 

as evidenced by the ability to isolate these receptors by 

lectin affinity chromatography (Bhaumick et al., 1981; zick 

et al., 1981). In addition, the synthesis of disuccimidyl 

suberate (DSS; Pilch and Czech, 1979) has enabled all of 

these receptor types to be more quantitatively defined 

through a process called bifunctional affinity labeling. 

In general, there are two types of affinity labeling 

procedures that have been used for studying polypeptide 

hormone-receptor interactions. The first type, photoaffin

ity labeling, consists of the chemical alteration of the 

peptide hormone, itself, through the addition of groups that 

are photoreactive, such as aryl-, or nitroaryl, azide resi

dues onto amine or carboxyl groups, or onto the side-chain, 

R-groups of cys, his, tyr or ~rp. The hormone is subsequent

ly allowed to bind to its cellular receptor and following 

activation of the polypeptide (addendant) groups with light 
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covalent cross-linking between specific, addend ant groups on 

the polypeptide and indiscriminant, acceptant groups on the 

receptor occurs (Eberle, 1983; Hazum, 1983; Oppenheimer and 

Czech, 1984). The second procedure, bifunctional affinity 

labeling, utilyzes an exogenous cross-linker, such as DSS, 

added to a preexisting hormone-receptor complex to effect 

cova~ent cross-linking between the hormone and the receptor 

(Pilch and Czech, 1984). Several, excellent reviews have 

been published which provide both historical,aswell as 

indepth methodological discussions on both techniques 

(Eberle, 1983; Hazum, 1983; King and Kahn, 1984; Pilch and 

Czech, 1984; Oppenheimer and Czech, 1984). These, two af

finity labeling techniques have been extensively used for 

the definition of both somatomedin and insulin receptor 

structures, for the elucidation of the cellular mechanisms 

of response and for studying the cellular pathways of 

hormone-receptor processing. 

Specific receptors for Sm-C/IGF-I and MSA/ IGF-II 

have subsequently been determined to exist in human fibro

blasts (Rechler et al., 1977), chick embryo fibroblasts 

(Zapf et a1., 1975; Kasuga et a1., 1982), hepatocytes 

(Megyesi et al., 1975; Kasuga et al., 1982; zick et al., 

1984), adipocytes (Massague and Czech, 1982), hepatoma cells 

(Massague and Czech, 1982), human lymphocytes (Rosenfeld and 

Hintz, 1980; Kasuga et a1., 1983; Rouis et 'a1., 1984), human 

melanoma cells (Massague and Czech, 1982), smooth muscle 
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cells (Pfeifle and Ditschuneit, 1983a; 1983b), embryo cells 

(Perdue, 1983), brain, pituitary, and hypothalami cells 

(Goodyer et al., 1984), chondrocytes (Trippel et al., 1983), 

chondrosarcoma cells (August et al., 1983) and placental 

tissue (Van Wyk et al., 1980; Bhaumick et al., 1981; Chernau

sek et al., 1981; Oppenheimer and Czech, 1982; Armstrong et 

al., 1983; Thibault et al., 1984; Stuart et al., 1984). 

Furthermore, recent in vitro bifunctional affinity labeling 

data suggests that different cell types may possess Sm-C/ 

IGF-I (alone), MSA/rIGF-II (alone), or any combination of 

Sm-C/IGF-I and MSA/IGF-II receptors together (Perdue, 1983). 

Indeed, if the somatomedin hypothesis is true, one type of 

somatomedin receptor will probabily be found in all tissues/ 

cells of the body. 

Primarily based on experimental observations using 

DSS cross-linker it has been determined that the somatome

din-C/IGF-I receptor closely resembles the insulin receptor 

and that the MSA/rIGF-II receptor has a structure unlike 

either the somatotomedin-C/IGF-I or insulin types. Indeed, 

recent data from a variety of studies support the previous 

observations. The native structure of the somatomedin-C/ 

IGF-I receptor has been determined to be greater than 300 Kd 

(Kasuga et al., 1981; Chernausek et al., 1981; Massague and 

Czech, 1982; Armstrong et al., 1982; Czech et al., 1983; 

Stuart et al., 1984) composed of two major 130 to 140 Kd 

subuni ts (Chernausek et al., 1981; Kasuga et al., 1981; 
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Bhaumick et al., 1981; Massague and Czech, 1982; Stuart et 

a1., 1984), and two 90 to 98 Kd subunits (Massague and 

Czech, 1982; Czech et al., 1983) linked by disulfide bonds. 

The 130 to 140 Kd subunit has been termed the alpha subunit 

(a) and the 90 to 98 Kd subunit has been termed the beta 

subunit (b; Massague and Czech, 1982). These subunits have 

been shown to organize together as (bS-Sa)-S-S-(aS-Sb), 

which is conformationally similar to that structure deter

mined for the insulin receptor (Massague and Czech, 1982; 

Czech et al., 1983). 

As eluded to previously, the structure of the MSA/ 

rIGF-II receptor has been determined to be different than 

either the insulin or the somatomedin-C/IGF-I receptors. 

Data to support this concept includes DSS-labeling studies 

of MSA/rIGF-II to their appropriate receptors. Kasuga et 

al. (1981) reported that BRL-3A2 hepatocyte MSA-receptor 

preparations, that had been affinity-labeled with 125 I _MSA 

and DSS, and analyzed by SDS PAGE (0.1% SDS; 5.0% acryla

mide) and autoradiography, showed only one major migratory 

protein band under both reducing as well as nonreducing 

conditions. Furthermore, no competition occurred by un

labeled insulin for the 125 I _MSA receptor complex. 

Collectively, these data suggest that the MSA receptor con

sists of only one subunit that is not structurally similar 

to the insulin receptor (Kasuga et al., 1981). Other, DSS 

affinity-labeling studies have confirmed these observations; 



MSA/rIGF-II receptor has been defined to be one 250 to 260 

Kd glycoprotein (Kasuga et al.,1981; Massague and Czech, 

1982; Oppenheimer and Czech, 1983; August et al., 1983; 

Czech et al., 1983; Thibault et al., 1984). 
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The very idea that the somatomedins and insulin pro

duce their physiologic (growth) effects by binding to spec

ific cellular receptors has led to numerous study designs in 

attempts to define the exact involvement of the receptor 

moiety in the transduction of the physiologic, growth 

signal(s) from the hormone to the cell proper. Receptors 

have even been postulated to contain all of the information 

that a cell wi 11 be asked to carry out; binding of somatome

din or insulin, for example, only causes the receptor to 

express itself (Roth et al., 1979). The development of 

monoclonal antibodies to somatomedin or insulin receptors 

has helped to clarify the exact involvement of the receptor 

moiety in the overall signal generation mechanism. Basic 

types of monoclonal antibody-receptor studies that have 

been conducted include the use of monoclonal antibodies as 

competative antagonists of growth factor-receptor inter

action and monoclonal antibodies as growth factor surrogates. 

The first study design utilizing monoclonal anti

bodies as competitive antagonists has received considerable 

attention. In brief, the basic protocol of this design 

includes either maintaining the growth factor concentration 

at a constant level and adding increasing concentrations of 
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anti receptor monoclonal antibodies, or vice versa, to whole

cell systems and the subsequent observation of a biological 

response. Using this basic protocol, King et ale (1980) re

vealed that the addition of 0.0, 4.0, or 10.0 ug anti-insulin 

receptor monoclonal antibody (Fab fragment)/ml medium had no 

effect on the dose-dependent inducement of DNA synthesis, of 

fibroblasts by MSA/rIGF-II. Furthermore, if 750 ng MSA/rIGF

II/ml medium and 20 ug Fab/ml (sufficient Fab to block 95% 

of l25I-insulin from binding to its receptor) were add-

ed together, no inhibition of DNA $ynthesis was observed in 

any MSA/rIGF-II treatment cultures. Subsequent studies re

vealed that anti-insulin receptor monoclonal antibodies could 

cross-react, and suppress, Sm-C/IGF-I but not MSA/rIGF-II 

binding in other cell systems (Roth et al., 1983). Further

more, more mechanistically-oriented studies have revealed 

that monoclonal antibody binding to the insulin receptor 

leads to a decrease in the effective number of high affinity 

insulin receptors that insulin sees when added to whole-cell 

systems (Kahn, 1979) and that McAb binding appears to in

crease the rate of McAb-receptor degradation (Roth et al., 

1983). 

Unlike the previous experimentation, there have been 

few in depth studies conducted to determine if monoclonal 

antibodies to somatomedin or insulin receptors could"effect

ively mimic the growth-action of the growth factor moiety. 

Qualitative observations have been reported to suggest that 
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native anti-insulin receptor monoclonal binding to the insu

lin receptor could, indeed, produce transient metabolic ef

fects such as an increase in glucose and amino acid transport 

into cells, an increase in the activity of glycogen synthase, 

a decrease in phosphorylase activity and a decrease in lipo

protein lipase activity (Kahn et al., 1978; Kahn, 1979; Roth 

et al., 1979; Shechter et al., 1983; Zierler and Rogus, 1983; 

King and Kahn, 1984). However, a direct demonstration of 

anti-insulin receptor monoclonal antibodies having the abil

ity to produce growth effects such as promoting an increase 

in cell proliferation (either via binding to insulin or IGF 

receptors) has not been reported. In addition, monoclonal 

antibodies to any somatomedin-receptor moiety have yet to be 

shown capable of having the ability to induce somatomedin

like growth effects, in vitro. These, latter, data suggest 

that receptor occupancy by just any ligand is not sufficient 

for total growth-signal generation. However, as little is 

really known regarding what the specific, intracellular 

growth-promoting signal(s) really is/are, it cannot be pre

cluded that monoclonal antibodies might, indeed, have the 

ability to induce the cellular growth effects of either in

sulin or somatomedins. 

Intracellular Signals (Current Ideas). The 

initial step in somatomedin or insulin action appears to 

be the binding of these growth factors to their cellular 
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receptors. In addition, it appears necessary for the growth 

factor to remain bound to its cellular receptor for some 

minimal amount of time in order for the growth factor (re

ceptor?) to induce the generation of its intracellular 

growth signal (s) (Shechter et al., 1978; Kahn et al., 1978; 

Gorden et a 1., 1981). Although binding and subsequent 

intracellular signal production appear to be two completely 

different processes, the latter is intrinsically dependent 

on the former (Freychet et al., 1971). Considering the im

portance of the somatomedins/IGF's in cellular and whole

body growth, identification of the specific, intracellular 

signal(s} induced by pharmacologic levels of insulin, or 

physiologic levels of the somatomedins (presumably acting 

through the Sm/IGF receptors), could reveal important in

formation about the regulation of cellular growth (and 

through extrapolation, whole-body growth) by these growth 

factors. 

Intracellular signals which have been postulated to 

act as specific somatomedin/receptor-induced (intracellular) 

messengers have remained ill-defined and controversial. 

Basic controversies in this regard stem from the fact that 

none of the experimental protocols used for these, defini

tion, studies have stood without some sort of criticism. 

For example, whole-cell in vitro studies have been criti

cised for not accurately reflecting in vivo physiology, mem

brane preparation studies have often been criticised due to 
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the membrane fragments lacking proper bilayer (structural) 

orientation, and purified, homologous, receptor preparations 

have often been shown to lack bioreactivity. Most of the 

controversy, however, has been due to the fact that not one 

(and only one), intracellular, sign~l has been able to be 

linked to all measures of cellu~ar growth indexes. 

Primarily due to the last problem, the role of cyclic 

nucleotides as primary intracellular mediators of somatome

din or insulin action has been discounted. Historically, 

cyclic nucleotides were presented as the most likely candid

ates for this role. Sutherland and coworkers (Sutherland et 

al., 1968; Reviewed by Sutherland, 1982) demonstrated that 

cyclic adenosine monophosphate (cAMP) was the specific, 

intracellular messenger of the polypeptide hormone glucagon. 

Because of its simplicity, this second messenger model (in

volving cyclic nucleotides) of polypeptide hormone action 

was adapted for use as a contemporary explaination for the 

way in which other polypeptides exerted their cellular 

effects (Reviewed by Larner et al., 1982). The diametric

ally opposed data of Cuatrecasas and coworkers (Reviewed by 

Van Wyk et al., 1974) however, demonstrated that the cellular 

effects of insulin were not mediated by cAMP; subsequent 

studies by various authors (Reviewed by Van Wyk et al., 

1974) resulted in the confirmation that, like insulin, 

somatomedin binding to various cell types resulted in an 

inhibition rather that an increase of intracellular cAMP. 
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Other cyclic nucleotides such as cyclic guanosine monophos

phate (cGMP) were then proposed as alternative candidates 

for second messengers of somatomedin and insulin action 

(Reviewed by Larner et al., 1982). However, data to sub

stantiate this hypothesis for parameters of cellular growth 

remained (and remains) lacking (Richman et al., 1980; Larner 

et al., 1982). Indeed, recent data indicate that the major 

intracellular effects brought about due to the binding of 

somatomedin or insulin are not accountable solely due to 

cGMP action; the invol vement of cGMP as the "major" somato

medin- or insulin- induced intracellular signal has, there

fore, been discounted. 

Since a specific cyclic nucleotide has appeared not 

to be the major intracellular signal of somatomedin or insu

lin action, other (intracellular) moieties as well as alter

native (generalized) mechanisms have been postulated to fit 

this role. One highly touted, but experimentally unproven, 

mechanism involves intracellular calcium binding proteins 

such as calmodulin as the intracellular effector of somato

medin or insulin action. Biochemically, calmodulin has been 

determined to be a 148 amino acid polypeptide (of which 40 

to 55% appears to be alpha helical in conformation) that has 

approximately 50% amino acid homology to troponin-c (Means 

et al., 1982). Calmodulin has a pI of 3.8 and has been 

shown capable of binding 4 moles of Ca 2+/mole protein 

(Kd = 2.4 uM; Means et al., 1982). Activated calmodulin 
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(calmodulin - Ca 2+ complex) has the ability to regulate 

the amount and activity of numerous, regulatory enzymes; 

including protein kinases (Cheung, 1980; Dabrowska et al., 

1978; Johnson et al., 1983; Prozialeck, 1983; Delcayre et 

al., 1983; Wang et al., 1983). Activated calmodulin has also 

been implicated as a major factor responsible for the dynamic 

regulation of many cytoskeletal proteins (Dabrowska et al., 

1979; Means et al., 1982; Kakiuchi,' 1982), the facilitation 

of ion flux across the plasma membrane into the cytosol 

(Johnson, 1984) and has been implicated in playing a major 

regulatory role in the cell cycle (Means et al., 1982; Means 

et al., 1982; Hickie et al., 1983). Due to the lack of 

availability of large quantities of relatively pure prepara

tions of somatomedin, however, little is currently known 

regarding whether or not somatomedin binding to its target 

cells' receptors ellicits an increase in calmodulin activ

ity. In addition, preliminary data insinuate that calmodu

lin might be involved as the intracellular signal as a 

result of insulin binding to its target cells' receptors 

(Means et al., 1982). Unfortunately, no pursuasive data is 

presently available which definitely ties insulin binding to 

calmodulin activation under conditions that facilitate the 

insulin-induction of its growth effects via the Type I IGF 

receptor. Consequently, the involvement of calmodulin in 

somatomedin or insulin action (intracellularly), although 

quite reasonable, remains open to further experimentation 
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and justification. 

As stated earlier, the identification of specific, 

intracellular signals/messengers which can be definitely 

linked to somatomedin or insulin binding to their cellular, 

growth receptors would reveal important information about 

the regulation of cellular, growth parameters. The preceed

ing data, however, have not conclusively demonstrated that 

one specific signal exists. Consequently, other mechanisms 

have been postulated to be involved in this signalling pro

cess. One, such hypothesis that has emerged recently is 

that these growth factors, alone, produce localized (mem

brane) signals which, themselves, effect the somatomedin and 

insulin cellular growth ~ffects. L'A11emain et a1. (1984) 

observed that binding of 10.0 ug insulin/m1 medium to G0/Gl 

growth arrested chinese hampster fibroblasts (lung, CC-139) 

resulted in an immediate increase in activity of the plasma 

membrane Na+/H+, antiport (transport) system. 

This increased activity resulted in an increase in cytosolic 

pH by as much as 0.2 to 0.3 pH units and was positively cor

related to the reinitiation of mitogenesis (L'Al1emain et 

al., 1984). In addition, other evidence exists which 

suggests that the fluidity of target cell membranes is 

altered by these growth factors upon binding (Neufeld and 

Corbo, 1982). Although both of these types of studies, in

deed, support the preceeding hypothesis, neither type of 

study has provided conclusive clarification as to what 
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actually "signals" these physiologic events to occur; perhaps 

these events are also prompted by an (as yet undefined) 

intracellular, secondarily produced signal/messenger. 

These studies' lack of complete definition does not mean, 

however, that data do not exist which more substantially im

plicate a membrane moiety in the mediation of somatomedin 

and insulin action. Indeed, perhaps the most intriguing of 

all evidence to support this idea has been derived from 

studies of somatomedin- and insulin- receptor autophosphory

lation. 

The discovery of a tyrosine-specific protein kinase 

possibly being involved in the cellular, growth control of 

avian and mammalian oncogene-transformed (host) cells 

(Frankelton et al., 1983; Reviewed by Todaro et al., 1984) 

has produced an extremely plausible mechanism by which poly

peptide hormones through binding to their cellular growth 

receptors might directly induce the production of intra

cellular "growth" signals. Recently, somatomedin and insu

lin receptors have been determined to possess their own 

tyrosine-specific protein kinases. The somatomedin stimu

lated kinase activity appears to be a characteristic of the 

Sm-C/IGF-I receptor complex (Jacobs et al., 1983; Rubin et 

al., 1983; Jacobs et al., 1983; zick et al., 1984; Yu and 

Czech, 1984) and not the MSA/IGF-II receptor complex. More 

definitely, the ~m-C/IGF-I tyrosine-kinase activity appears 

to reside exclusively in the b, and not the a subunit of the 
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Sm-C/IGF-I receptor (Jacobs et al., 1983; Rubin et al., 

1983). The tyrosine-specific protein kinase for insulin 

(similarly) appears to reside in the b and not the a insu

lin-receptor subunits (Kasuga et al., 1982; zick et al., 

1983; Yu and Czech, 1984). Although supraphysiologic levels 

of insulin have been shown to exert insulin's growth effects 

via cr6ss-reacting with the Type I IGF receptor, an insulin 

induced autophosphorylation of the Sm-C/IGF-I b receptor 

subunit has not, as yet, been reported. A hypothetical 

mechanism of how polypeptide growth factors, such as somato

medin and insulin might exert their intracellular, growth 

effects through the action of tyrosine-specific protein kin

ase activity has been previously described (Cohen, 1983). 

Hormone-Receptor Processing. Most of our pres

ent understanding of the pathway(s) by which polypeptide 

growth factors, which have interacted with their plasma 

membrane-bound receptors are subsequently processed, has 

been derived from studies with epidermal growth factor 

(EGF). In brief, EGF has been shown to bind to diffusely

located, plasma membrane-bound receptors (Willingham et al., 

1983; Dunn and Hubbard, 1984). Following binding, the EGF 

receptor complexes migrate to, and cluster at clathrin

coated membrane-limited pits (Willingham et al., 1983). 

Subsequently, the EGF-receptor complexes are internalized 

via receptor-mediated endocytosis (Pastan and Willingham, 
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1983) in a temperature- and time- dependent manner (Halpern 

and Hinckle, 1983; Willingham et al., 1983; Beguinot et al., 

1984; Dunn and Hubbard, 1984), whereby the internalized 

coated vessicles are termed receptosomes (Willingham and 

Pastan, 1983). Even though the exact fate of the EGF-recep

tor complexes upon internalization remains obscure, recent 

reports suggest that these complexes are presented to var

ious intracellular organelles including golgi-like vessicles 

(Miskimis and Shimizu, 1982a), lysosomes (Miskimis and 

Shimizu, 1982a) and lysosomal enzyme-deficient vessicles 

(Miskimis and Shimizu, 1982b). Interestingly, as intern-

a 1 ized EGF has been shown to be extruded from its target 

cells under specific conditions (Miskimis and Shimizu, 

1982b), it is questionable that the entire role of the 

internalization process is solely for degradative purposes. 

Indeed, Das and Fox (1978) have reported that a positive 

correlation existed between the rate of EGF-receptor 

internalization and subsequent mitogenic effects. These 

data, although mechanistically unproven, lend support for 

the latter idea. If, however, EGF is degraded upon inter

nalization then the receptor moiety is thought to be recycl

ed back to the plasma membrane, where it inserts itself and 

then is capable for further binding (Brown et al., 1983). 

There have been numerous reports which demonstrate 

that insulin-receptor complexes are capable of being inter

nalized by insulin's target cells. Indeed, tracer 
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l25I-insulin, applied externally, has been shown to be 

internalized by cultured human fibroblasts (Baldwin et al., 

1980; Knutsen et al., 1983), lymphocytes (Goldfine et al., 

1981), adipocytes (Kahn and Baird, 1978; Suzuki and Kono, 

1979; Bishayle and Das, 1982; Hedo and Simpson, 1984) and 

hepatocytes (Desbuquois et al., 1979; Care and Amatruda, 

1980; Krupp and Lane, 1981; Fehlmann et al., 1982; Misbin et 

al., 1983; Kalant et al., 1984). The mechanistic details of 

the internalization process, however, remained ill-defined. 

Although internalized insulin has been localized in various 

intracellular organelles (Posner et al., 1980; Goldfine et 

al., 1982; Ezaki and Kono, 1984), the transport mechanism to 

and the function of this location remains undefined. In 

addition, studies to directly elucidate whether or not somat

omedin-receptor complexes are internalized have, also, not 

been reported. Consequently, the EGF model documenting the 

existance of a polypeptide hormone receptor internalization 

pathway remains the only experimentally-defined model of 

this type. 

Recently, Conover et ale (1983) reported that the 

mitogenic effects of somatomedin-C on human fibroblasts were 

enhanced 60 fold, solely by the addition of dexamethasone to 

the serum-free treatment medium. Although dexamethasone was 

not shown capable of physically effecting the binding of 

somatomedin-C to its cellular receptor, dexamethasone was 

postulated to facilitate subsequent processing events of the 
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hormone-receptor complexes (Conover et al., 1983). The idea 

that hormones such as dexamethasone might act to modify 

other hormones' binding/cellular signalling mechanisms is 

not a new one. However, as research with the somatomedins 

at the subcellular level is still in its infancy, little is 

now known with regards to how other hormones such as dexa

methasone interact with somatomedin-receptor induction/proc

essing pathways. 

Numerous reports have indicated that sterol addition 

or depletion in treatment medium results in alterations in 

the fluidity of plasma membranes of a variety of cell types 

(Berliner and Gerschenson, 1975; Freter et al., 1979); these 

reports infer that changes in plasma membrane physiology 

alone could alter hormone binding characteristics. This con

cept cannot be discounted. However, a variety of studies 

such as the Conover et al. (1983) study have indicated that 

changes in membrane physiology, alone, cannot account for the 

dexamethasone induced receptor up-regulation observed. 

Other studies exist which support this latter con

tention. Knutson et al. (1982) reported that a 2-fold in

crease in l25 I -insulin binding to fibroblasts occurred when 

100 nM dexamethasone was added to the sup~ort buffer. Since 

the binding affinity of insulin was not altered in this sys

tem, Knutson et al. (1982) postulated that insulin-receptor 

number would have to be increased in order to produce the 

results as described. Sorimichi et al. (1983) later reported 
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that dexamethasone treatment increased the number of "high 

affinity" insulin ~eceptors by as much as 2.8-fold in urin

ary bladder carcinoma cell cultures; these data show that a 

"specific" receptor population can be influenced by dexameth

asone treatment, but does not provide definition as to the 

specific mode of the induction involved. A concentration

dependent increase in l25I-IGF-I binding to cultured rat 

bone cells occurred with the addition of dexamethasone to the 

treatment medium indicating that the dexamethasone faqilita

tion of this insulin receptor system is graded and not all 

or nothing which is what might be expected if dexamethasone 

only exerted its effects at the membrane level (Bennett et 

al., 1984). 

Like dexamethasone, other growth factors such as the 

IGF's and insulin appear capable of modulating other horm

one's receptor induction/processing pathways. In brief, 

insulin at levels as low as 10 ng/ml was shown to increase 

the binding of l25I-insulin in H4-II-E-C'3 rat hepat-

oma cell cultures (Marsh et al., 1984). While up-regulation 

with insulin occurred in this cell line, insulin has more 

commonly been shown to down regulate both insulin, and IGF-I 

receptors in other cell systems (De Vroede et al., 1984). 

Paradoxically ,insulin has also been reported to dramatically 

up-regulate the Type II receptor system; low levels of insu

lin increasing l25I-MSA/rIGF-II binding by as much as 15% 

in rabbit adipocytes (Ashton and Soul, 1984) and by as much 
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as 300% in adipocytes (Oka et al., 1984). Taken collectiv-

ely, the preceeding observations tend to support the idea 

that dexamethasone and insulin have the capability to modify 

the induction/processing of other types of hormone-receptor 

complexes; however, specific data to definitively locate a 

site(s) where dexamethasone or insulin operate remains ill-

defined. 

Muscle Growth as Influenced by Somatomedins 
and Pharmacologic Levels of Insulin 

Development of Skeletal Muscle: Role of Myogenesis 

and Satellite Cells; An Overview. Many early events of 

the embryonic development of mammalian skeletal muscle re-

main, perplexingly, ill-defined (Carlson and Faulkner, 

1983). Central, unresolved issues appear to be the precise 

determination of when and by what mechanisms multipotent stem 

cells of the developing embryo ultimately differentiate into 

the specific myoblast (progenitor) stem-cell population. 

In addition, the regulation of subsequent myoblast prolifer-

ation (quantitative population expansion) and control of the 

differentiation of myoblasts into embryonic myofibers remains 

obscure. 

Nishida and Satoh (1983) established the earliest 

time element that ascidian embryonic cells could be shown to 

be programmed for myofiber development when they found that 

28 of the 36 muscle cells of the ascidian larval tail were 

derived from the B4.l pair of posterior vegetal (8-cell) 
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blastomeres. Subsequently, these data were confirmed when 

Deno et ale (1984) demonstrated that an ascidian myofiber 

determinant (acetylcholinesterase) could be identified in 

similar, 8-cell blastomeres. Although the appropriatness of 

extrapolation of these data to mammalian systems has yet to 

be established, these data illustrate that a primordial, dif

ferentiational event occurs (early in embryonic development) 

which is paramount in the eventual establishment of skeletal

muscle myofibers. 

The latter two areas of embryonic muscle develop

ment (the regula~ion of myoblast population expansion and 

myocyte differentiation into myofibers) have received con

siderable attention. Unfortunately, the exact factors and 

mechanisms involved for both of these regulatory events to 

occur in vivo still remains obscure due to methodological 

problems and because of prenatal differences in the form

ation of myofiber types. 

The development of in vitro techniques, however, has 

provided an avenue by which answers t~ questions pertaining 

to the regulation of embryonic myoblast proliferation and 

differentiation could be obtained. Data provided by 

Konigsberg (1961), demonstrating that individual myoblastic 

cells (clones) could be propagated in vitro initiated the 

modern era of in vitro muscle-cell research. Because of the 

voluminous literature concerning in vitro myogenesis the 

proceeding discussion has been abridged to include only 
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pertinent data to describe current theories about the pro

liferation and differentiation of embryonic myogenic cells. 

Two, major hypotheses exist pertaining to the prolif

eration of myoblastic cells, in vitro. The first hypothesis 

was introduced by Bischoff and Holtzer (1969) and Holtzer 

and Bischoff (1970) and was termed the "quantal mitosis 

theory". The basic postulate invol ved in this theory was 

that differentiation of progenitor (stem) cells into the 

myoblast (expansion) population is cell-self regulated, 

relying on a redistribution of a cell's specific genetic 

information during mitosis. A daughter cell that has had 

its genetic information unmasked during a quantal mitotic 

event resulted in that cell having the capability of synth

esizing different biomolecules than its progenitor (mother) 

cell; therefore, a differentiational event had occurred and 

a new cell type had been formed. If a differentiational 

event had not occurred, then the daughter cell (from mito

sis) produces biomolecules similarly to the mother cell, 

and has the same phenotype. According to Bischoff and 

Holtzer (1969) and Holtzer and Bischoff (1970), progenitor 

cells, then, have the capability of producing a variety of 

cell types which (individually) have the capability of 

self-proliferation and expression of cell-specific struc

ture/function. Recent data have been produced that has 

provided clarification for the late events (previously ill

defined) postulated by the quanta 1 mitosis theory. These 
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data describe the events that occur, solely, during the 

(proliferative) myoblast expansion phase of myogenesis 

(Quinn et al., 1984). These data propose that asymmetric 

and symmetric myoblast stem cells are formed by the quantal 

mitosis of mesenchymal progenitor cells; the former are 

capable of producing one stem cell and one .cell committed to 

the end stages of myogenesis and the latter leading to the 

production of only post-mitotic myoblasts (Quinn et al., 

1984) • 

The second hypothesis, which has been produced in an 

effort to describe the events of myogenesis has been de

scribed by Konigsberg (1971) and Buckley and Konigsberg 

(1974). The basic premise of this theory is that external 

stimuli impinging upon myogenic cells, may induce the sub

sequent phenotypic expression of the cell; cell division is 

not an absolute requirement for the cell differentiation. 

Because of physiologic limitations of in vitro sys

tems, a confirmation of one of the preceeding developmental 

theories may be long in comming. Because of this, it is 

likely that a theory incorporating principles of both hypo

theses might more accurately reflect the physiology that 

actually occurs during this developmental scheme. This idea 

has numerous in vitro data as support including observa

tions that exposure of myogenic cells to various growth fac

tors, in vitro, has commonly resulted in high levels of pro

liferation (FIorini, 1984); observations such as these tend 
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genesis. 
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In addition, as growth factors (such as somatome

dins) have been shown to influence the cell cycle, the 

inducement of myocytes, by growth factors, to traverse cell 

cycle compartments might facilitate the unmasking of "con

trolling" genes; if proven correct, this latter effect of 

growth factors would tend to support the quantal mitosis 

theory of myogenesis. Even though these observations rep

resent qualitative support, taken together these data 

insinuate that external stimuli, as well as (probabilistic) 

cell-self regulatory mechanisms might play important syner

gistic roles in controlling the events of myogenesis. 

The differentiation of embryonic myocytes into multi

nucleated myofibers is a critical, physiologic process since 

myofiber number appears to be set in most higher animals at 

birth (Staun, 1963; Enesco and Puddy, 1964; Rowe and Gold

spink, 1969). Much of our current understanding of embryonic 

myocyte differentiation has resulted from morphologic, bio

chemical and molecular studies of myocytes in vitro. It is 

now accepted that embryonic myofibers are established as a 

direct result of myocytes undergoing a series of biosynthetic 

and restructural transitions (Caplan et al., 1983) that re

sult in "specific genes" being activated which are not active 

during myoblast replication (Young and Allen, 1979). Indeed, 

data derived from numerous isozyme (Markert, 1983) studies 
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have made it clear that myoblast to myocyte to myofiber 

transiti~ns involve a gradual succession of phenotypes to the 

adult cell form (Young and Allen, 1979; Eppenberger et al., 

1983; Lee et al., 1984). The final step in the differen

tiationprocess involves 'the synthesis of myofibrillar con

tractile proteins and the assembly of these proteins into the 

highly organized, sarcoplasmic contractile apparatus (Eppen

berger et al., 1983) which can be easily viewed under the 

light microscope. The differentiation of myoblasts into myo

fibers is highly controlled and coordinated (Caplan et al., 

1983), but the physiologic environment of cultured myocytes 

can influence the type and amount of myofiber development 

(Yaffe, 1968; Allen et al., 1979; Konieczny et al., 1982; 

Caplan et al., 1983; FIorini, 1984). 

Whereas a considerable amount of literature has been 

produced concerning the developmental aspects (proliferation 

and differentiation) of myogenic cells of embryonic skeletal 

muscle, little is presently known with regards to the growth 

dynamics of myogenic cells derived from postnatal skeletal 

muscle. A major reason for this lack of knowledge is that 

it has only been recently that a specific population of 

postnatal myogenic-like cells has been discovered. Indeed, 

with the advent of electron microscopic techniques, scien

tists discovered the existance of satellite cells; satellite 

cells were origionally identified as a population of mono

nucleated cells which were found to reside between the 



57 

sarcolemma and the basement membrane of the tibialis anticus 

muscle of the mature frog (Mauro, 1961). Satellite cells 

were shown to invest inwardly into myofibers (Mauro, 1961). 

Consequently, histologists who were handicapped by the more 

limited resolving power of existing light microscopes would 

have easily mistaken an individual satellite cell for one of 

the numerous, peripherally located myofiber nuclei (Mauro, 

1961). 

Subsequent electron microscopic studies confirmed 

Mauro's conclusions that satellite cells were independent 

cells and not myofiber nuclei (Muir et al., 1965) and pro

vided more concise, morphologic characterizations of satel

lite cells from postnatal muscle of various animal species 

(Muir et al., 1965; Reger and Craig, 1968; Church, 1969; 

Muir, 1970; Bischoff, 1974; Campion et al., 1982). Satellite 

cells have been identified in association with both red and 

white myofibers (Muir et al., 1965; Snow, 1983) as well as 

with the termini of intrafusal fibers (Karlsson et al., 

1966). Satellite cells have been estimated to account for 

approximately 4.8% (Muir, 1970) to 17% (Campion et al., 1982) 

of the nuclei content of analysed fibers; satellite cell con

tent has been reported to decrease with advancing age (Snow, 

1977; Campion et al., 1982; Ontell et al., 1984). The shape 

of satellite cells in vivo hqs been determined to be (remark

ably) consistant.across animal species; a representative, 

fusiform shape might be 25 microns in length, less than 5 
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microns wide and 4 microns deep (Muir, 1970). Additional, 

histological definitions have been presented by Muir (1970). 

Following the electron microscopic reports that 

satellite cells existed, several attempts were made to de

termine the physiologic significance of satellite cells in 

postnatal skeletal muscle. The classic observation by 

Stockdale and Holtzer (1961) that even though the DNA con

tent of postnatal myofibers increases, the increase is not 

as a result ot'mitosis of existing myofiber DNA led to the 

discovery by Moss and Leblond (1970; 1971) that satellite 

cells were responsible for the increased DNA aqcumulation of 

myofibers during postnatal muscle growth. In fact, most of 

the nuclei in mature myofibers are actually derived from 

satellite cells (Allen et al., 1979). In addition, satellite 

cells have been implicated in being responsible for regen

eration of traumatized fibers (Carlson, 1973; Konigsberg et 

al., 1975; Bischoff, 1975; Snow, 1983; Carlson and Faulkner, 

1983). 

Somatomedin and Insulin: Effects on Myogenic Cell 

Proliferation. The elucidation of the general principles 

concerning the differentiation of myogenic cells into dis

tinct myofibers has led to numerous attempts to identify 

endogenous and exogenous proliferation and differentiation 

promoting signals and to define their mechanisms of action. 

In this regard, two of the often studied hormones include 
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insulin at supraphysiologic levels, presumably acting through 

the Type I IGF receptor, and the somatomedins. Interesting

ly, while voluminous amounts of data have been generated con

cerning the effects of these hormones on myogenic cells, un

certainty still exists regarding their specific modes of 

action. 

The demonstration by FIorini et ale (1977) that 

third passage neonatal rat myoblasts could be stimulated to 

undergo dose-dependent proliferation after being exposed to 

increasing levels of MSA/rIGF-II was an initial attempt to 

quantitatively define the mode of action of one of the 

somatomedins on myogenic cells in vitro. Included in the 

results of this study was the observation that, in the pres

ence of supraphysio1ogic levels of insulin (10-6 M), MSA/ 

rIGF-II could still promote the proliferation of myogenic 

cells. As these data were defined both in terms of a morph

ological increase in cell number/culture dish, as well as 

3H-thymidine incorporation into the DNA of prolifera-

ting myoblasts, this study appeared quantitative at first 

review. However, a closer look at the experimental protocol 

employed has revealed that the myoblasts' metabolism probab

ly was altered during a period of serum-starvation 56 hr 

prior to treatment addition. Furthermore, the treatment med

ium consisted solely of a defined medium of Dulbecco's Mod

ified Eagles Medium (DMEM), plus treatment polypeptide. For 

many cell types in general (Bottenstein, 1984), and 
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specifically for postnatal myogenic cells (Allen et al., In 

Press) DMEM has been determined not to be an adequate basal 

medium for supporting the growth of cells in culture. 

Perhaps anticipating this latter criticism, FIorini 

and Roberts (1979) devised a defined medium that consisted 

of Hams F-12 supplemented with 10- 5 M Fetui~, 10- 6 M ins

ulin and 10-7 M dexamethasone. This medium was designa-

ted MM-l. The addition of 1 ug MSA/rIFG-II per ml of MM-l 

to myoblast cultures produced a 293% increase in prolifera

tion above the MM-l control. Upon inspection, however, MM-l 

basal medium only contained 0.3 mM Ca 2+ (Reviewed by Ew-

ton and FIorini, 1981; FIorini, 1984); 1.8 mM Ca 2+ has 

been shown to be a required for maintenance of numerous, 

cellular metabolic process including the fusion of myocytes 

into myofibers (Knudsen and Horwitz, 1978). Consequently, 

the activity of MSA/rIGF-II, in this experiment, was not 

assessed under conditions that also allowed differentiation 

to occur. 

Ewton and FIorini (1981) reverted to the use of DMEM 

as a basal medium; DMEM contains 1.8 mM Ca 2+. Further-

more, the DMEM used for this study, was supplemented with 

0.5 mg bovine serum albumin/ml DMEM. The general conclu

sions derived from the addition of MSA/rIGF-II and insulin 

(in this defined medium) to cultures of rapidly fusing 

clones of L-6 myoblasts were that these two moieties actu

ally promoted differentiation, and not proliferation, of the· 
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L-6 myogenic cells. This conclusion is very surprising, due 

to the fact that a variety of culture conditions were not 

employed to substantiate this hypothesis. In addition, 

Bignami et ale (1982) reported that L-6 myoblasts exhibit 

numerous transformed traits including anchorage-independent 

cell proliferation, plasminogen activator secretion, mUlti

plication in the presence of cytochalasin-B and tumorigenity 

in vivo. Because of these alterations in physiology, the 

use of L-6 cells as a model system for normal, regulatory

mechanism definition must be questioned. 

Turo and FIorini (1982), using primary cultures of 

quail-embryo myoblasts (9 to 10 day old embryos) and a 

treatment medium made-up of a 1:1 mixture of Hams F-12 and 

DMEM supplemented with CaCl 2 and 0.5 mg bovine serum albu

min/ml medium, reinvestigated the possibility that MSA/rIGF

II and insulin actually promoted differentiation and not 

proliferation of myoblasts in vitro. Cytosine arabinoside 

was added to all cultures in order to block DNA synthesis. 

Rather than to discuss the specific results of this study, 

suffice it to say that the support medium was not adequate 

for the maintenance of cell health in any of the treatment 

cultures. In quail myoblast control cultures .(no hormone 

added) at time 0 hr, there existed 0.69 ug DNA/culture dish. 

At time 12 hr, there existed only 0.55 ug DNA/culture dish. 

Finally, at time 24 hr, the cell population had only recov

ered up to 0.62 ug DNA/culture dish. These data indicate 
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that a slight progressive loss of cells occurred with in

creasing time in culture. To further illustrate this point, 

a look at the Author's parallel L-6 myoblast (control) cell 

cultures has revealed that the ug DNA/culture dish dropped 

from 1.26 ug DNA/well at time 0 hr to 0.62 ug DNA/culture 

well at time 72 hr. 

Subsequent manuscripts by Ewton et ale (1984) and 

FIorini (1984) have led to their present conclusion that 

culture conditions play an important role when proliferation 

or differentiation are observed upon the addition of specific 

treatments. These previous data indicate that experimenta

tion of this nature must be scrutinized carefully for any 

inconsistancies brought about by cell culture conditions. 

Although FIorini (1984) expounds upon the fact that "the 

somatomedins are the most active stimulators of muscle growth 

that I have seen in more than twenty years of research on 

the endocrine control of anabolic processes in muscle," he 

also admits that "the mechanism of this (somatomedin) stimu

lation of (myoblast) differentiation remains to be estab

lished." 

Purpose 

These previous examples of published literature, 

covering details of the somatomedin, or insulin, induction 

of proliferation and differentiation of myogenic cells in 

vitro are representative of the present state of knowledge 
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in this area. Furthermore, studies of the effects of these 

moieties on the proliferation (differentiation?) of post

natal myogenic satellite cells has, yet, to be conducted. 

Because recent evidence has indicated that satellite cells 

are not the same, phenotypically, as either embryonic (Cossu 

.et al., 1980; Cossu et al., 1983) or neonatal (Allen et al., 

1982) myoblasts, basic studies of the action of somatomedins 

on satellite cells are critical to our understanding of the 

mechanisms of their action in regulating postnatal muscle 

growth. Therefore, the purpose of this investigation was to 

study the effects of physiologic levels of somatomedins and 

pharmacologic levels of insulin en primary cultures of rat 

satellite cells. The hypothesis being tested was that soma

tomedins, or insulin acting via the Type I IGF receptor, have 

the ability to promote proliferation of myogenic satellite 

cells. The specific objectives of this study were two-fold: 

first, to document the extent of ovine somatomedin, multi

plication stimulating activity/rat insulin-like growth factor 

II and insulin induction of satellite cell proliferation and 

second, to define the basic mechanism of interaction of these 

moieties at the receptor level. 



CHAPTER TWO 

MATERIALS AND METHODS 

Animals 

Adult, male Sprague Dawley rats (200 to 300 g) were 

obtained from the Division of Animal Resourses, University 

of Ar i zona (Tucson, Ar i zona) • 

General Reagents and 
Tissue-cultureware 

Medium, serum, penicillin, streptomycin and Deutsch 

fetuin were purchased from Gibco (Grand Island Biological 

Co., Grand Island, N.Y.). Fibroblast growth factor, bovine 

serum albumin (BSA)-linoleic acid, selenium and fibronectin 

were purchased from Collaborative Research, Inc. (Waltham, 

Ma.). Gentamicin was purchased from Schering Corp. (Union, 

N.J.), and pronase was purchased from Calbiochem (La Jolla, 

Ca.). The following materials were obtained from Sigma 

Chemical Co. (St. Louis, Mo.): HEPES buffer (N-2-hydroxy-

ethlypiperazine-N'-2-ethanesulfonic acid), magnesium sul-

fate, potassium chloride, D-glucose, EDTA (ethylenediamine-

tetraacetic acid), sodium acetate, and calcium chloride. 

Centrifuge tubes were obtained from Falcon Co. (Oxnard, Ca.) 

and tissue culture plastic-ware was obtained from Nunc 

Intermed (Vangard International Inc., Neptune, N.J.). 

64 
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Hormones 

Multiplication Stimulating Activity/rat Insulin

Like Growth Factor-II. Multiplication stimulating act

ivity/rat Insulin-Like Growth Factor-II (MSA/rIGF-II) was 

generously supplied by Dr~ J. R. FIorini, Syracuse Univers

ity (Syracuse N.Y.). In brief, ·this material was purified 

by the general procedures of Dulak and Temin (1973), follow

ed by further purification over a Fractogel HW-55 (H) column 

as described (FIorini, 1984). The MSA/rIGF-II isolated in 

this manner was determined to contain only one polypeptide 

component (Mr = 7500 daltons) following chromatography and 

SDS gel electrophoresis (FIorini, personal communication); 

no activity estimate of the MSA-rIGF-II preparation was 

available prior to the experimentation reported herein. 

Ovine Somatomedin. Ovine somatomedin (oSm) was 

donated by Dr. K. Hossner, University of Idaho (Moscow, 

Idaho). In brief, this material was obtained from young, 

adult sheep serum following a purification procedure (Hos

sner et al., 1985) which included 55% ammonium sulfate pre

cipitation followed by cation exchange chromatography with 

a step-wise elution from pH 2.85 through pH 8.0. The active 

eluate from the cation exchange column was then subjected to 

Sephadex G-50 chromatography. Sephadex G-50 activity eluted 

with myoglobin (Mb) peptide I standard of CNBr-digested Mb. 

Fraction 4 from the Sephadex column was then dialyzed 
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against distilled watei, lyophilized and stored at -70 C in 

siliconized vials. Specific activity of the G-50 prepara

tion was 2.6 U nonsuppressible insulin-like activity per 

gram as determined by the insulin-like growth factor adipo

cyte bioassay (Gleiman, 1967). The oSm preparation gave a 

single, silver-stained band co-electrophoresi~g with CNBr 

Mb-I when electrophoresed in the SDS-polyacrylamide gel sys

tem of Merle and Kadenbach (1980). This preparation was 

used for all studies, with the exception of the"half-maximal 

stimulation of proliferation determination, the comparison 

of the proliferation induced by half-maximal concentrations 

of polypeptides and for all binding studies. For these 

studies the oSm activity from the Sephadex G-50 column was 

subjected to further purification by HPLC methods (Hossner 

et al., 1985). 

Human Insulin-Like Growth Factor-I. Recombin-

antly produced human insulin-like growth factor-I (IGF-I) 

was purchased from Amgen Biologicals (Thousand Oaks, Ca.). 

This preparation was 99% pure and 109% active, as measured 

by HPLC and radioimmunoassay, respectively. No biological 

activity measurement was available prior to this experiment

ation. 

Insulin. Bovine insulin was purchased from 

Collaborative Research Inc. (Waltham, Ma.). The commercial

ly defined specific activity of lot #83-262 was 2.2 X 10- 5 
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insulin units per nanogram insulin. This preparation had 

1.16 ppm glucacon and 16.0 ppm proinsu1in contaminants, as 

measured by radioimmunoassay. 

Satellite Cell Cultures 

Primary cultures of rat muscle satellite cells were 

established by a method that was modified from the origiona1 

procedure described by Bischoff (1974). Modifications and 

our present culture protocol have been previously described 

(Allen et a1., 1980). 

Proliferative Studies. For all proliferative 

studies in which horse serum was a constituent of the sup

port medium, the treatment protocol was as follows: Init

ially, satellite cells were plated in Du1becco's Modified 

Eagle Medium (DMEM) supplemented with 10% horse serum (HS). 

After 24 hr, cultures were switched to medium containing the 

treatments and 3% HS. Seventy-two hr later, cultures were 

exposed to DMEM-1% HS plus I ug linoleic acid/m1 medium. 

This medium has been shown to stop satellite cell prolifera

tion and uniformly induce the differentiation of satellite 

cells in vitro (Allen et a1., 1984). Cells were exposed to 

"fusion Medium" for 48 hr. Cultures were then fixed with 

methanol, stained with giemsa and microscopically evaluated. 

The number of fused-cell myonuclei was used as the experi

mental index of satellite cell proliferation (Allen et a1., 

1984). Indeed, because these (primary) cultures contain 
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non-muscle cells as well as satellite cells, direct cell 

counts, DNA analysis or tritiated thymidine incorporation 

assays cannot be expected to yield reliable assessments of 

satellite cell proliferation. Consequently, our laboratory 

currently resorts to an indirect approach to estimating sat

ellite cell proliferation by subjecting cultures to a fusion 

induction period following the proliferation treatment per

iod and prior to fixing and staining the cultures. Since 

fusion induction depresses proliferation and induces fusion, 

we have used the final number of myotube nuclei as an index 

of the extent of satellite cell proliferation during the 

preceeding proliferation treatment period. In our previous 

experience with this approach (Allen et al., 1984), and as 

indicated in figure 1 (each point represents the Mean ± SE 

of greater than four wells each), total cell numbers increase 

in concert with myotube nuclei numbers and fusion percentage 

remains relatively constant. Therefore, we have attributed 

the effects of these hormones primarily to a stimulation of 

proliferation and not strictly to effects on differentiation 

and fusion, although insulin and the IGF's have been report

ed to effect both the differentiation and fusion of clono

myogenic cells, embryonic myogenic cells and neonatal myo

blasts (Ewton and FIorini, 1981; Schmid et al., 1983; 

FIorini, 1984). 

The experimental protocol for studies conducted in a 

serum-free, defined medium was as follows: At the end of a 
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48 hr initial plating period, cultures were switched from 

110% HS-containing medium to a defined medium consisting of 

75% DMEM and 25% MCDB-lf04 medium (Gibco) supplemented with 

0.375 ng selenium/m1, 250 ug fetuin/ml, 110-6 M dexametha

sone/ml, 10-9 M insulin/ml, 1.0 ug linoleic acid/ml and 

710 

1010 ng fibroblast growth factor/ml medium. Cells were ex

posed to nanogram amounts of the treatment polypeptides for 

48 to 72 hr. Treatment cultures were then fixed, stained 

and evaluated as described previously. 

Binding Studies. In general, satellite cells 

were prepared for the binding studies in two ways: - First, 

cells utilized for the definition of binding/inhibition of 

-binding by different growth factors were, initially, seeded 

into 35 rom diameter, fibronectin-coated tissue culture 

plates. These cells (usually seeded at 2 to 3 g tissue 

equivalence/plate) were then exposed to DMEM-15% HS for three 

to four days to insure that all cells were in the prolifera

tive mode. When approximately 2% of the cells began to un

dergo fusion (as measured by subjective/morphological obser

vations with a phase contrast microscope) the cultures were 

analysed as described (Cell Binding Assay). One exception 

to this general culture protocol should be noted: Cells used 

for the bifunctional affinity labelling (Crosslinking Exper~ 

iments) experiments were, initially, seeded- into 144 rom dia

meter plates, not 35 rom diameter plates; however, cell 
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propagation and analysis as to when to use the cultures were 

the same as described previously. The second satellite cell 

culture protocol was used for the receptor-regulation binding 

studies. This protocol utilized similar seeding and propag

ation periods as described previously. However, following 

the 3 to 4 day proliferation period, cultures were washed 

three times with DMEM supplemented with antibiotics, then 

fed 2.0 ml defined treatment medium containing the treatment 

polypeptides as described. Following a 24 hr exposure to 

the treatment polypeptides, cultures were analysed as de

scribed (Cell Binding Assay) to determine if previous expos

ure to related polypeptides aided/inhibited hormone binding 

to their receptors. 

Radioactive Polypeptides 

Radiolabeled MSA/rIGF-II. The 125I-radiolab-

eled MSA/rIGF-II (153 uCi/ug rIGF-II) used for all MSA/rIGF

II binding and affinity labelling studies was obtained as a 

gift from Dr. Michele C. Smith of the Lilly Research Labora

tories (Indianapolis, In.). 

Radiolabeled Insulin and oSm. The 125I-radio

labeled insulin and oSm were generated by iodination using a 

slightly modified version of the iodobead method reported by 

Miskimis and Shimizu (1984). In brief, this procedure was 

as follows: 3.3 ug of polypeptide standard (Insulin was pur

chased from Collaborative Research, Inc. as described 
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previously; post-HPLC oSm preparation B-ll was obtained from 

Dr. Kim Hossner University of Idaho) hydrated in 10 ul of 

0.05 N HCl was aliquoted into a microcap v-vial. Twenty ul 

(each) of 0.2 M phosphate buffer (pH = 7.4) and sterile water 

was added. One millicurrie of carrier-free 125 1 (Amer-

sham Corp., Arlington Heights, II.) was added to the reac

tion vial; the contents were mixed briefly, and one iodobead 

(N-chloro-benzenesulfonamide-Na salt; Pierce Chemical Co., 

Rockford, II.) was then added. Following a 10 min mixing/ 

incubation period, 100 ul of tyrosine (1 mg/ml sterile water) 

was added to the reaction vial. After a brief mixing period, 

one, 1 ul aliquot was taken from the reaction vial diluted 

with PBS (pH = 7.4) and counted in a Beckman Gamma 4000 gamma 

counter (125I-counting efficiency was 70%; Beckman Instru

ments, Inc., Fullerton, Ca.) in order to determine the exact 

amount of total radioactivity used for the iodination. The 

remaining liquid volume of the reaction vial (159 ul) was 

loaded onto a 0.5 x 12 cm (5 ml vol) pre-formed, pre-equil

ibrated (equilibration was completed by pre-exposing the col

umn beads with 0.3 M PBS containing 0.1 M NaCl and 1 mg/ml 

BSA; pH = 7.4), P-4 (fine) column (Bio-Rad Laboratories, 

Richmond, Ca.) at 4 C to separate the iodinated polypeptide 

fraction from the unconjugated l25iodine. The reaction 

vial was washed again with 100 ul of tyrosine solution and 

this washing was also applied to the column (total vol added 

to the P-4 column was approximately 260 ul). Column 
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fractions of 200 to 300 ul each were collected; 2 ul of which 

were counted in a Beckman Gamma 4000 gamma counter. Total 

protein Rnd 125iodine recovery values were determined by 

dividing the amount of protein, or radioactivity that eluted 

from the column by the total amount of protein, or activity, 

that was applied to the column; recoveries were greater than 

99 % for oSm and ranged from 0.85 to 0.92 of imput cpm for 

the 125iodine. The recovery values were then used as ad

justment factors for the determination of the percent 125 io_ 

dine incorporated as 125 I _oSm • For example, if 9 x 10 12 cpm 

125iodine were initially loaded onto the P-4 column, but 

only 92 % of the total cpm eluted from the column, then the 

adjusted amount of 8.3 x 1012 cpm would be used as the total 

amount of radioactivity present. The percent of 125iodine 

incorporated as l25 I _oSm can then be calculated as the 

amount of radioactivity that eluted from the column bound to 

oSm, divided by the adjusted amount of total radioactivity. 

Incorporation values ranged from 16 to 20 % for oSm and was 

64 % for the insulin iodination. Specific activities were 

determined as the ratio of peak (bound) activity divided by 

the adjusted polypeptide (recovery) amounts. Specific act

ivities calculated in this manner ranged from 17 to 26 uCi/ 

ug oSm and was 190 uCi/ug of insulin. 
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Cell Binding Assay 

The quantitation o~ insulin and IGF binding to cells, 

in vitro, was accomplished by using a previously described 

protocol (Shimizu and Shimizu, 1980). In brief, these assay 

procedures were as follows: 35 rom diameter tissue culture 

plates containing cells to be analyzed were placed on ice 

and washed twice with ice-cold binding buffer consisting of 

0.1 M HEPES, 0.12 M NaCl (F isher Scient i f ic Co., Fai r Lawn, 

N.J.), 0.0012 M MgS0 4 , 0.005 M KCl, 0.01 M D-glucose, 0.001 

M EDTA, 0.015 M Na-acetate, 0.002 M CaC1 2 and ~% BSA adjust

ed to pH 7.9. Treatment polypeptides contained in either 

phosphate buffered saline at pH 7.2, or in 0.01 N HCl, ap

proximately 2.0 x 105 cpm of 125I-radiolabeledpolypep-

tide and binding buffer were then added to a final volume of 

1.0ml. Excess non-radiolabeled polypeptide (assay specif-

ic) was added to nonspecific binding (NSB) plates. In addi

tion, in each assay at least one 35 mm diameter plate was 

reserved for the determination of the total cells/plate; 

these plates were subjected to trypsin/EDTA-induced cell de

tachment and haemocytometer (Improved Neubauer Ultra Plane; 

Hausser Scientific Co., Blue Bell, Pa.) quantitation. Cell 

numbers per plate varied by experiment. However, only plates 

which contained from 5.6 x 10 4 to 1.05 x 10 5 were used 

for binding related studies. Treatment and NSB plates were 

then floated on top of 15 C water for a 90 min inCUbation 

period. Following incubation, all plates were washed three 



times with 2.0 ml ice-cold binding buffer then solubilized 

wi th 1.0 ml (each) of 0.5 N NaOH. The dissol ved cells of 

each plate were then counted in a Beckman Gamma 4000 gamma 

counter. Data were adjusted for NSB and presented as the 

percent of control counts as described. 

Crosslinking Studies 

75 

Crosslinking of l25I-labeled IGF's to their 

receptors was achieved by using the previously described 

procedures (Pilch and Czech, 1980). In brief, these proced

ures invol veJ the following protocol: Satell i te cells were 

de.tached from 144 mm diameter dishes through the use of 

phosphate buffered saline containing 1.0 mM EDTA. The col

lected cells were washed twice with ice-cold binding buffer 

containing 1% BSA then resuspended in the same buffer plus 

the assay-specific l25I-radiolabelled IGF (2 to 5 x 10 6 

cpm/15 ml tube). In addition, excess quantities of unlabel

ed hormones were added in NSB and parallel tubes to be used 

as competetion antagonists. Tubes were incubated at 15 C 

for 90 min; at the end of this period the cell suspension 

was layered over 3.0 ml of binding buffer containing 2.5% 

BSA and centrifuged for 6 min at 1000 x g (Damon/ICE model 

Hn-SII centrifuge with swinging buckets) at 4 C to separate 

free from bound labeled species. The cell pellet was washed 

twice with 2.0 ml of binding buffer (without BSA) and was 

resuspended in the same buffer (final volume of 1.0 ml). 
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Ten microliters (400 ug) of disuccimidyl suberate (3.0 mg/75 

ul dimethyl sulfoxide) was added to each tube and allowed to 

incubate at 4 C for 10 min. At the end of the incubation 

period, 2.0 ml of 0.25 M succrose containing 1 mM phenyl

methylsulfonylfluoride (PMSF) was added and the cells were 

pelleted by centrifugation at 1000 x g for 6 min at 4 C. 

Cells were then resuspended in 1.0 ml SEAT buffer (0.25 M 

succrose, 1.0 mM EDTA, 1 mM PMSF and 10 mM triethanolamine) 

at pH 7.4, homogenized, centrifuged and the supe~natant 

(membrane fraction) was collected. This procedure was con-

ducted twice, retaining the supernatants each time. A crude 

membrane pellet was then collected by centrifugation of the 

supernatant fraction at 31,000 x g (Beckman J-2l; J-20 rotor; 

Beckman Instruments, Fullerton, Ca.) for 1.0 hr at 4 C. The 

pellet was resuspended in 50 ul (total) of 10% glycerol, 2% 

SDS, 5% mercaptoethanol, 50 uM dithiothreitol, 62.5 mM Tris

HCl and 1% bromophenol blue (final volumes) for subsequent 

analysis by electrophoresis. Electrophoretic separation was 

carried out (using a 3.5% stacking gel and a 7.0% separation 

gel) using the polyacrylamide system described by Laemmli 

(1970). After electrophoresis, gels were stained with Comas

sie Brilliant Blue, destained with 7% acetic acid, preserved 

with a solution composed of 25% ethanol, 10% acetic acid and 

5% glycerol and dried in preparation for autoradiography. 

Dried gels were exposed to Kodak X-OMAT AR (XAR-5) x-ray 

film at -70 C using a DuPont Lightening Plus II AB enhancing 
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system for 1 to 3 weeks prior to development (5 min develop

er, 30 sec stop, 5 min fixer and 10 min H20 wash) of the 

film. 

Statistical Analysis 

Linear regression analysis (Nie et al., 1975) was 

used for the definition of all analysed log-dose/response 

lines. Slope homogeneity tests were as described previously 

(Steel and Torrie, 1960). All other data analyses were as 

described in (Nie et al., 1975). 



CHAPTER 3 

RESULTS 

Study One 

Proliferative Studies in Serum-Containing Medium 

In the presence of serum supplemented with 10-7 M 

dexamethasone satellite cells plated at an initial density 

of 0.3 g muscle/well responded to all insulin-like growth 

factor (IGF) moieties in a dose-dependent manner (Fig. 2). 

without dexamethasone, only pharmacologic levels of insulin 

produced a perceptible proliferative response. Log-dose/ 

response line characteristics for insulin in the presence 

(n = 6 wells/point) and absence (n = 3 wells/point) of dexa

methasone were r = 0.38, b = 20.92 and r = 0.76, b = 21.19, 

respectively. For MSA/rIGF-II, in the presence (n = 3 

wells/point) and absence (n = 3 wells/point) of dexametha

sone, r = 0.66, b = 28.0 and r = 0.37, b = 9.69, respectiv

ely. For oSm, with (n = 3 wells/point) and without (n = 3 

wells/point) dexamethasone r = 0.41, b = 42.81 and r = 0.33, 

b = -16.16, respectively. Slope homogeneity test results 

for experiments in the presence and absence of 10- 7 M 

dexamethasone revealed that slopes were not different 

(P > 0.05) for insulin, but tended to be different for MSA/ 

rIGF-II (P < 0.25) and extremely different for oSm 

(P < 0.05). 
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Proliferative Studies in Defined Medium 

In serum-free defined medium (Fig. 3) all polypep

tides promoted proliferation in a dose-dependent manner. It 

should be noted that 10-7 M dexamethasone was a constituent 

of this medium. These data indicate that satellite cells, 

plated at an initial density of 0.3 g muscle/well, were more 

sensitive to both somatomedin/IGF moieties than to insulin, 

and more sensitive to oSm than to MSA/rIGF-II. Indeed, the 

concentration of polypeptides which promoted half-maximal 

stimulation of satellite cell proliferation was 6.0 ng high

ly purified oSm/m1 (n = 4 wells/point), 15.0 ng MSA/ml 

(n = 5 wells/point) and 1295 ng insulin/ml (n = 3 we1ls/ 

point) med i urn. 

A direct comparison of satellite cell proliferation 

induced by these polypeptides, at their half-maximal concen

trations (Fig. 4) showed that insulin (bar represents the 

Mean ± SE of 10 wells) and oSm (bar represents the Mean 

± SE of 7 wells) induced a similar degree of proliferation 

(P > 0.05). MSA/rIGF-II (bar represents the Mean ;t SE of 7 

wells) however, promoted less (P < 0.05) satellite cell pro-

liferation, indicating a difference in responsiveness of 

these cells to the different IGF moieties; initial satellite 

cell density was 0.3 g muscle/well. 

The data presented in figure 5 show the prolifera

tion induced by oSm and MSA/rIGF-II in the presence of sat

urating levels of insulin. Linear regression log-dose/ 
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response line characteristics for Panel A were r = 0.87 and 

b = 5.11; r = 0.73 and b = 0.19 for MSA/rIGF-II (n = 4 

wells/point) and oSm (n = 5 wells/point), respectively. For 

Panel B log-dose response line characteristics were r = 0.72 

and b = 0.34; r = 0.11 and b = 0.03 for MSA/rIGF-II and oSm, 

respectively. Further analysis of these data revealed that 

there were no significant differences between any oSm treat

ment point in either experiment and the control (P > 0.05). 

However, differences were observed between 7.5 and 100 ng 

MSA/ml medium and the control (P < 0.05) of Experiment ~, as 

well as 100 (P < 0.10) and 135 (P < 0.05) ng MSA/rIGF-II/ml 

medium of Experiment B. The data derived from these two 

experiments indicate that an additive effect was readily 

apparent when MSA/rIGF-II was present along with concentra

tions of insulin that result in a maximal proliferative res

ponse; there was no additive effect with insulin and oSm, 

however. Collectively, these data provide evidence to sug

gest that the somatomedins are potent mitogenic agents for 

satellite cells in vitro and that MSA/rIGF-II does not 

operate through a similar mechanism to that of oSm to induce 

proliferation. 

Study ~ 

Since MSA/rIGF-II el1icited its proliferative res

ponse(s) in a manner unlike oSm or insulin, further experi

mentation was conducted to define the receptor type 
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responsible for MSA/rIGF-II action. Primary cultures of 

myogenic satellite cells were analysed for their ability to 

bind l25I-MSA/rIGF-II. Results of an initial study to 

define the relationship of 125I-MSA/rIGF-II binding in 

the presence of insulin, MSA/rIGF-II and oSm are presented 

in figure 6. Maximum specific binding ranged from 2.0 % to 

4.0 % of total input cpm, with input mass ranging from 2.3 

to 2.5 ng 125I-MSA/rIGF-II per well. Inhibition of 

l25I-MSA/rIGF-II binding occured with the addition of MSA/ 

rIGF-II and oSm, but not with insulin. A closer examination 

of these data revealed that approximately l00ng MSA/rIGF-II 

per ml (1.3 x 10-8 M) and 200 ng oSm per ml (2.9 x 10-8 M) 

inhibited binding by approximately 50 %. High levels of 

oSm appeared as efficient as high levels of MSA/rIGF-II in 

inhibiting l25I-MSA/rIGF-II binding. No competition for 

l25I-MSA/rIGF-II binding was observed with any level of 

insulin (55 pg to 55 ug insulin/ml). 

Although the competitive binding experiments suggest 

that MSA/rIGF-II is binding to a Type II receptor, identif

ication of the MSA/rIGF-II receptor-complex was more defin

itively established by affinity labeling experiments; the 

results of which are presented in figure 7. Localization 

of a radiolabeled band near Mr 220,000 daltons (Lane A) 

is consistant with MSA/rIGF-II binding to Type II IGF recep

tors (Massague and Czech, 1982; Rechler et al., 1983). 

Binding of l25I-MSA/rIGF-II was not inhibited by the 
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addition of 20 ug insulin (Lane B), was partially blocked by 

2.5 ug oSm (Lane C) and appeared to be completely inhibited 

by the addition of 5 ug MSA/rIGF-II (Lane D). The relative 

potencies of these IGF-like polypeptides to inhibit MSA/ 

rIGF-II bi~ding are in agreement with the previous data 

derived from competition curve analyses. Consequently, it 

appears that MSA/rIGF-II is interacting with satellite cells 

through the IGF Type II receptor. 

MSA/rIGF-II has been shown to induce proliferation 

of myogenic satellite cells under conditions in which it is 

presumed that both insulin and Type I IGF receptors are sat

urated (Study 1). However, based upon the postulate that 

the Type II IGF receptor may not be capable of mediating the 

proliferative effects of MSA/rIGF-II (Mattola and Czech, 

1984), a closer examination of this process appears neces

sary. Under the conditions described in Study 1, it is pos

ible that MSA/rIGF-II might actually be signaling its pro

liferative effects by enhancing the responsiveness of either 

the insulin or Type I IGF receptor systems. To test this 

posibility, satellite cells were preincubated in defined 

medium containing increasing concentrations of MSA/rIGF-II 

and 2750 ng insulin per mI. Incubation conditions were as 

described in METHODS. The data presented in figure 8 indi

cate that preincubation with any of the three levels of MSA/ 

rIGF-II in the p~esence of 2750 ng insulin/ml treatment med

ium resulted in decreased l25 I _oSm binding. Consequently, 
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these data are inconsistant with the posibility that MSA/ 

rIGF-II signals its proliferative effects indirectly by mod

ulating the Type I IGF receptor system. 

In' similar experiments the modulation of MSA/rIGF-II 

binding was also studied. Based on a previous report that 

insulin may up-regulate Type II' IGF receptors (Oka et,al., 

1984), it seemed important to determine the effect of insu

lin, oSm and MSA/rIGF-II on the number and availability of 

Type II IGF receptors. Following a 24 hr preincubation per

iod with increasing concentrations of insulin, oSm or MSA/ 

rIGF-II, l25I-MSA/rIGF-II binding was determined. The re

sults of this study (Fig. 9) demonstrate that prior exposure 

to either oSm or MSA/rIGF-II decreased Type II IGF receptor 

binding of l25I-MSA/rIGF-II. This reduction in l25 I _MSA/ 

rIGF-II binding appeared to be independent of the preincuba

tion treatment concentration. Preincubation with insulin, 

however, resulted in enhanced binding of 125I-MSA/rIGF-II 

to the Type II IGF receptor system. Interestingly, preincu

bation with pharmacologic concentrations of insulin appeared 

to ellicit lower l25I-MSA/rIGF-II binding in contrast to the 

up-regulation observed with physiologic levels of insulin. 

Furthermore, it appeared that l25I-MSA/rIGF-II binding was 

inhibited in a dose-dependent manner by previous exposure to 

pharmacologic levels of insulin. 
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Study l 

In addition to the MSA/rJGF-II receptor identifica

tion question, another point was generated by Study 1 which 

needed further experimental definition. This latter point 

involved the specific identity of oSm. Even though the data 

produced by Study 1 indicated that oSm was IGF-I-like in its 

proliferative properties, more definitive studies of the 

characteristics of oSm are needed to clarify the relation

ship of oSm to IGF-I and IGF-II. In an initial attempt to 

elucidate the nature of oSm, competition of l25I_OS~ bind

ing to myogenic satellite cells was conducted; the results 

are presented in figure 10. Each point represents single 

observations that were adjusted to account for non-specific 

binding and control values. Maximum specific binding ranged 

from 0.6 to 1.04 % per 200,000 cellse In general, all poly

peptides tested (insulin, MSA/rIGF-II and oSm) competed for 

125 I _oSm binding. MSA/rIGF-II appeared as efficient as oSm 

in inhibiting l25 I _oSm binding at MSA/rIGF-II levels less 

than 100 ng MSA/rIGF-II per mI. However, at higher levels, 

oSm appeared to be more efficient. Indeed, complete inhibi

tion of l25 I _oSm was observed with 1.0 ug oSm, while 5.0 

ug MSA/rIGF-II, per ml was needed to facilitate a similar 

response. Interestingly, insulin at levels less than 10 ng 

insulin/ml actually promoted an increase in l25 I _oSm incor

poration. At higher levels, however, insulin was the least 

efficient of all challenge polypeptides, as evidenced by the 



.......... 
--1 

~ 100 
I-
Z 
8 80 
~ o ........, 
Cl 
z 
:::> 
o 40 
CD 

E 
Cf) 
o .....--. ...-. 
~ 0 
N -

o 

o 

INSULIN 

0.1 1.0 10 100 1000 10,000 

NANOGRAMS/ml 
Figure 10. Competition of 125 I _oSm binding to myogenic satellite 

cells by oSm, MSA/rIGF-II and insulin. \0 
W 



94 

fact that only 67 % inhibition of l25 I _oSm binding was ob

served with the addition of as much as 5.5 ug insulin. 

The observation that insulin addition ellicited a de

crease in l25 I _oSm binding suggests that oSm might be more 

similar to IGF-I than to IGF-II. The proliferative data of 

Study 1 introduced this idea and collaborative evidence was 

derived from both the binding and crosslinking data of Study 

2. To further define the possibility that oSm may be the 

ovine analog to IGF-I, competitive binding experiments were 

conducted with unlabeled recombinately-produced IGF-I and 

l25 I _oSm • The data presented (Fig. 11) include the re-

sults of two experiments in which consistent resulted were 

observed. Each bar represents single observations that were 

adjusted for non-specific binding and controls. These data 

illustrate a dose-dependent decrease in l25 I _oSm binding 

with proportionately increasing levels of IGF-I added; thus 

these data are consistent with the previous postulate that 

oSm might, indeed, represent the ovine analog to human IGF-I. 

Modulation of the Type I IGF receptor and oSm bind

ing was studied in experiments analogous to the MSA/rIGF-11 

receptor regulation studies. The influence of preincubation 

of satellite cells with three levels of insulin, MSA/r1GF-1I 

or oSm and the subsequent determination of binding of 1251 _ 

oSm are presented in figure 12. Each point represents the 

Mean ± SE of 4 (insulin), 3 (oSm) and 3 (MSA/r1GF-11) 35 mm 
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diameter treatment plates. Contrary to the data reported 

for the Type II IGF receptor system (Study 2), all moieties 

in this experiment decreased the ability of satellite cells 

to bind 125 I _oSm• Indeed, both oSm and MSA/rIGF-II pre

incubation induced similar receptor down-regulation, while 

insulin evoked no appreciable effect on 125 I _oSm binding 

at levels of insulin less than 550 ng insulin/mI. At higher 

concentrations, however, insulin pre-exposure did result in 

subsequent down-regulation of Type I IGF receptors which is 

consistent with the previous observation that supraphysio

logic levels of insulin are required before insulin can 

cross-react and bind to the Type I IGF receptor system (Van 

Wyk and Underwood, 1978). 



CHAPTER 4 

DISCUSSION 

Study ! 

Postnatal skeletal muscle growth depends on the 

proliferation and differentiation of satellite cells, 

because these events lead to the addition of myonuclei to 

fibers. However, the physiologic triggers for satellite cell 

activity have not been verified. This is due in large part 

to the sparse distribution of satellite cells in postnatal 

muscle and the difficulty involved in studying satellite cell 

activity in vivo. Study one, has attempted to delineate some 

of the factors that could be important regulators of satel

lite cell activity by documenting the in vitro responsiveness 

of primary cultures of skeletal muscle satellite cells to 

oSm, MSA/rIGF-II and insulin. 

Initial experiments were conducted in the presence 

of serum-containing medium. In addition, based upon pre

vious studies with insulin (Gospodarowicz and Moran, 1974) 

and somatomedin-C/IGF-I (Conover et al., 1983), the effect 

of dexamethasone on the mitogenic activity of these proteins 

was also evaluated. There seemed to be no synergistic 

effect of dexamethasone on the insulin-induced proliferative 

response, but oSm and MSA/rIGF-II induced responses only in 
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the presence of dexamethasone. Explainations presented by 

other investigators for similar observations (Gospodarowicz 

and Moran, 1974; Knutson et al., 1982; Conover et al., 1983; 

Sorimichi et al., 1983; Bennett et al., 1984) are that dexa

methasone may have an effect on receptor metabolism and 

availabili~y at the cell surface. For example, Bennett et 

aL (1984) noted a concentration-dependent increase in bind

ing of 125I-IGF-I to cultured rat bone cells with the add

ition of dexamethasone indicating that the dexamethasone fac

ilitation of this receptor'system is graded and not all or 

nothing which is what was theorized if dexamethasone only 

exerted its effects at the membrane level (Bennett et al., 

1984). Although the present e~periments offer very little 

new insight into the molecular mechanism of dexamethasone 

modulation of IGF receptors, these experiments serve to cau

tion against over-interpretation of negative in vitro data 

derived from experiments employing only one narrow set of 

medium conditions. 

Further examination of the proliferative effect(s) of 

oSm and MSA/rIGF-II were carried out in serum-free medium 

that is fully capable of supporting the proliferation and 

differentiation of satellite cells. Addition of treatment 

polypeptides to this defined medium permits the direct exam

ination of the effects of proposed proliferative agents on 

satellite cells without speculation as to the involvement of 

unknown serum constituents and without the unknown background 
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concentrations of naturally occuring agents in serum. This 

system also eliminates the possibility of complicating inter

actions with IGF binding proteins in serum. Again, all three 

proteins were able to stimulate the proliferation of satel

lite cells, ang half-maximal activity determinations demon

strate much greater sensitivity to the Sm/IGFs than to insu

lin, suggesting that the· mitogenic effect is mediated through 

IGF receptors and not insulin receptors. In this regard, 

these observations are in agreement with several other re

ports employing a variety of cell types (Straus, 1984). 

Assuming IGF receptors mediate the proliferative 

response to oSm and MSA/rIGF-II, identification of the 

specific IGF receptor class responsible for these stimula

tory activities could reveal important information about the 

regulation of satellite cell proliferation. The initial 

attempt to explore this problem is represented in the exper

iments in which proteins were compared at their respective 

half-maximal activities. If all three proteins were operat

ing through the same receptor, one would have expected to 

see comparable levels of stimulation; if two receptor sys

tems (presumably IGF type I and II receptors) were being 

employed, however, levels of stimulation could have differed 

when cells were challenged with half-maximal doses of the 

respective hormones. Results from this experiment demon

strate that stim~lation induced by insulin and oSm were 

comparable, but the level of stimulation induced by MSA/ 
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rIGF-II was significantly lower. This experiment indicated 

that satellite cells may possess both IGF receptor popula

tions and that both may be capable of mediating prolifera

tion. It also indicates that satellite cells are less re

sponsive to MSA/rIGF-II than to oSm and insulin. Because 

satellite cells function in postnatal muscle growth, "it 

should not be too surprising that the IGF often associated 

with prenatal development, IGF-II (Daughaday et a1., 1982) 

is not as potent as insulin, which should mimic the import

ant postnatal IGF (IGF-I). However, this experiment does 

not provide definitive evidence in support of this hypothes

is as only a 25 to 35% reduction in stimulation was observed 

with MSA/rIGF-II as compared to insulin and oSm. 

More compelling evidence for the ability of satel

lite cells to proliferate in response to IGFs operating 

through either type of IGF receptor comes from the experi

ments in which insulin was maintained in cultures at a con

centration that had previously been shown to stimUlate max

imal proliferation. Because of the cr~ss-reactivity of 

insulin with the type I receptor but not with the type II 

IGF receptor (Rech 1er, et a 1., 1980; De Vroede et a 1., 1984; 

Yu and Czech, 1984), insulin should have been saturating the 

type I IGF receptors and their ability to mediate prolifera

tion. The type II IGF receptors should not have been 

affected. Consequently, if MSA/rIGF-II was stimulating 

proliferation through the type I receptor, there should have 
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been no additive effect when MSA/rlGF-II was added to the 

insulin-containing medium. Furthermore, there should have 

been no additive effect with additional oSm, regardless of 

which IGF the 'oSm represented. The fact that oSm did not 

give an additive response while the presence of MSA/rIGF-II 

did result in an additional stimulation, provides evidenc~ 

for the following points: 1) the oSm prepared from young

adult sheep and employed in these experiments may be the 

ovine analogue of IGF-I, and 2) MSA/rIGF-II can stimulate 

satellite cell proliferation through the IGF type II recep

tor. This last point is in contrast to the observations of 

Yu and Czech (1984) regarding the actions of IGF-I and -II 

on the short-term metabolic activities of soleus muscle; 

their results indicated that the actions of both IGFs were 

being mediated through the type I receptor. One important 

difference between their experiments and those, in Study 1, 

may be in the biological responses being assayed; the exper

iment in Study 1 examined proliferation, a cell growth re

sponse, and not metabolite uptake, a metabolic response. 

An additional question raised by these experiments, 

taken into the context of the previous work of Yu and Czech 

(1984), concerns the mechanism of the IGF receptor mediated 

proliferation. One of the interesting attributes of several 

receptors that are involved in cell proliferation, such as 

the receptors for epidermal growth factor (Cohen et al., 

1982), the platelet-derived growth factor (Heldin et al., 
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1983), insu 1 in (Kasuga et a l., 1982; Shia et al., 1983) and 

IGF-I (Rubin et al., 1983; Jacobs et al., 1983) is their 

tyrosine kinase activity. In a report by Zick et ali (1984) 

the tyrosine kinase activity of the type. I receptor is de

scribed and the absence of tyrosine kinase activity assoc

iated with the type II receptor is documented. These 

experiments are, therefore, not totally consistent with the 

postulated association of receptor kinase activity with 

stimulation of cell proliferation by IGFs. 

These experiments provide the first documentation of 

the ability of somatomedins, or insulin-like growth factors 

to stimulate the proliferation of skeletal muscle satellite 

cells. Although the biological responses presented are 

consistent with the aforementioned interpretation of the 

involvement of both types of receptors in mediating the pro

liferative response, direct demonstration of the binding of 

IGFs to each receptor type under conditions that presumably 

stimulate proliferation through one type of IGF receptor or 

another need to be conducted. 

Study ~ 

MSA/rIGF-II has been postulated to exert its major 

growth effects during prenatal development (Daughaday et al., 

1982). Consequently, the observation that MSA/rIGF-II addi

tion to primary cultures of myogenic satellite cells resulted 

in increases in proliferation, presumably through Type II IGF 
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receptor interaction (Study 1), has prompted further explor

ation into possible mechanisms of satellite cell prolifera

tion as induced by MSA/rIGF-II. 

At present, the mechanism of MSA/rIGF-II-induced cell 

proliferation is not clear. Mattola and Czech (1984) report

ed that MSA/rIGF-II promoted DNA synthesis of H-35 rat hepa

toma cells by interacting with the insulin, and not the Type 

II IGF receptor. However, MSA/rIGF-II did enhance DNA syn

thesis of human skin fibroblasts when insulin receptors were 

blocked by anti-insulin receptor antibodies (King et al., 

1980). Subsequent studies indicated that skin fibroblasts 

possess few Type I IGF receptors (Mass ague and Czech, 1982). 

Therefore, MSA/rIGF-II may have been operating through the 

Type II IGF receptor to promote proliferation of skin fibro

b 1 a s t s as des c r i bed ( Kin get a 1 ., 19 80). A s 1 itt I e a s 10 n g 

MSA/rIGF-II per ml medium significantly induced prolifera

tion of F-9 carcinoma cells (Nagaraj an et a1., 1982). This 

observation, coupled with tracer binding d~ta which indicat

ed that insulin (10 ug/ml) did not compete for l25 I _MSA/ 

rIGF-II binding, led to the postulate that MSA/rIGF-II exerts 

its proliferative response(s) through IGF receptors (Nagara

jan et al., 1982) in F-9 carcinoma cells. 

The competitive binding experiments with satellite 

cell cultures appear consistent with the previously mentioned 

binding experiments in that insulin did not appear to compete 

for l25I-MSA/rIGF-II binding. This single observation 
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lends support to the contention that MSA/rIGF-II interacts 

with the Type II IGF receptor system and not IGF I or insulin 

receptors. Even though the oSm and MSA/rIGF-II competition 

curves were very similar, the lack of insulin competition 

leaves little doubt as to which system MSA/rIGF-II might be 

operating through. The subsequent crosslinking data provides 

concrete evidence that MSA/rIGF-II is binding to the Type II. 

IGF receptor under conditions employed in Study 1 in which 

MSA/rIGF-II appeared to be promoting satellite cell prolif

eration in the presence of saturating concentrations of in

sulin. As in the competition studies, insulin did not appear 

capable of eliciting a decrease in the magnitude of MSA/ 

rIGF-II binding to the Type II IGF receptor; oSm and MSA/ 

rIGF-II, however, had this ability. 

At this point, collective evidence from all of the 

satellite cell culture experiments suggests that MSA/rIGF-II 

stimulates proliferation through the Type II IGF receptor 

system. These experiments and this interpretation, however, 

are not consistent with the proposal that MSA/rIGF-II exerts 

its action through receptors other than the Type II IGF re

ceptor (Yu and Czech, 1984; Mattola and Czech, 1984). In 

view of this information, one additional experiment was con

ducted to examine the possibility that MSA/rIGF-II was acting 

on satellite cells to increase their sensitivity to IGF-I by 

up-regulating Type I IGF receptors. If this was the case, 

it would explain the additional proliferation induced by 
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MSA/rIGF-II in the presence of saturating concentrations of 

insulin. As indicated in RESULTS, various levels of MSA/ 

rIGF-II, in the presence of high concentrations of insulin, 

actually diminished the subsequent binding of 125 I _oSm• 

Consequently, all of the experiments with this cell system 

support the idea that MSA/rIGF-II can stimulate satellite 

cell proliferation through the IGF-Type II receptor. 

Based on the assumption that Type II IGF receptors 

and MSA/rIGF-II are important to the proliferative activity 

of satellite cells, the regulation of MSA/rIGF-II binding by 

MSA/rIGF-II, insulin and the ovine equivalent to IGF-I, oSm 

(Study 3) was examined. Binding patterns of IGF's, in gen

eral, have been shown to be altered by insulin (De Vroede et 

al., 1984; Aoams et al., 1983; Czech et al., 1983) and mem

bers of the IGF family of polypeptides (De Vroede et al., 

1984; Adams et al., 1983). In a variety of cell systems pre

incubation with insulin has been shown to enhance 125 I _MSA/ 

rIGF-II binding, suggesting that insulin may increase the 

amount or sensitivity of the Type II IGF receptor system ~e 

Vroede et al., 1984; Czech et al., 1983; Ashton and Soul, 

1984; Wardzala et al., 1984; Oka et al., 1984). On the 

other hand, preincubation with IGF-I or MSA/rIGF-II decreased 

1251 -MSA/r IGF-I I bi nding (De Vroede et a!., 1984); this 

demonstrates that both of these closely-related IGF's have 

the ability to down-regulate the Type II IGF receptor system. 
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In our satellite cell experiments, both oSm and MSA/ 

rIGF-II addition to the preincubation medium resulted in de

creased 125I-MSA/rIGF-II binding to cultured satellite 

cells, while pre-exposure to insulin increased. 125 I-MSA/ 

rIGF-II binding. The magnitude of insulin-induced up-regul

ation of this receptor system upon addition of physiologic 

levels of insulin, as compared to the decrease of 125 I _MSA/ 

rIGF-II binding when levels of insulin exceeded physiologic 

levels, demonstrate that signals mediated by the insulin re

ceptor are more effective in controling the Type II IGF re

ceptor system of satellite cells than are signals generated 

via Type I IGF receptors. 

The mechanism(s} involved in Type II IGF receptor 

signalling for cells, in 'general, remains obscure. This is 

due in large part by the idea that MSA/rIGF-II operates 

through other receptor systems (Mattola and Czech, 1984) and 

by the observation that the Type II IGF receptor does not 

posses a tyrosine kinase activity (Zick et a1., 1984); this 

activity has been touted as a likely mechanism by which both 

IGF-I (Rubin et al., 1983) and insulin (Yu and Czech, 1984) 

receptors might exert their signalling effects. The results 

of Studies 1 and 2 indicate that MSA/rIGF-II facilitates pro

liferation of myogenic satellite cells via interaction with 

the Type II IGF receptor system. However, the exact signals 

which mediate these proliferative events in satellite cells 

has not, as yet been defined. 
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Study 1 

Somatomedins have been purified from a number of 

sources including human serum (Van Wyk et a1., 1974; Rinder

knecht and Humbe1, 1976; Svoboda et a1., 1980) and condition

ed medium from a variety of in vitro cell systems (Dulak and 

Temin, 1973a; 1973b; Binoux et al., 1981; Mayer and Schalch, 

1983; Adams et a1., 1983; Atkison et a1., 1984). Not only 

have the somatomedins been shown to posses the capability of 

altering numerous biological properties of cells in vitro 

(Van Wyk et a1., 1981; F1orini, 1984), they have also been 

postulated to play important roles in the regulation of many 

growth processes in vivo (Verhoeven and Wilson, 1979; Laron, 

1982; Widmer et a1., 1983; La Cauza et a1., 1983). The most 

frequently studied somatomedins to date include somatomedin

c/human insulin-like growth factor I (Sm-C/IGF-I), multiplic

ation stimulating activity/rat insulin-like growth factor II 

(MSA/rIGF-II) and human insulin-like growth factor II (IGF

II) based on their availability for research purposes. How

ever, many other types of somatomedin/IGF moieties have been 

discovered including at least seven forms of MSA/rIGF-II 

(Moses et a1., 1980). In addition, Hossner et al. (1985) 

recently reported that a biologically active somatomedin

like polypeptide could be isolated from sheep serum. In this 

initial report with ovine somatomedin (oSm) , it was shown 

that oSm possesses the ability to induce 35S-su1fate in

corporation into isolated chick pelvic leaflets and could 
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(Hossner et al., 1985). 
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Through the course of the present experiments evi

dence has been accumulating to suggest that oSm is the ovine 

analogue of IGF-I. Indeed, the data presented in Study 1, 

not only provided the first evidence to suggest that oSm is 

a powerful mitogenic agent for myogenic satellite cells, they 

also introduced the idea that oSm might be facilitating its 

proliferative effects via the Type I IGF receptor system. 

This postulate was based on the observations that nanogram 

amounts of oSm could induce significant satellite cell pro

liferationbut not in the presence of saturating levels of 

insulin. Furthermore, data from Study 2 demonstrated that 

oSm could effectively inhibit 125I-MSA/rIGF-II from bind-

ing to Type II IGF receptors. This observation was manifest

ed both during simple competition curve analysis, as well as 

during disuccinimidYl suberate crosslinking studies. Insu

lin, however, could not compete with 125I-MSA/rIGF-II for 

binding to the Type II IGF receptors in either case. Conse

quently, these preceeding data suggest that oSm is not oper

ating through the Type II IGF receptor or the insulin recep

tor, but through the Type I IGF receptor system. These 

observations provided stimulus for additional experiments in 

an attempt to verify the identity of oSm. 

The ability of related polypeptides to compete with 

l25I_oSm for binding to satellite cell receptors revealed 
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that increasing concentrations of oSm, MSA/rIGF-II, IGF-I 

and insulin similarly affected proportionate decreases in 

125 I _osm binding. MSA/rIGF-II competition is consistent 

with numerous reports that either MSA/rIGF-II or IGF-II 

possess the ability to cross-react and bind to Type I IGF re-

ceptors in a variety of experimental systems (Zapf et al., 

1979; Massague and Czech, 1982; Trippel et al., 1983; Czech 

et al., 1983; Rech1er et al., 1983; De Vroede et a1., 1984). 

Interestingly, MSA/rIGF-II and oSm displayed similar poten

cies their ability to compete for 125I-oSmbinding in 

this system. This observation is not unique; similar obser-

vations have been reported on numerous occasions when MSA/ 

rIGF-II or IGF-II were used as competitive antagonists of 

125I_IGF_I binding (Zapf et a1., 1979; Rechler et al., 

1983). However, since the primary structure of oSm remains 

undefined, the preceeding MSA/rIGF-II competition data might 

also be interpreted that oSm is a MSA/rIGF-II or IGF-II 

analog. Previous data, however, indicate otherwise (Study 1 

and Study 2). 

Even though the IGF-I competition data presented in 

figure 11 also do not dispel the posibility that oSm might 

be operating through the Type II IGF receptor system, they 

do illustrate that IGF-I has the ability to inhibit 125 I _oSm 

binding to myogenic satellite cells. The insulin competi

tion of 125 I _oSm binding, however, strengthens the ar-

gument for the IGF-l-Iike nature of oSm. Only at 
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insulin levels between 100 ng to 5500 ng insulin/ml did ins

ulin appear capable of competing for 125 I _oSm binding; 

these observations are consistent with the ability of insulin 

to interact with Type I but not with Type II IG.F receptors. 

(Van Wyk et al., 1979; Massague and Czech, 1982; Czech et 

a1., 1983). Collectively the binding data, as well as the 

previous data (Study 1 and Study 2), provide firm supp~rt for 

the contention that oSm is interacting primarily with Type 

I IGF receptors of myogenic satellite cells. 

The most convincing evidence that would support this 

contention would be affinity labeling experiments that show 

crosslinking of 125 I _oSm to the alpha subunit (M r 135,000 

da1tons) of the Type I IGF receptor (Massague and Czech, 

1982; Czech et a1., 1983; Rech1er et al., 1983). Four un

sucessfu1 attempts have been made to crosslink 125 I _oSm to 

its satellite cell receptor. However, in none of the exper

iments did a band show up at Mr 135,000 daltons following 

autoradiography (data not shown). The two most likely reas

ons why crosslinking was unsucessful are the low specific 

activity of the 125 I _oSm and the inability to generate 

enough satellite cells to overcome the problem of the low 

~pecific activity. 

Low specific activity resulted from two different 

iodinations. In a check of the appropriateness of the iodin

ation protocol employed, insulin was treated similarly and a 

specific activity of 190 uCi/ug resulted; thus this 
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observation suggests that the iodobead method of iodination 

(Miskimis and Shimizu, 1984) was a proper one. Specific 

activities of 140 to 160 uCi/ug oSm have been achieved using 

Ch 1 orami ne-T (Hossner et a1., Persona 1 Communication). How

ever, in many instances Ch10ramine-T oxidation destroys the 

biological activity of the oSm standard used (Hossner et 

a1., Personal Communication). Based on the inability to 

crosslink 125 I _oSm to satellite cells with the present prep

aration, it appears that future cross1inking trials will have 

to employ Ch10ramine-T-produced 125 I _oSm , and the problem 

of possible lowered biological activity of the oSm prepara

tion will have to be monitored closely in order for data 

interpretation to be accurate. 

An additional exp1aination for the cross1inking 

failure might have been the cross1inking conditions employ

ed. The same protocol was used for both the 125I-MSA/rIGF-II 

and 125 I _oSm cross1inking studies (1 uM disuccinimidy1 

suberate for 10 min at 4 C). In these 125 I - oSm cross1ink

ing studies most of the radioactivity was associated with a 

high molecular weight aggregate that did not enter the sep

arating ge1. Kasuga et a1., (1982) moni tored IGF-I cross

linking to chicken embryo fibroblasts as a function of disuc

cinimidy1 suberate concentration and noted that a concentra

tion-dependent increase in 260 ki10da1ton dimers of the 

130,000 dalton a~pha subunit and an increase in the high 

molecular weight aggregates at the top of the gel. These 
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artifacts became pronounced at disuccinimidyl suberate con

centrations above 0.1 mM. In the satellite cell system, the 

disuccinimidyl suberate concentrations used for 125 I - oSm 

crosslinking might have been inappropriate. Because of the 

importance of the affinity labeling experiments, these stud

ies need to be continued to definitively address the ident

ity of oSm. 

Previous experiments (Study 1) indicate that oSm is 

a powerful mitogen; therefore, it seemed important to explore 

the regulation of oSm receptor (presumably the Type I IGF 

receptor) numbers on satellite cells. In an initial attempt 

to address this problem, satellite cells were preincubated 

with varying levels of insulin, MSA/rIGF-II and oSm for 24 

hr. Cultures were then used in a binding study to determine 

if pre-exposure to these polypeptides influenced the ability 

of satellite cells to bind 125 I - oSm • Experimental condi

tions, and analysis, were similar to that described for the 

125I-MSA/rIGF-II experiment (Study 2). However, contrary 

to the preceeding data with 125I-MSA/riGF-II , all 

polypeptides added to the preincubation media decreased the 

. ability of satellite cells to bind 125 I _oSm• Perhaps 

insulin was the most interesting of all moieties examined 

since binding of 125 I _oSm was depressed only at insulin 

concentrations greater than 550 ng mI. This observation is 

consistent with the fact that supraphysiologic levels of in

sulin are needed in order for insulin to bind to the Type I 
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IGF receptor system (Van Wyk et al., 1979; Massague and 

Czech, 1982). These data suggest that neither insulin, MSA/ 

rIGF-II nor oSm have the ability to up-regulate the presumed 

IGF Type I receptor on satellite cells, as does insulin in 

regulating the Type II IGF receptor (Study 2). If oSm were 

actually binding to insulin receptors, a greater down-regu

lation should have been observed at lower levels of added 

insulin. Furthermore, if oSm were more MSA/rIGF-II-like, 

insulin should have up-regulated the receptors that bound 

125 I _osm , as observed in Study 2 with 125I-MSA/rIGF-II 

and insulin-treated satellite cells. As neither of these 

two observations was evident it appears that oSm may indeed 

be operating through the Type I IGF receptor system. Even 

in the absence of the affinity labeling data, the biological 

activity of oSm, its binding characteristics and the regula

tion of its receptor indicate that oSm is more similar to 

IGF-I than to insulin or IGF-II. 



CHAPTER 5 

SUMMARY 

The observations presented in Study 1 provide the 

first demonstration that physiologic levels of somatomedins 

possess the inherent capibi1ity to promote proliferation of 

myogenic satellite cells in vitro. Ovine somatomedin was 

more potent than MSA/rIGF-II, and both moieties were more 

potent than insulin in inducing proliferation. The prolif

erative effects of the somatomedins appear only to be ex

pressed if dexamethasone is present in the treatment medium. 

This experimental observation hints that dexamethasone action 

on satellite cells might be affected, in part, through a 

common pathway as that of the somatomedins. The last experi

ment of this study provides initial data to indicate that 

MSA/rIGF-II facilitates satellite cell proliferation via 

interaction with the Type II IGF receptor system while oSm 

induces proliferation of satellite cells by a different rec

eptor type. 

Experiments in Study 2 extend the observations in 

Study 1 by defining the binding of MSA/rIGF-II to satellite 

cells. Competitive binding experiments indicated that MSA/ 

rIGF-II was, indeed, binding to the Type II IGF receptor; 

this was particularly evident in the failure of insulin to 
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inhibit 125I-MSA/rIGF-II binding. MSA/rIGF-II binding 

was further characterized in affinity labeling experiments 

that documented binding of 125I-MSA/rIGF-II to a 220,000 

dalton protein, which is consistent with the binding of MSA/ 

rIGF-II to Type II IGF receptors. Although these experiments 

indicate that MSA/rIGF-II is bin9ing to the Type II IGF re

ceptor, they do not conclusively demonstrate that the Type 

II receptor is mediating the proliferative response. Addi

tional experimentation was conducted to explore the possib

ility that MSA/rIGF-II could be acting indirectly on the 

Type I IGF receptor. The influence of MSA/rIGF-II preincub

ation on the ability of satellite cells to subsequently bind 

125 I _oSm was studied, and rather than up-regulating the Type 

I IGF receptor system, MSA/rIGF-II decreased 125 I _oSm bind

ing. Consequently, all of these experiments suggest that 

MSA/rIGF-II facilitates satellite cell proliferation by sig

nals generated through the Type II IGF receptor. Further

more, preincubation of satellite cells with MSA/rIGF-II, oSm 

and insulin had effects on subsequent 125I-MSA/rIGF-II bind

ing; insulin had the ability to up-regulate the Type II IGF 

receptor system, whereas the receptors were down-regulated 

by MSA/rIGF-II and oSm. 

Data from the previous studies have indicated that 

oSm is the ovine form of IGF-I, and Study 3 provides further 

characterization of the properties of oSm and its relation

ship to IGF-I. Competitive binding experiments demonstrated 
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that 125 I _oSm binding to myogenic satellite cells could 

be decreased by oSm, MSA/rIGF-II, insulin and IGF-I. Because 

of the inhibition by insulin and IGF-I, oSm appears to be 

more IGF-I, than MSA/rIGF-II like. Furthermore, preincuba

tion of satellite cells with insulin,. MSA/rIGF-II or oSm all 

resulted in decreased binding of l25 I _oSm suggesting 

that all of these polypeptides can down-regulate the Type I 

IGF receptor. This observation contrasts the data obtained 

from similarly conducted experiments with l25I-MSA/rIGF-

II and, therefore, further demonstrate that oSm is not MSA/ 

rIGF-II like. Evidence that oSnl is not insulin is provided 

by experiments showing the ability of oSm to compete with 

MSA/rIGF-II for binding to the Type II IGF receptor and by 

the low concentrations of oSm required to stimulate satellite 

cell proliferation. Therefore, it can only be concluded that 

oSm is the ovine form of IGF-I. 

The experiments presented have provided initial doc

umentation of the interaction and biological effects of 

insulin and the somatoimedins on satellite cells. Collec

tively, these experiments support the hypothesis that somat

omedins promote proliferation of myogenic satellite cells in 

vitro, and the proliferative response can be mediated through 

both the IGF Type I and II receptors. Although the goals set 

when this work was initiated have been achieved, this disser

tation has prompted additional questions regarding the mech

anism of action of the somatomedins at the cellular level. 
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