
ENDOCRlNOLOGY 

Many tissues and organs are influenccd by  circulat- 
ing hormones. Some hormones regulate short term 
metabolic activities in cells while other hormones 
exert a longer ranged influence on differentiation and 
growth. The long range hormone actions, in particu- 
lar, the role of hormones in regulating muscle growth, 
will be focused on in this discussion. Other presenta- 
tions in this series h a w  dealt with the integrated reg- 
ulation of muscle and adipose tissue growth at  the 
whole animal and tissue level. In contrast, the purpose 
of this review is to take a very narrow, in-depth view 
of hormones and growth factors that impinge directly 
on myogenic cells, the response elicited, the possible 
mechanism of action, and ultimately, the impact these 
events may have on muscle growth. Because our goal 
is the efficient production of muscle protein, under- 
standing the factors that regulate muscle mass is es- 
sential. 

For the purpose of this discussion we are defining 
myogenic cells as cells in the pathway of differentia- 
tion between mesenchyme cells of the embryonic 
mesoderm and terminally differentiated myoblasts 
(Figure 1). This last point deserves some elaboration. 
Stating that a myoblast is a biochemically differen- 
tiated muscle cell reflects the fact that mononucleated 
myoblasts possess the same biosynthetic capabilities 
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FIGURE 1 

Myogenic cells differentiate from precursor cells in the em- 
bryonic mesoderm. Several states of differentiation have been 
postulated to exist between mesodermal cells and terminally 
differentiated myoblasts. These cells have the ability to pro- 
liferate, thus, increasing the size of the myogenic cell popula- 
tion. Presumptive myoblasts are the last proliferative cells in 
the myogenic lineage, and they differentiate directly into non- 
proliferating myoblasts, which have identical biosynthetic ca- 
pabilities os  myotubes and muscle fibers. 

OF THf MYQG€NIC CELL’ 

by 
Ronald E.  Allen‘: 

as multinucleated myotubes or muscle fibers. Changcs 
occurring ‘1s myoblasts transformed into muscle fibers 
are the result of increased accumulation and utiliza- 
tion of inusde specific molecules and not activation o f  
new genes and synthesis of new, different molecules 
(reviewed by Young and ,411en, 1979). For example, 
myoblasts are post-mitotic cells, capable of synthe- 
sizing m d  assembling myofibrillar proteins and ca- 
pable of synthesizing molecules required for cell fu- 
sion. Myotubes and m u d e  fibers possess the identical 
capabilities. 

Little Known About Cells 
Which Precede Myoblmts 

Cells that precede myoblasts in the myogenic l i iw 
age arc actually in a different compartment or state 
of differentiation. Unfortunately, very little is known 
about these cells. Presumptive myoblasts are cells iii 
the compartment immediately antecedent to myo- 
blasts. They are capable of DNA synthesis and cell 
division and are ultimately capable of dividing to 
form one or two terminally differentiated myoblasts. 
They do nut synthesize any muscle specific proteins 
and, at this time, no one has documented any specific 
proteins that are synthesized exclusively by pre- 
sumptive myoblasts. At least one or two presumptive 
myoblast precursor cell types or states of diffcwntia- 
tion have been postulated, although even less is known 
about these cells than about presumptive myoblasts. 
The crucial point regarding these myogenic cells is 
that they are cells with proliferative potential, and, 
therefore, any hormone or growth factor that regu- 
lates muscle cell number in the embryo must be act- 
ing on these myogenic cells. 

hIuscle cell proliferation and differentiation arc 
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generally considered to be a prenatal activities. How- 
ever, most of the DNA that ultimately accumulates 
in a muscle is synthesized after birth (Cheek et al.. 
1965; Enesco and Puddy, 1964; Harbison et al., 1976; 
Johns and Bergen, 1976; Moss, 1968; Moss et a]., 
1964; Winick and Noble, 19f36). Consequentlv, cells 
with some of the same capabilities as presumptive 
myoblasts must be present and active in post-natal 
muscle. In  fact, this is precisely the role of muscle 
satellite cells. Satellite cells are small mononucleated 
cells residing between thcs plasmalemma and the base- 
ment membrane of muscle fibers. They have the abil- 
ity to synthesize DNA. divide, and make molecules 
ncccssary for fusion into adjacent muscle fibers. These 
arc clearly properties of embryonic presumptive myo- 
blasts, and satellite cells actually demonstrate this 
myogenic potential in vitro (Figure 2 ) .  Satellite cells 
start as mononucleated cells, proliferate, differentiate 
fuse to form inyotubes and synthesize myofibrillar 
proteins. ,4t this point, no biochemical evidence dis- 
tinguishes presumptive myoblasts from satellite cells. 
It is conceivable that they are identical cell types. 
Again, the crucial point is that any hormone or growth 
factor that regulates DNA% synthesis in muscle must be 
acting on satellite cells or presumptive ~nyoblasts. 

Assuming myogenic cell proliferation is an impor- 
tant aspect of muscle growth, the relationship of pro- 
liferative activity to muscle growth and development 
becomes an essential element in our understanding 
of the total growth process. The proliferative activity 
of cells in developing embryonic muscle has been ex- 
tensively documented ( Slarchok and Herrmann, 
1967). Using light microscope autoradiographic tech- 
niqiies, the percentage of actively proliferating mus- 
cle cells was monitored in chick leg muscle from 7 
days of embryonic life through 8 days post-hatching. 
In  a 7 day embryo, 6% of the cells were proliferating, 
this perccntage dropped to 2% by 11 days, 5.4% by 
day 18 of embryonic life and 1% in 5 and 8 day 
hatched chicks. Although the percentage of the total 
muscle nuclei population psrticipating in cell divi- 
sion is drastically reduced during the latter stages of 
embryonic life, this population of proliferating myo- 
gmic cells ( satellite cc~lls) remciins active during post- 
natal life as the data of Moss (1968) indicates (Fig- 
ure 3 ) .  Thc information in Figure 3 was adapted from 
Moss (1968) and illustrates the increase in muscle 
nuclei number in the gastronemius muscle of male 
white leghorn chickens. Nuclei number.; were orig- 
inally calculated from total muscle DNA content. 4 s  
indicated, a tremendous increaqe in muscle nuclei 
occiirs during the first 18 weeks post-hatching. In ad- 
dition, Figure 3 also tlemon5trates the intimate rela- 
tionship bctweeir DN-4 accretion a i d  post-natal 

mriscle growth. Conscquc~ntly, myogenic cell prolifera- 
tion may be considered as an iirtcgral part of pre- 
natal growth and the rapid phase of post-natal mus- 
cle growth. 

Trophic Factor Acticity 

If circulating hormones or growth factors are in- 
volved in regulating the activity of myogenic cells 
in growing muscle, the level of such factors could 
conceivably be elevated during the period of timc 
when cell proliferation is most active. Kohama and 
Ozawa ( 1978) monitoied the “muscle trophic factor” 
activity in chicken sernm during development from 
11 days of embryonic life through 200 days post- 
natally. Trophic factor activity, as defined in this 
work, is the ability of smim to stimulate the prolif- 
eration of chick embryo muscle cells in culture. Dur- 
ing embryonic life, a peak of activity occurred from 
days 11 to 13, and the activity diminished to a mini- 
mum value on day 16 So far, these results are con- 
\istent with the high proportion of proliferating cc>lls 
in l l-day chick embryos and the subsequent decline 
in this cell population during latter embryonic life 
(Slarchok and Herrinann, 1967). Beyond 16 days, 
however, the level of trophic factor activity increases 
to a maximiiin while the size of the proliferating myo- 
genic cell population continues to decline (Kohama 
and Ozawa, 1978). 4boiit 18 days post-hatching, the 
level of activity increases back to concentrations yi- 
milar to that found in 11-day embryo serum, and in 
30-day male5 the activity increase? again and then 
maintains a rclativelv high level through 200 days of 
age, the increasing level of trophic factor activity at 
30 days coincides with the increased rate of DNA ac- 
cretion occurring in chicken gastrocnemius muscle 
from 20-40 days (Moss, 1968). Noteworthy in this re- 
gard is the observation that the activity in female 
serum does not increase during this time period and 
actually decreases slightly, although DNA accretion 
is still occurring While trophic factor activity in 
chicken serum is not perfectly correlated with changes 
in the proliferating myogenic cell population in em- 
hryonic muscle or the pattern of DNA accretion in 
post-Iintching growing musclc, a relationship seems 
to be prescmt that warrants further investigation. 

Even though a relationship between serum trophic 
factor activity and muscle growth was suggested. se- 
rum is such ‘i complex mixture that the role of spe- 
cific  hormone^ or factors and their regulation remains 
a mystery. Consequently, we shall approach this 
problem from a different angle and seek to deter- 
mine which hoimones or growth factors have the bi- 
clogical potential for regulating myogenic cell growth, 
based on their actions in muscle as well as other tis- 
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FIGURE 2 

In vitro differentiation of rot muscle sotellite cells. (A) Mono- 
nucleated sotellite cells (SC) and fibroblosts (Fb) from young 
cultures. (6) Init ial oggregotion and fusion of sotellite cells into 
myotubes. (C) Multinucleated myotube from 4-doy sotellite 
cell culture. 

sues. The potential effector molecules will be arbi- 
trarily grouped as steroid and protein molecules. The 
possible effect of these molecules and their mode of 
action will be discussed. 

Steroid Hormones Hatjing Potential to  
Stimulate hlyogeiiic Cell Proliferution 

In considering steroid hormones that could have the 
potential to stiniulate myogenic cell proliferation and 
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-70 when cells were plated at  clonal densities. Myogenic 
cell difierentiation, as measured by creatine phospho- 
kinase activity, was also stimulatcd by naturally oc- 
curring glucocorticoids, cortisol and corticosteronc. 
( 1(k7M), as well as synthetic glucocorticoids, such 
as dexamethansone, prednisolone, triamcinolone, and 
betamethasone. Other closely related steroids, how- 
ever, had no demonstrabIe effect on differentiation. 
Included in this group were cortisone, dehydro-cor- 
ticosterone, testosterone, progesterone, deoxycorticos- 
terone, 17-p estradiol, 5-a( dihydrotestosterone, andros- 
tcnedione and aldosterone (Powers and Florini, 
1975; Guerriero and Florini, 1978). The apparcnt 
mitogenic effect of glucocorticoids is somewhat sur- 
prising in view of the fact that glucocorticoids are 
often considered as catabolic hormones in far as 
muscle metabolism is concerned. 
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FIGURE 3 
Gastrocnernuis muscle nuclei number ( 1 and weight ( m )  
from growing white leghorn male chickens (adapted from data 
reported by Moss, 1978). 

diffcwntiation, testosterone would appear to be the 
most likely candidate. The first experiments to dem- 
onstrate a direct effect of testosterone on myogenic 
cells were conductcd by Powers and Florini ( 1975). 
In thrse experiments cultured cells from a rat muscle 
cell line were ctxposed to 18-8 M testosterone for 48 
hr, with a 1 hr pulse of “-thymicline during the final 
hour. Afterwards, cells were prepared for autoradio- 
graphic analysis, and the percentage of 3H-labeled 
cclls was determined. This percentage is referred to 
as a “labeling index.” Cells treated with testosterone 
consistently had a 2.5% greater labeling index than un- 
treated cultures, thus indicating that testosterone was 
able to stimulate myogenic ceII proliferation. Other 
investigators, however, have not been able to  detect 
any mitogcanic action on the part of testosterone (Gos- 
podarowicz et  al., 1976; Ozawa and Kohama, 1978). 

Even though the action of testosterone on muscle 
is not comp1c:tely clear, testosterone has been shown 
to stimulate cell proliferation in target organs other 
than musclcb. Cell proliferation in the seminal vesicle 
and coagulating gland of castrated mice was stimu- 
lated b y  testosterone (Alison et  al., 1976; McHanwell 
cht al., 1976), and recently, Mainwaring (1976) found 
increased synthesis of certain prostate proteins when 
cbastrated rats werc given testosterone injections. Fur- 
thermore, proteins in this fraction possessed DNA 
binding and unwinding activity, which led the auth- 
ors to suggest that this protein may be part of the 
mc~chanism responsible for testosterone stimulation 
of DNA synthesis and prolifer a t’ ion. 

The possible mechanism of glucocorticoid action is 
unknown; in other cell types, however, glucocorticoids 
have been shown to have a permissive or potentiating 
effect and not a direct mitogenic effect. For example, 
glucocorticoids alone did not stimulate DNA syn- 
thesis in cultures of 3T3 cells; whereas, glucocorti- 
coids in combination with fibroblast growth factor 
( F G F )  enhanced FGF stimulation of DNA synthesis 
to the same Ievel as serum (Gospodarowicz, 1974). 
The extent to which glucocorticoids served in a 130- 
tentiating role in myogenic cell proliferation and dif- 
ferentiation { Guerriero arid Florini, 1978) cannot be 
resolved at this time. 

Protein Homnones Huving Potential To 
Stimulate Myogenic Cell Proliferation 

Turning from steroid to  protein hormones, sevcral 
hormones are encountered that are commonly associ- 
ated with muscle growth and body growth in genclral. 
The two most prominant hormones, growth hormone 
and insdin, have no direct stimulatory action on myo- 
genic cells at concentrations resembling physiological 
levels (Gospodarowicz et al., 1976; Florini et al.. 
1977). Insulin can be stimulatory but only a t  coiiceii- 
tration two to three orders of magnitude higher than 
physiological ranges (de  la Haba et al., 1966). The 
ability of other polypeptidc hormones to activate 
myogenic cell proliferation and differentiation has al- 
so been investigated (Gospodarowicz et al., 1975). 
Follicle-stimulating hormone ( FSH) had the least 
activity, while luteinisiiig hormone ( LH ) and thyroitl 
stimulating hormone ( TSH ) possessed measurable 
activity. The authors, however, attributed this ac t i i~ i t j~  

Recently, glucocorticoids have been used to stimu- 
1,itc rat myogenic cell proliferation and differentia- 
tion (Gucrriero and Florini, 1978). Dexamethasone 
(IO-TLI) caused a 3O% incrcasc in  colony formation 

to  mitogenic contaminants in the LH and TSEI preP- 
arations. A 5  a result of these investigations, most of 
the cOJnlJlOn, well characterized, protein hormones 
have bcen assumed to have no direct action on myo- 
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genic cells. This situation is a bit confusing especially 
when consitlei ing the experiments of Heach and Kost- 
yo (1968). Cheek and Hill (1970), and Trenkle 
( 1976) which demonytrated stirnulation of DNA ac- 
cretion and muscle growth in hypophysectomized 
r‘ats treated with growth hormone. 

I n  I ecent yecars the mechani5m of growth hormone 
action ha\ been po\tulated to involvc an intermediate 
hormone synthesized by the liver and stimulated by 
gio\vth hormone. This intermediate hormone inter- 
acts t l i rc~t l j  with the ultimate target cc~lls to (.licit a 
growd~ responw. This hormone ( s )  is called sornato- 
medin ( S M ) .  Somatomedin activity was originally 
dc>scribed by Salmon and Daughaday (1957) as a 
substance in normal serum that promote5 sulfate in- 
corporation into proteoglycans of cartilage in 2;itro. 
This activity originally known as “sulfation factor 
activity,” was present in normal rat serum but not in 
the serum of hypophysectomized rats. However, af- 
ter growth hormone administration, sulfation factor 
activity appeared i n  the serum of hypoph>isectomized 
rats. During the last decade somatomedin activity has 
bccm purified into three primary proteins, somato- 
medin ’4, R, and C (Sw.4, S51-R and S51-C). ,411 
three are single polypeptide chains with molecular 
weights between 5,000 and 10,000 daltons, and all 
thrce have insulin-like properties. The three have been 
distinguished on the basis of their isoelectric points 
and the bioassay used to purify them. SlI-A is a 
neutial polypeptide with the ability to promote SO, 
incorporation into chick embryo pelvic leaflets; SXI-€3 
an acidic protein, stimulates thymidine incorporation 
into glial cclls, and SM-C is a basic protein that pro- 
motes thymidine and SO, incorporation into costal 
cartilage of hypophysectomized rats ( the reader is 
refcw ed to reviews b y  Gospoclarowicz and Sloran, 
1976, Van Wyk et  J. 1974 for more extensive treat- 
ment of this topic), 

,4Ithough ShI’5 are regulated, in part, by growth 
hormone and have biological activities that can he 
related to skeletal growth, the role of SSI in muscle 
growth has not been clocumented Indirect evidence, 
howevcr, links SM to muscle growth. This evidence 
is based on the observation that a SSI-like protein. 
multiplication stimulating activity (AIS-4) has the 
ability to stimulate rat myogenic cell proliferation in 
culture (Florini ct a]., 1977). M S A  is a 10,000 dalton 
polypeptide produccd by rat liver cells in culture; it 
possesses insulin-like activity, sulfation factor activity 
(Ternin et  al., 1974) and has heen postulated to be 
closely related, if not identical, to SM. Incidentally, 
this hypothesis aids in rationalizing the stimulatory 
effcct of high insulin concentration; because insulin 
a i d  SM are closcly related molec~iles, insulin may be 

acting a s  a ShI analogue when it promotc3c ninsclc 
precursor cell replic a t’ ion. 

We do not have direct cvitlence for SSI action on 
myogenic cells, much less a description of the bio- 
chemical mcchanism of action. h preview of this 
growth rcpl‘iting event may be possible, howevcr, by 
studying the action of ShI  and closely related pro- 
teins 011 other rion-miiscle typcs SSI  and hlSA arc 
members of a group of growth factors (Table l ) ,  
nia17~7 of which arc insulin-like. Othrr protein factors 
in this group include insulin and acid-ethanol so1ul)le 
non-suppressible insulin-like activity ( NSILA-s ) . Of 
these insulin-like growth factors, oiily MSA and insii- 
lin have been demonstrated to have an effect on myo- 
genic ccll growth. Two non-insiilin-like growth fac- 
tors liav(~ been included in Table 1, epidermal growth 
factor (EGF)  and fibroblast growth factor ( F G F ) ;  
FGF is a pcitent mitogeii for myogenic cells but EGF 
has no significant effect (Gospodarowicz and Mesch- 
er, 1977). The significance, of thew various growth 
factors to this discussion, howcver. stems from the 
fact that they \hare some degree of sequencc homol- 
ogy or comnioii biological activity. Furthermore, 
knowledge of the mechanism of action of individiml 
factorq is beginning to accumulate, and by pooling 
new information about various related growth fac- 
tors, we can ~mstulate or at least specul‘ite on thc 
mode of action of similar protein hormones or fac- 
tors that stimulate myogenic cells. 

Regarding the possible mechanism of polypeptide 
hormone action, the first step involves recognition and 
binding to specific receptors on myogcnic cells. Of 
the previously mentioned growth fnctors, only insulin 
receptors have been studied on myogenic cells (San- 
dra and Przybylski, 1978). High and low affinity 
binding sites with binding constant\ of 10‘0 and 2 x 
1 0 9  h/l-l, respectively, werc’ discovered on cdtLired 
chick embryo myogenic cells. Growth hormone, thy- 
rotropin, insulin A chain and insulin R chain could 
not compete with insulin for binding to these recep- 
tors. Approximatelv 500 sites/nucleus were present i i i  

24 and 49 hr myoblasts and 72 hr fibroblasts; 72 and 
144 hr myotubes bound 1000 and 3000 molecules of 
insulin per nucleus, respectively. Even though re- 
ceptors werc present and able to bind insulin a t  phy- 
siological concentrations, physiological levels of insu- 
lin did not stimulate 2-deoxyglucose and a-aminobu- 
tyric acid uptake, or uridine incorporation. Myogenic 
cells, therefore, do not respond to physiological con- 
centrations of insulin evcn though specific rcxceptors 
are present on their plasma membrmes. 

The presence on myogenic cells of specific recep- 
tors for the hormoncs arid factors most likely invol~cd 
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in myogenic cell growth has not been reported. HOW- 
ever, receptors for these proteins ( NSILA-s, MS-4, 
ShI--4 antl S M - C )  have been found on other cell 
types (Table 2 ) .  These receptors have been shown to 
be specific growth receptors and not insulin receptors 
h'iscd on the inability of insulin in effectively com- 
pete for binding to these sites and/or the correlation 
1;etwclen binding to these sites and the stimulation of 
certain cell growth responses:. For example, 51S4 
binds specifically and reversibly to chick embryo fi- 
broblasts with a binding constant of 4.2 x 108 h1-l 
and a capacity of 58,000 molecules/cell. NSILA-s was 
n potent inhibitor of binding, wherea?, insulin and 
proinsulin were only 60 and 25% as effective, respec- 
tively. The fact that these polypeptides compete for 
binding to growth receptors and stimulate fibroblast 
DN 4 synthesis at  comparable levels: tends to support 
the contention that proliferation is mediated through 
these specific growth peptide receptors (Rechler e t  
al., 1977). Growth receptors - such as these might br 
expected to be present on presumptive myoblasts and 
satellite cells. 

As we attempt to bridge the gap between receptor 
binding and stimulation of DNA synthesis, we depart 
from traditional mechanisms of protein hormone ac- 
tion in which the protein hormone binds to a recep- 
tor on the cell membrane and generates a second 
chemicd message, such as a cyclic nucleotide. The 
second message subsequently sets off a series of bio- 
chemical cvents ultimately resulting in a specific 
physiological response. Recently, Goldfine et al. ( 1975) 
have presented evidence that insulin may be inter- 
nalized after initial binding. Using electron micro- 
scope autoradiography, they documented the time 
dependent entry of 125I-labeled insulin into cultured 
lymphocytes; within 30 min 40% of the '25I-insulin was 
inside the cell, mostly associated with the endoplas- 
mic rcticulmn and nucleus. In an extension of this re- 
search, they demonstrated specific l25I-insulin bind- 
ing to intact, purified rat liver nuclei (Vigneri e t  al., 
1978), and aftvr fractionation, showed that 70% was 
associated with the nuclear membrane. Furthermore, 
'2jI-insulin also bound to purified nuclear membrane 
high and low affinity sites with dissociation constants 
of 6.1 and 65.6 nM. These constants differed signifi- 
cantly from high and low affinity insulin binding site9 
on the plasma membrane; therefore, insulin binding 
to nuclear membrane preparations could not be at- 
tributed to plasma membrane contamination. Neither 
growth hormone, prolactin, thyrotropin nor glucagon 
competitively inhibited insulin binding to nuclear 
mernbrancs. 

Epidermal growth factor haq also been shown to 
move into the cell after binding (Gorden et  al., 
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1978). Electron microscope autoradiography was used 
to demonstrate initial binding to the plasma mem- 
brane cf human fibroblasts followed by a time-tem- 
peraturc dependent interalization of the 'Z5I-EGF. At 
steady state about one-third of the labeled E G F  was 
bcuncl to the plasma membrane and two-thirds in-  
ternalizcd. SIost of the internalized EGF was asso- 
ciated with lysosomal structures and not mitochon- 
dria or rough endoplasmic reticulum. Translocation 
to the nuclcws was not reported as with insulin. 

This same prrcess was studied biochemically (Das 
antl Fox, 1975) by covalently attaching 125I-EGF to 
its receptor on mouse 3T3 cells using a photoaffinity 
labeling technicpe. The fate of the EGF-receptor 
ccmplex could be followcd by autoradiography of 
SDS-gels Initially a labeled 190,000 clalton complex 
was present on SDS gels. With time the complex ~ ' 1 5  

internalized and yequentially degraded to labelcd 
fragments of 62,OOO, 42 000 and 37,000 daltons. These 
products were fractionated exclusively with lysosomes, 
consistent with the EMAR results of Gorden et  a1 
( 1978). Furthermore, receptor internalization and deg- 
radation and DNA synthesis were stimulated half- 
maximaIIy at the Same EGF concentration, 0.1 nhl. 

At this point, we cannot complete the circuit from 
protein hormone binding to initiation of DNA synthe- 
sis and cell division. *4nd again, none of the previous- 
ly menticned mechanistic investigations have been 
conducted with myogenic cells or with any of the so- 
matomedins. These studies, however, serve to elicit 
the hypothesis that the mechanism of SM action on 
myogenic cells may be similar to the mode of action 
of other protein growth factors on their target cells. 
Possible mechanisms of action are presented schcmati- 
cally (Figure 4 ) ,  as a specific hormone binds to a 
growth peptide receptor on a myogenic cell, several 
alternative actions are available. 1) Upon binding to 
the receptor a second message could be generated that 
would subsequently initiate DN4 synthesis and cell 
division thrcugh scme unknown mechanism. 2 )  Thc 
hormone-receptor complex or the hormone itself, 
could be internalized and translocated to the nucleus 
where the hormone would bind to specific receptors 
on the nuclear envelope. This complex could then ini- 
tiate DIVA synthesis directly or via a second message 
such as a cyclic nucleotide or polyamine. 3 )  The 
hormone-receptor complex could be internalized into 
lysosomes and gradually degraded to  active frag- 
ments that could subsequently stimulate DNA syn- 
thesis directly or via a second message system. I t  is 
particularly difficult to complete the picture because 
the molecular mechanisms responsible for initiating 
and carrying out cell proliferation are unknown. 
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TABLE 1 
PROTEIN GROWTH FACTORS 

M o l e c u l a r  S t i m u l a t e d  S u l f a t i o n  S t i m u l a t e s  E f f e c t  on 
Weight  S o u r c e  by  Growth f a c t o r  DNA Myogenic R e f e r e n c e  

Hormone A c t i v i t y  S y n t h e s i s  C e l l s  

Somatomedin A 7000 Serum Yes Yes Yes ? H a l l  e t  a l . ,  1975 

Somatomedin B 5000 Serum Yes n o  Yes ? S i e v e r t s s o n  e t  a l . ,  
1975 

? Van Wyk e t  a l . ,  1975 Somatomedin C 7000 Serum Yes Yes Yes 

Mu1 t i p l  ica t ion 10,000 L i v e r  y e s ?  Yes DNA Temin e t  a l . ,  1 9 7 4 ;  
S t i m u l a t i n g  A c t i v i t y  C e l l  yes s y n t h e s i s  F l o r i n 1  e t  a l . ,  1977 
(MSA) C u l t u r e s  

? Zapf e t  a l . ,  1 9 7 8  NSILA-S 7 ,649  Human Yes Yes Yes 
I n s u l i n - l i k e  g r o w t h  p lasma 
f a c t o r  I (IGF-I) 

I n s u l i n - l i k e  growth  7 , 4 7 1  Human y e s ?  Yes Yes ? 
f a c t o r  I1 (IGF-11) p lasma 

I n s u l i n  6000 P a n c r e a s  no y e s ?  DNA Van Wyk e t  a l . ,  1975 
yes S y n t h e s i s  d e  l a  Haba e t  a l . ,  

1966 

F i b r o b l a s t  g rowth  1 3 , 4 0 0  B r a i n  a n d  no n o  DNA Gospodarowicz and  
f a c t o r  (FGF) p i t u i t a r y  yes S y n t h e s i s  Moran, 1976 

NO Gospodarowicz and E p i d e r m a l  growth 6 , 0 4 5  blouse no ? no Yes 
f a c t o r  (EGF) submaxi l -  E f f e c t  Moran, 1976 

l a r y  g l a n d  

TABLE 2 
SPECIFIC RECEPTORS FOR PROTEIN GROWTH FACTORS 

(Insulin d o e s  n o t  effectively c o m p e t e  for binding)  

Growth C e l l  Binding Number of Bio logica l  Reference 
f a c t o r  Type Molecules Response 

I n s u l i n  Cultured Muscle Ka=lO1i& -1 Sandra and 

Bound 

PMB 2 x 10  M 5 0 0 / c e l l  None? Przybylsk i ,  1979 
MT 3000/ce l l  

f i b r o b l a s t s  4 .2  x 10'M-l maximum a t  s i m i l a r  concent ra t ions  Rechler e t  a l . ,  1977b 
Human K a =  24,00O/cell  DNA s y n t h e s i s  Rechler e t  a l . ,  1977a 

f i b r o b l a s t s  2 x 1O'M-I 

MSA Chick embryo K a  = 58,00O/cell DNA s y n t h e s i s  and MSA binding were h a l f  Rechler e t  a l . ,  1976 

SM-A P l a c e n t a l  K a =  19  nmoles/mg ? Hal l  e t  a l . ,  1975 

SM-B ? ? ? 

SM-C C i r c u l a t i n g  Half -maximal ? Thorsson and Hintz,  

membrane 2.7 x 1O'M-l of p r o t e i n  

mononuclear b inding  4 nM Van Wyk e t  a l . ,  1975 
c e l l s  

membranes binding 1 .7  nM 
P l a c e n t a l  Half-maximal ? 

IGF I Chick embryo Kd=O.8-1.1 nM DNA s y n t h e s i s  Zaph e t  a l . ,  1978 
f i b r o b l a s t  half-maximal s t i m u l a t i o n  a t  0 . 4  mM 

chondrocytes 

f i b r o b l a s t  half-maximal s t i m u l a t i o n  a t  0 . 4  nM 

chondrocytes 

Chick embryo Kd=O.6 nM SO incorpora t ion  
s 4 g n i f i c a n t  s t i m u l a t i o n  a 2.5 n g h l  

I G F  I1 Chick embryo Kd=l.l nM DNA s y n t h e s i s  

Chick embryo Kdp0.6-1.2 nM SO incorpora t ion  
s t g n i f i c a n t  s t i m u l a t i o n  between 2.5 and 8 .3  ng/ml 

EG F Human Half-maximal 40,00O/cell DNA s y n t h e s i s  Hollenberg and 
f i b r o b l a s t s  binding 0.4  nM half-maximal s t i m u l a t i o n  a t  10-loM Cuat recass ,  1975 
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FIGURE 4 

Possible mechanisms of polypeptide hormone action on pro. 
liferoting myogenic cells. 
( 1 )  A polypeptide hormone ( 7 ) binds directly to cell mem- 

brane growth receptors ( Y )  to stimulate synthesis of o 
second message (M). Through an unknown series of reac- 
tions the second message initiates DNA synthesis (DNA 
syn) and cell proliferotion. 

(2 )  the polypeptide hormone binds to a cell membrane recep- 
tor ond is translocated with, or without, the receptor to the 
nuclear membrane. At the nuclear membrane binding oc- 
curs which generates a second message or acts directly 
to stimulate DNA synthesis. 

(3) the polypeptide hormone binds to a cell membrane recep- 
tor and is internalized into lysosomes where it is pro- 
teolyticolly processed to generate active fragments of the 
hormone-receptor. The active fragments synthesize a sec- 
ond message or act directly, with or without binding to a 
nuclear receptor ( W ), to stimulate DNA synthesis and 
cell proliferation. 

Conclzisions 

I t  should be obvious by now that our understand- 
ing of the endocrinology of myogenic cells is frag- 
mented, at best. Much of what we know or suspect 
concerning hormone action on muscle cells, we havc 
learned only by analogy-analogous hormones acting 
on analogous cells types. Of the hormones and cells 
discusscd, some of the best candidates for muscle 
mass regulation are the growth hormone-controlled 
insulin-like growth factors ( SXl, NSILL4-s, MSA) that 

may be acting on presumptive myoblasts and satellite 
cells. This drea of investigation is clearly in its infmcy. 

’4s scientists interested in musclr growth, how 
should we approach the subject of endocrine con 
trol of myogenic cells, and what do we hopc to gain 
from an understanding of this area? The problem is  
too complex to take a “shotgun” approach. We must 
be willing to make a long-term commitment without 
immediate payoffs. Our first goal should be to learn 
the biology of the cells involved and their role in 
muscle growth. Second, we must focus our energies 
on  elucidating the specific effector molecules acting 
on important myogenic cells and their biochemical 
mechanism of action. Finally, we can set our sights 
on formulating strategies for directly manipulating 
muscle growth at  the cellular level. For example, will 
we someday bc able to use current recombinant DNA4 
technolcgy to mass produce myogenic cell-specific 
protein mitogens to stimulate muscle DNA accrction 
and consequently, muscle growth in livestock? Can 
we further apply our fundament,il knowlcdge of mus- 
cle growth toward improved selection of brceding 
livestock? These are but a few of the challenges con- 
fronting “livestock biologists.” 
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