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Skeletal muscle growth and differentiation
Processes involved

The growth of muscle involves increases in both cell
number (hyperplasia) and cell size ¢hypertrophy). Hyper-
plasia involves the mononucleate muscle precursor cells
(myoblasts), which subsequently align and fuse (differ-
entiate) to form the multinucleate muscle fibres. This is the
stage at which increases in cell size take place (Fig. 1). The
present review will concentrate on the control of myoblast
proliferation and differentiation, but will also mention the
control of muscle fibre size. The total number of fibres in a
muscle appears to be fixed at, or shortly after birth, with
postnatal growth of muscle being entirely due to elongation
and widening of the existing muscle fibres. However, this
does not imply that the muscle precursor cells cease to
grow at this stage, as the DNA content continues to
increase until the animal approaches its mature size. Extra
nuclei are recruited into muscle fibres from mononucleate
myogenic cells known as satellite cells, which are enclosed
beneath the basement membrane of the muscle fibres (see
Harper & Buttery, 1992). Muscle cell differentiation, the
process whereby mononucleate myoblasts become post-
mitotic and fuse into multinucleate myotubes, therefore
takes place during the late gestation and neonatal periods,
with differentiation in the neonatal period involving the
fusion of satellite cells with the existing muscle fibres. The
processes involved in muscle cell proliferation and
differentiation have been mainly studied in a variety of
continuous muscle cell lines, but recent work has employed
normal primary cells from several species, including
domestic animals (for review, see Dodson et al. 1996).

Transcription factors involved

Considerable work has been carried out recently on the role
of muscle-specific transcription factors in the control of
muscle cell determination and differentiation. These
transcription factors consist of a family of nuclear proteins

termed the MyoD family and comprise MyoD, Myf-5,
myogenin and MRF4 (also known as Myf-6 or herculin). A
number of reviews of this area have appeared recently
(Ivarie, 1993; Weintraub, 1993; Olson & Klein, 1994;
Ludolph & Konieczny, 1995; Rawls & Olson, 1997) and so
only a brief discussion will be included here. The MyoD
family share approximately 80% amino acid sequence
homology within a basic helix~loop-helix motif that
mediates dimerization and DNA binding. They function
as activators of muscle-specific gene transcription and,
hence, forced expression of any one of them can convert
fibroblasts to muscle cells. In general, cultured muscle cells
express MyoD or Myf-5 mRNA (or both) during prolifera-
tion and differentiation. Myogenin mRNA is expressed on
fusion of muscle cells and declines thereafter, whereas
MRF4 mRNA is only expressed several days after
differentiation (Montarras et al. 1991; Smith et al. 1994).
Due to these different patterns of expression, it has been
proposed that MyoD and/or Myf-5 expression is involved
in the determination of muscle cell lineage (Fig. 1), and
possibly differentiation, with the two having very similar
functions. Gene knockout studies in mice have shown that
null mutations of either gene have no effect, whereas null
mutations of both genes results in mice which are born
alive but immobile, due to a complete lack of skeletal
muscle, and which die soon after birth (Rudnicki et al.
1993). Myogenin, on the other hand, appears to play a key
role in the processes of differentiation and formation of
muscle fibres (Fig. 1). Null mutations of the myogenin gene
in mice also results in perinatal death, with muscle regions
comprising mainly of myoblasts and very few myofibres
(for review, see Olson & Klein, 1994). It has been proposed
that MRF4 either plays the same role as myogenin, but
postnatally, or that it functions downstream of myogenin in
the muscle differentiation pathway (Fig. 1). Null mutations
for MRF4 show no deficiencies in skeletal muscle, but a
threefold increase in myogenin expression, which would
seem to indicate that myogenin can compensate for a lack
of MRF4,
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Fig. 1. Skeletal muscle cell growth and development, showing the
changes in cell-type, the MyoD family of muscle-specific transcription
factors (MyoD, Myf-5, myogenin and MRF4) involved in controlling
these processes and the stages at which effects on muscle cell

hyperplasia and hypertrophy take place.

A number of other nuclear transcription factors or
cellular oncogenes have also been implicated in muscle
cell development, including Myc, Fos, Jun and Ski, but
these are beyond the scope of the present paper and are
reviewed elsewhere (Hesketh & Whitelaw, 1992).

Cell culture studies

Effects of growth factors and hormones on myoblast
proliferation and differentiation

A number of growth factors and also metabolic hormones
are involved in controlling the processes of muscle cell
proliferation and differentiation (Table 1), with all the

studies employing in vitro cell-culture techniques. The
insulin-like growth factors (IGF)-I and -II have been shown
to stimulate both proliferation and differentiation of a
variety of muscle cell lines and primary muscle cells, with
the effects thought to be predominantly via binding to the
IGF type-1 receptor (IGF-1R), which is structurally very
similar to the insulin receptor (Duclos ef al. 1991). This is
demonstrated by the finding that the addition of genistein,
an inhibitor of protein-tyrosine kinase (EC 2.7.1.112),
severely inhibits myotube formation and myogenin gene
transcription (Hashimoto et al. 1995). The mechanism for
the positive effects of the IGF on muscle differentiation
appears to be via their stimulatory effects on myogenin
gene expression (Florini er al. 1991a), with an associated
decrease in Myf-5 gene expression during IGF-induced
differentiation also being found (Mangiacapra et al. 1992).
The stimulatory effects of IGF-I on differentiation, as
indicated by increases in intracellular creatine kinase (EC
2.7.3.2) activity, have been shown to be more potent than
those of IGF-II, in terms of the concentration needed to
elicit a half-maximal response, both in cultured fetal sheep
myoblasts (Blachowski et al. 1994b), and also in the L6 cell
line (Florini et al. 1986). However, IGF-II results in a much
more extensive degree of differentiation, since greater
increases in creatine kinase activity are observed with IGF-
II than with IGF-I (Ewton et al. 1994). This is proposed to
be due to the greater mitogenic actions of IGF-I, because
inhibition of the mitogenic effects of IGF-I by inclusion of
cytosine arabinoside, results in similar maximal increases
in creatine kinase activity to those elicited by IGF-II
(Ewton et al. 1994). The effects of IGF on proliferation and

Table 1. In vitro effects of various growth factors and hormones on muscle precursor cell proliferation and differentiation and on differentiated

muscle-cell protein synthesis and breakdown (Compiled from Schonberg et a/. 1981; Rodemann & Goldberg, 1982; Allen et al. 1985; Lathrop et

al. 1985; Harper et al. 1987; Roe et al. 1989; Austin & Burgess 1991; Arnold et al. 1992; Carnac et al. 1992; Harper & Buttery, 1992; McMillan et

al. 1992; Blachowski et al. 1993; Cook et al. 1993; Noble et al. 1993; Blachowski et al. 1994b; Garcia-Martinez et al. 1994; Harper & Buttery,
1995; Desler et al. 1996; Dodson et al. 1996; Doumit et al. 1996; Florini et al. 1996; Husmann et al. 1996)

Precursor cell (myoblast or satellite cell)

Differentiated muscle cell (myotube or myofibre)

Factor Proliferation Differentiation Protein synthesis Protein breakdown
Insulin T— 7 7 !
IGF i T T i
FGF 1— l — nd
EGF and TGF« I T i {
TGFp 1—1 l ) nd
PDGF 1— l nd nd
Dex T—) — L Tl T
Test — ! = =
p-adrenergic agonist T— T— 1— N
LIF 1 nd nd nd
IL-6 7 nd nd nd
RA nd 1 nd nd
LA nd T nd nd
CGRP nd T nd nd
TNF-a nd nd nd T
PG E2 nd nd — T
PGF,, nd nd 7 —

IGF, insulin-like growth factors-l and -Il; GH, growth hormone; FGF, fibroblast growth factor; EGF and TGF-a, epidermal growth factor and transforming growth
factor-« (same receptor); TGF-f, transforming growth factor-g; PDGF, platelet-derived growth factor; Dex, dexamethasone; T3, triiodothyronine; Test,
testosterone; g-adrenergic agonist, clenbuterol, ractopamine or isoproterenol; LIF, leukaemia inhibitory factor; IL-6, interleukin-6; RA, retinoic acid; LA, linoleic
acid; CGRP, calcitonin-gene-related peptide; TNF-«, tumour necrosis factor-«; PGE,, prostaglandin E,; PGF,,, prostaglandin F,,; 4, stimulates; |, inhibits; —, no

effect; nd, no data found.
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differentiation have been shown to be concentration-
dependent, with optimal concentrations for stimulation of
differentiation (10-50ng/ml for IGF-I) lower than those
for stimulation of proliferation (80-100ng/ml for IGF-I;
Florini et al. 1986).

Insulin has also been shown to increase both prolifera-
tion and differentiation of various types of muscle cell, but
at supra-physiological concentrations, and this is accepted
as reflecting the ability of insulin to bind to the IGF-1R.
Binding of insulin either to its own receptor or the IGF-1R
is consistent with the observation that protein-tyrosine
kinase is involved in the regulation of myogenin expression
(Hashimoto et al. 1995).

Epidermal growth factor (EGF) and related peptides all
bind to a common receptor, and stimulate the growth of
normal muscle cells (see Blachowski et al. 1993; Harper &
Buttery, 1995). EGF also enhances differentiation, as
measured by specific activity of the marker enzyme
creatine kinase (Harper & Buttery, 1995). These responses
are direct effects on the muscle cells themselves, as can be
demonstrated in experiments with the L6 myoblast cell
line, which lacks EGF receptors, and fails to show either
growth or differentiation responses to EGF. The effects on
differentiation cannot be restored by co-culture with normal
sheep muscle fibroblasts, which are EGF responsive (Roe et
al. 1989; JMM Harper and CM Chaffey, unpublished
results).

The fibroblast growth factors (FGF; acidic and basic)
have been shown to stimulate proliferation (Dodson et al.
1996), but to inhibit differentiation of muscle cells (Lathrop
et al. 1985). Transforming growth factor (TGF)-f, which
has many isoforms, has been shown to have variable effects
on proliferation, dependent on whether serum or other
growth factors are present in the culture medium (Cook et
al. 1993), but it has been shown to consistently inhibit
differentiation.

A variety of other hormones, growth factors and
prostaglandins have also been found to affect muscle cell
proliferation and/or differentiation, as summarized in
Table 1, but the only other factors not yet mentioned
which may have implications with regards to nutritional
control of myogenesis are the thyroid hormones and the
glucocorticoids. Thyroid hormones have long been known
to be important in muscle development, and particularly the
control of fibre type (for review, see Dauncey & Gilmour,
1996), but triiodothyronine has also been shown to increase
MyoD-gene transcription and to induce earlier and faster
terminal differentiation in C2 myoblasts (Carnac et al.
1992). Glucocorticoids appear to have few direct effects on
muscle cell proliferation and differentiation, although there
has been one report of the synthetic glucocorticoid
dexamethasone inhibiting differentiation of L8 myoblasts
(Schonberg et al. 1981). Dexamethasone, however, has
been shown to consistently enhance the mitogenic effects
of IGF-I (for review, see Harper & Buttery, 1995; Dodson
et al. 1996), via increases in the IGF-1R signalling pathway
(Giorgino & Smith, 1995).

A common feature of the effects of various growth
factors and hormones on muscle cell proliferation and
differentiation, and also the metabolic effects described
later (p. 209), appears to be activation of polyamine

https://doi.org/10.1079/PNS19980033 Published online by Cambridge University Press

synthesis via the enzyme ornithine decarboxylase (EC
4.1.1.17). Differentiation of L6 muscle cells is inhibited by
a-difluoromethylornithine (DFMOQO), an irreversible inhibi-
tor of ornithine decarboxylase (Ewton et al. 1982), with the
stimulatory effects of insulin and IGF-I on both prolifera-
tion and differentiation also shown to be inhibited, but not
completely abolished, by DFMO (Ewton et al. 1984;
Blachowski et al. 1994a). Similarly, the stimulatory effects
of EGF, TGF-a and TGF-S1 on L6 muscle protein
synthesis are also inhibited by DFMO (Blachowski et al.
1994c¢). Thus, the polyamines may play some role in the
signal-transduction mechanism for growth factors.

Effects of growth factors and hormones on myofibre protein
metabolism

The increase in size of muscle fibres that takes place
postnatally involves increases in protein deposition within
the cells, and some of the factors known to influence cell
proliferation and differentiation can also influence protein
metabolism within the cells, as summarized in Table 1.
Thus, factors such as EGF, f-adrenergic agonists, insulin
and the IGF have all been shown to increase protein
synthesis and to decrease protein breakdown in cultured
muscle cells, whereas growth hormone (GH) was found to
have no effect, and dexamethasone had variable effects on
protein synthesis, but increased protein breakdown (for
review, see Harper & Buttery, 1992).

Autocrine expression of growth factors and their
receptors

A great deal of work has been carried out investigating
possible local production of the growth factors known to
affect muscle cell proliferation and differentiation, with
particular interest being the IGF, because of their positive
effects on both growth and differentiation.

Relatively recently, Hill et al. (1984) demonstrated that
peptide growth factors, which were immunologically and
biologically similar to IGF-I (somatomedin-C), were
released into the culture medium by cultured fetal rat
myoblasts. However, conflicting results have been pub-
lished on the changes in expression of the IGF-I gene
during skeletal muscle differentiation. Increased IGF-1
mRNA expression with differentiation has been described
in the C2 muscle cell-line (Szebenyi & Rotwein, 1991), but
decreased IGF-I mRNA expression with differentiation
were observed in the BC3H-1 cell-line (Rosenthal er al.
1991b). We (JM Brameld, N Imram, N Millard, J Li, RS
Gilmour and PJ Buttery, unpublished results) have recently
demonstrated very low levels of IGF-I expression in
proliferating primary fetal sheep myoblasts and neonatal
sheep satellite cells, with an increase being observed with
differentiation, reaching a plateau at about the same stage
as the intracellular creatine kinase concentrations. The
transcripts of IGF-I were predominantly class 1 (initiated
from the exon 1 promoter), with class 2 transcripts (those
initiated from the exon 2 promoter) only seen in cultures
with high levels of class 1 transcripts. This contrasts with
the in vivo situation where only very low levels of both
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class 1 and 2 transcripts are seen in adult sheep muscle
(Pell er al. 1993), which is presumably fully differentiated,
but may reflect an effect of maturity and innervation of the
muscle. It is worth noting that full differentiation of muscle
cells in culture takes 2-3 weeks, if the myotubes can be
maintained for that length of time. Higher levels of total
IGF-I mRNA have previously been described in fetal sheep
muscle at day 84 of gestation compared with day 134 of
gestation and days 8 and 12 in neonatal sheep muscle
(Dickson et al. 1991), and may reflect a decrease in IGF-1
mRNA once the muscle cells are fully differentiated and
innervated.

Similar increases in IGF-II mRNA with differentiation
have been described in the C2 muscle cell line (Tollefsen et
al. 1989; Florine et al. 1991b; Szebenyi & Rotwein, 1991,
Emst er al. 1992; Rosen et al. 1993), and also in the L6A1
(Magri et al. 1994) and BC3H-1 (Rosenthal et al. 19915b;
Brown ez al. 1992) muscle cell lines. Preliminary studies at
Nottingham (JM Brameld, N Millard, J Li, RS Gilmour and
PJ Buttery, unpublished results) have shown high levels of
IGF-II mRNA expression in proliferating fetal sheep
myoblasts, with a decline in IGF-II mRNA with increased
differentiation. In comparison, expression of IGF-II mRNA
was low in proliferating sheep satellite cells, and increased
with differentiation. A decrease in IGF-II expression has
recently been described during differentiation of clonally-
purified turkey satellite cells (Ernst er al. 1996). These
discrepancies may reflect fundamental differences between
fetal and adult-derived muscle cells and also between
primary cultures and cell lines, especially as fetal
myoblasts tend to differentiate faster and to a greater
extent than satellite cells. Recent evidence indicating an
important role for locally-produced 1GF-II on muscle cell
differentiation comes from both cell-culture and whole-
animal studies. Muscle cell lines that differentiate sponta-
neously without the need for inclusion of IGF in the culture
medium have been shown to express IGF-II mRNA (Florini
et al. 1991b), with differentiation of such cells being
inhibited by blocking IGF-II expression with the use of an
anti-sense oligonucleotide. It would appear, therefore, that
spontaneous muscle cell differentiation may be dependent
on autocrine IGF-II. Similarly, studies of the double-
muscle syndrome, a hereditary condition in which cattle
possess almost 40 % more muscle fibres at birth than do
normal cattle, indicate that there is increased muscle cell
hyperplasia. Increased growth factor activity in the serum
of fetuses with double-muscle syndrome during early fetal
development have been demonstrated (Gerrard & Judge,
1993), along with a delay in the maximal local IGF-II
mRNA expression (Gerrard & Grant, 1994). This delay in
IGF-1I expression may result in a delay in muscle cell
differentiation and, therefore, allow greater time for
proliferation to occur.

Distinct biologically-active receptors for both IGF have
been observed in cultured L6 cells (Beguinot et al. 1985),
but the orders of binding activities of the IGF and insulin
would suggest that their effects are predominantly via the
IGF-1R. We (JM Brameld, N Imram, RS Gilmour and PJ
Buttery, unpublished results) have recently observed no
change in expression of IGF-1R mRNA during differentia-
tion of fetal sheep myoblasts, which agrees with a previous
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study using the L6 muscle cell line (Ewton er al. 1988), but
is different from the results obtained with the BC3H-1
muscle cell line (Rosenthal er al. 1991b), and turkey
primary satellite cells (Minshall et al. 1990), where
decreases in IGF-1R mRNA (Rosenthal et al. 1991b) and
IGF-I binding (Minshall er al. 1990) were observed with
differentiation. The latter studies would agree with
suggestions that the IGF themselves decrease the expres-
sion of the IGF-1R during differentiation (Rosenthal er al.
1991b), thus down-regulating the receptor. A recent study
demonstrated that IGF-1R gene expression is decreased by
IGF-I and increased by FGF in C2C12 and BC3H-1 muscle
cells (Rosenthal et al. 1991a; Hemnandez-Sanchez et al.
1997), which would support the idea that IGF-1R decreases
with differentiation, a process stimulated by IGF-I and
inhibited by FGF.

The IGF-binding proteins (IGFBP) play a fundamental
role in modifying IGF bioactivity by a number of possible
mechanisms, including protection against proteolytic de-
gradation, targeting IGF in serum to specific tissues and
regulating local IGF availability to receptors. It has also
been suggested recently that the IGFBP themselves may
bind to cell surfaces and have effects via IGF-independent
mechanisms (see Mohan & Baylink, 1996). At least five of
the IGFBP appear to be produced by muscle cells in
culture, with IGFBP-2, -3, -4, -5 and -6 being found at
varying levels in different muscle cell types. For instance,
the C2 muscle cell line appears to only secrete IGFBP-5
(Tollefsen et al. 1989; James er al. 1993), as does the
BC3H-1 cell line (McCusker & Clemmons, 1994), whereas
L6 cells secrete IGFBP-4, -5 and -6 (McCusker and
Clemmons, 1994; Silverman et al. 1995), turkey satellite
cells secrete IGFBP-2 (Ernst et al. 1996), and fetal pig
myoblasts secrete IGFBP-2, -3, -4 and -5 (Hembree et al.
1996). Secretion and expression of IGFBP-2 has been
shown to decrease with differentiation in both primary
turkey satellite cells (Ernst ef al. 1996) and C2Ci2 cells
(Ernst et al. 1992). Secretion of IGFBP-4 and -6 increases
with differentiation in LL6E9 cells (Silverman et al. 1995),
as does secretion of IGFBP-5 in C2 cells (James ef al. 1993,
1996). The relative effects of these different binding
proteins on the processes of differentiation are still at an
early stage, but enhancement of IGFBP-5 production via
sense transfection methods results in a decrease in
differentiation of C2 cells, whereas transfection of the
anti-sense construct for IGFBP-5 results in decreased
secretion of IGFBP-5 and the cells differentiate prema-
turely and to a greater extent (James et al. 1996). The
inhibition of differentiation by high levels of IGFBP-5
secretion could be overcome by the addition of exogenous
IGF. Similarly, recombinant IGFBP-6 has been shown to
inhibit the IGF-II-induced differentiation of L6A1 cells in a
dose-dependent manner, with no effect on IGF-I-induced
differentiation (Bach et al. 1994, 1995). However, IGFBP
produced by L6E9 cells (IGFBP-4 and -6) do inhibit IGF-I-
induced differentiation, with the suggestion being that, as
IGFBP-6 has a low affinity for IGF-I, then the inhibitory
effect is mediated by IGFBP-4 (Silverman et al. 1995). We
(XF Guan, JM Brameld, JMM Harper and PJ Buttery,
unpublished results) have recently demonstrated differ-
ences in IGFBP secreted by clonally-purified sheep muscle
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cells, derived from both myoblasts and satellite cells, which
were classed as strongly fusion positive, weakly fusion
positive or fusion negative. There was an increase in
production of both IGFBP-3 (doublet at 39 and 43 kDa) and
IGFBP-2 and -5 (28-34 kDa) with increased fusion, with
the lower-molecular-weight binding proteins (24 kDa),
thought to be IGFBP-4, decreasing with increased fusion.
This pattern of secreted binding proteins is very similar to
that observed for fetal pig myoblasts and fibroblasts
(Hembree et al. 1996), where myoblasts produced more
IGFBP-3 and less IGFBP-4 than purified fibroblasts.

Other growth factors and receptors shown to be
expressed by muscle cells include acidic and basic FGF
and members of the TGF-f superfamily, all of which
inhibit muscle cell differentiation. Expression of acidic and
basic FGF has been demonstrated in murine and rat skeletal
muscle, and also in murine-derived sol8 and rat-derived L6
muscle cell lines, with expression of both genes being
down-regulated during differentiation of both cell lines
(Moore et al. 1991). There was also an associated decrease
in FGF-receptor mRNA, and this coordinated down-
regulation was suggested as one possible mechanism
whereby FGF may exert an autocrine effect on differentia-
tion, as FGF inhibit muscle cell differentiation (see p. 209),
myogenin-gene expression (Brunetti & Goldfine, 1990) and
also IGF-II-gene expression (Rosenthal et al. 1991a),
whilst increasing IGF-1R abundance (Rosenthal et al.
1991a). Recently, a novel member of the TGF-§ super-
family, growth and differentiation factor-8 (GDF-8) has
been identified (McPherron et al. 1997), and has been
shown to be expressed specifically in developing and adult
skeletal muscle. Knockouts of the GDF-8 gene result in
dramatic increases in muscle mass, with individual muscles
weighing two to three times more than those of wild-type
animals, which would suggest that GDF-8 functions
specifically as a negative regulator of skeletal-muscle
growth, as does TGF-f. Decreases in both binding and
action of TGF-f with differentiation have been described in
L6A1 cells (Ewton ef al. 1988), similar to the decreases in
FGF receptors.

Effects of nutrients on myoblast proliferation and
differentiation

Muscle cell differentiation can be induced in most cell
types by reduction of serum concentration in the culture
medium. Differentiation has been shown to be dependent
on other components of the cell culture medium, including
the type of serum used (Doumit & Merkel, 1992), the type
of medium (Pinset & Whalen, 1984; Dodson et al. 1990)
and the substratum on which the cells are grown (Dodson er
al. 1990). One report (Dodson et al. 1990) suggested that
differentiation was increased in low-glucose compared with
high-glucose Dulbecco’s modified Eagle’s medium. How-
ever, we have found no effect of low and high glucose
concentrations on differentiation of primary fetal sheep
myoblasts, as measured by changes in intracellular creatine
kinase activity JM Brameld, N Imram, J Li, RS Gilmour
and PJ Buttery, unpublished results). There was also no
effect of glucose concentration on expression of IGF-I or
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IGF-1R genes. It has also been shown that the unsaturated
fatty acid, linoleic acid, stimulates differentiation of rat
satellite cells (Allen et al. 1985). The mechanism by which
these nutrients affect myoblast differentiation could
possibly be via effects on the GH-IGF axis, and in
particular any locally-produced IGF-1, IGF-1I, IGFBP
and/or IGF-1R, all of which will alter IGF bioactivity.
However, it is still uncertain whether primary myoblasts
and/or myotubes possess functional GH-receptors and
whether the IGF-1 they produce is GH-dependent.

Studies involving the manipulation of specific nutrients
in the media are lacking, and the published studies of direct
nutritional effects on muscle cells in culture have involved
mainly micronutrients. A lack of available Zn has been
shown to inhibit C2C12 myoblast differentiation and to
decrease expression of both MyoD and myogenin mRNA
(Petrie et al. 1996). Similarly, a lack of Ca can also inhibit
muscle cell fusion (Merlie & Gros, 1976; Morris et al.
1976), although effects on differentiated protein production
appear to be concentration dependent (Morris et al. 1976).
The effects of Ca may be related to the increase in the level
of milli-calpain (EC 3.4.22.17), the Ca-dependent protei-
nase requiring millimolar concentrations of Ca, seen during
differentiation of fetal chicken myoblasts (Kwak et al.
1993). This increase in milli-calpain correlated with the
elevated cleavage of filamin which occurs during the fusion
process, and, therefore, may play an important role in the
cytoskeletal reorganization required for myoblast fusion.
This would also agree with the report that IGF-1, which
stimulates differentiation, also increases milli-calpain
mRNA concentrations (Hong & Forsberg, 1994), although
this observation was made in already-differentiated rat L8
myotubes. Retinoic acid, the vitamin A derivative, has also
been shown to induce myogenic differentiation and
myogenin synthesis in the rat Rhabdomyosarcoma cell line
BA-Han-1C (Armold et al. 1992). The effects of retinoids
are mediated through two receptor subtypes, i.e. the
retinoic acid receptors and the retinoid X receptors, and
expression of retinoic acid receptor mRNA has been shown
to be repressed during C2C12 myoblast differentiation,
while retinoid X receptor mRNA was induced (Downes et
al. 1994).

Growth and differentiation of muscle is profoundly
affected by paracrine factors secreted by neighbouring cell
types. Quinn er al. (1990) reported that the growth of
normal myoblasts was enhanced markedly by factors
secreted by muscle fibroblasts. Factors produced by the
muscle itself will also affect the final cellular composition
of the tissue. For example, we (JMM Harper and PJ
Buttery, unpublished results) have demonstrated the
existence of a low-molecular-weight mitogen produced
by cultured satellite cells which enhances the growth of
pre-adipocytes, with its action found to be additive to that
of IGF-1.

Whole-animal studies
Effects on muscle fibre number

Evidence for effects of nutrition on muscle cell prolifera-
tion and differentiation comes from work in whole animals,
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with rates of fetal growth in the pig found to be very much
dependent on maternal nutrition and the supply of maternal
nutrients to the fetus. For example, a reduction in the
uterine blood supply can lead to runting, with runted pigs
being born with fewer muscle fibres (Powell & Aberle,
1981), and consequently they never achieve the same
mature size as their adequately-nourished siblings. Increas-
ing maternal feed during pregnancy in pigs, especially
during the period immediately before muscle fibre
hyperplasia (between days 25 and 50 of gestation), has
been shown to increase the average total number of muscle
fibres and the secondary : primary fibres in the progeny at
birth (Dwyer et al. 1994), with postnatal growth rate also
being increased in these progeny. The increase in
secondary : primary fibres was shown to be due to increased
numbers of secondary fibres, with previous pig studies
having shown correlations between growth rate and
secondary : primary fibres (Dwyer et al. 1993). This
suggests that early nutrition is crucial for the proliferation
of presumptive secondary myoblasts, creating a greater
potential for secondary-fibre formation. However, this
approach cannot be used to increase fibre number in
adequately-fed fetuses, rather it demonstrates the impor-
tance of adequate maternal nutrition during pregnancy.
Whether these are direct effects or indirect effects mediated
via the various metabolic hormones controlled by nutrient
intake is yet to be established. Similar increases in muscle
fibre number have been observed in progeny from sows
injected with GH during pregnancy, but only when GH was
administered in early (10-24 d) gestation (Rehfeldt et al.
1993).

In utero exposure to f-adrenergic agonists has been
reported to have variable effects on pre- and postnatal
muscle growth. Maltin er al. (1990) demonstrated that
exposure to clenbuterol in utero and during lactation
decreased postnatal muscle growth in the hindlimbs of rat
progeny. In contrast, Kim et al. (1994) reported that
treatment of pregnant sows with salbutamol during either
the first or second trimesters of pregnancy resulted in
increased longissimus muscle area in the carcasses of the
progeny at slaughter (160d of age). Shackelford et al.
(1995) fed pregnant ewes with a diet containing 0 or 2mg
Lesoso (Merck, Sharp & Dohme, Rahway, NJ, USA; -
adrenergic agonist)/kg between days 25 and 95 of gestation
but observed no difference in the carcass or muscle weights
of the progeny, either at birth or at any stage in the growth
cycle. Heart weights, however, were increased ( > 20 % at
birth; Shackelford et al. 1995) by in utero exposure to the
p-adrenergic agonist, which was taken as evidence that the
p-adrenergic agonist must have crossed the placenta and
affected lamb development. The lack of effect of in utero
exposure to f-adrenergic agonist on muscle weight in either
neonatal or market-weight lambs in the study of Shack-
elford et al. (1995) was attributed to the fact that fibre
number was not increased by the f-adrenergic agonist,
suggesting that myoblast proliferation and differentiation
was unaffected by the drug. In the study of Maltin et al.
(1990), a reduction in secondary:primary fibres was
observed in the hindlimb muscles of rat fetuses exposed
to clenbuterol in urero. This was due to a reduction in the
number of secondary fibres but not primary muscle fibres.
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This is consistent with the effects seen in pigs under-
nourished in utero (Dwyer et al. 1994). Total muscle DNA
content was also reduced in these animals. In rats exposed
to clenbuterol from day 10 of gestation and throughout
lactation, total fibre number was reduced in the soleus
muscle but there was an increase in fibre cross-sectional
area, particularly in the type II fibres, and altered
proportions of the different fibre types (Maltin er al.
1990). Fibre type was not altered in the muscles of the
lambs exposed to ff-adrenergic agonist (Shackelford et al.
1995), but Kim et al. (1994) suggested that in utero
exposure to salbutamol increased the proportion of type I
fibres in the semitendinosus muscle of pigs compared with
untreated controls, in agreement with the results of Maltin
et al. (1990). Differences between these studies may be
related to the timing of S-adrenergic agonist administration,
as was demonstrated for GH administration in pigs
(Rehfeldt et al. 1993). The negative effect of f-adrenergic
agonist on fetal muscle development in the study of Maltin
et al. (1990) was attributed to nutrient restriction to the fetus
due to the repartitioning action of the agonist in diverting
nutrients towards the mother, as skeletal muscle hypertro-
phy was observed in both pregnant and lactating dams
receiving the clenbuterol-supplemented diet. However, the
possibility that clenbuterol has a direct effect on myoblast
proliferation and/or differentiation could not be excluded.

Interestingly, in the study of Shackelford ez al. (1995) it
was noted that total fibre number in the semitendinosus
muscle was higher for wethers than for ewes at market
weight. A similar trend was observed in the psoas major
muscle. This suggests that testosterone influences myoblast
proliferation and/or differentiation. Longissimus muscle
DNA concentration has been reported to be higher in bulls
than in steers (Morgan er al. 1993), indicating that greater
satellite-cell proliferation may occur in intact males and in
animals treated with testosterone, where muscle mass and
DNA content have been shown to be increased (Grigsby et
al. 1976). It has been suggested that the anabolic steroid
trenbolone acetate, a testosterone analogue, may increase
skeletal muscle hypertrophy by enhancing the proliferation
and differentiation of satellite cells by increasing the
sensitivity of these cells to growth factors such as FGF and
IGF-I (Thompson et al. 1989).

Effects on muscle fibre hypertrophy

In postnatal life, increases in muscle size are due to
hypertrophy rather than hyperplasia as muscle fibre number
does not increase significantly after birth. Muscle DNA
content continues to increase throughout the growing phase
due to satellite-cell proliferation, differentiation and fusion
with existing muscle fibres. This is accompanied by
increased protein deposition. The cessation of DNA
accretion occurs abruptly as the animal approaches its
mature size and precedes the decline in protein accretion.
Muscle protein accretion is the net balance between the
relative rates of muscle protein synthesis and degradation,
and changes in either can result in increased muscle mass.
This has been the basis of several growth promoters which
have been used to increase muscle mass in farm livestock.
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The anabolic growth promotors, although no longer
available for commercial use in the UK, have been shown
to effectively increase muscle mass through hypertrophy.
The mode of action of these agents differs depending on the
compound; testosterone increases both protein synthesis
and degradation rates, with a greater effect on the former
(Martinez et al. 1984), while trenbolone acetate increases
muscle mass predominantly by reducing protein degrada-
tion, with a lesser effect on protein synthesis (Vernon &
Buttery, 1976). The mode of action of oestradiol is believed
to involve enhancement of endogenous GH secretion
(Gopinath & Kitts, 1984; Breier et al. 1988) although
measurable increases in protein synthetic rate are not
always observed in treated animals (Dawson et al. 1991).
The response to anabolic agents, however, is clearly
dependent on nutritional status (Gill et al. 1987).

Treatment of animals with exogenous GH has been
clearly shown to increase fractional rates of protein
synthesis and degradation in skeletal muscle, the increase
in synthesis exceeding the increase in degradation resulting
in protein accretion (Pell & Bates, 1987; Eisemann et al.
1989). Total muscle RNA concentration is increased in
GH-treated muscles suggesting increased protein synthetic
capacity rather than increased efficiency of protein
synthesis (Pell & Bates, 1987).

Treatment of growing animals with other exogenous
agents, such as f-adrenergic agonists, also results in
increased muscle mass. The muscle hypertrophy exhibited
is believed to occur through increased fibre diameter, with
no proliferation of satellite cells. Indeed, muscle DNA
concentration (ug/g protein) is sometimes less in treated
muscles than in control muscles (Kim et al. 1987). The
predominant mechanism of action of these agents is thus
believed to be a reduction in protein degradation, although
protein synthesis has also been shown to be stimulated in
some studies (Dawson et al. 1991). This is supported by the
observation that translational efficiency (i.e. the amount of
protein synthesized per unit RNA) is increased by p-
adrenergic agonists (Maltin et al. 1992). All muscles do not
respond equally to treatment with f-adrenergic agonists
(Dawson et al. 1991) and this is probably related to
different fibre-type content of different muscles. The cross-
sectional area of type II (fast-contracting, mixed glycoly-
tic—oxidative) fibres tends to be increased more consistently
than type I (slow contracting, oxidative) fibres (see Yang &
McElligott, 1989). There also appears to be a change in
proportions of fibre types in muscles of treated animals
following long-term administration of these agents, with a
shift towards fibres with increased anaerobic metabolism
(Maltin et al. 1986; Zeman et al. 1988). These changes in
fibre diameter and metabolism, along with the reduced
protein degradation, are believed to contribute to the
reduced tenderness of f-adrenergic-agonist-treated meat.

In sheep, an autosomal dominant gene (callipyge) has
been identified on chromosome 18 which is associated with
extreme muscling. The effect of this gene is not consistent
among all skeletal muscles. The leg and loin muscles all
exhibit hypertrophy (18-42 %), but certain shoulder mus-
cles (e.g. supraspinatus and infraspinatus) are unaffected
(Koohmaraie et al. 1995). The leg and loin muscle
hypertrophy exhibited in sheep expressing the callipyge
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gene is similar to that seen in the double-muscle syndrome
in cattle, but whereas the double-muscle syndrome is
apparent at birth and often results in dystocia, the sheep
condition does not manifest itself until several weeks after
birth. This indicates that the mechanism giving rise to these
conditions varies. The double-muscle syndrome is char-
acterized by increased muscle fibre number which occurs as
a result of faster and more prolonged hyperplasia during
prenatal growth and development (Gerrard & Judge, 1993).
The callipyge condition is associated with increased muscle
DNA content indicating greater satellite-cell proliferation,
and increased RNA content suggesting greater capacity for
protein synthesis (Koohmaraie et al. 1995). This condition
is thus due to increased hypertrophy rather than hyperpla-
sia. Protein degradation, however, is also significantly
reduced in these animals, contributing to the increased
muscle mass but also reducing meat tenderness. Changes in
fibre type are also apparent, with an increase in the area of
the type 1l fibres and a reduction or no change in the size of
the red type I fibres. These changes resulted in sheep with
the callipyge gene having 48-62 % greater total muscle
fibre areas compared with normal lambs (Koohmaraie ez al.
1995). The proportion of type II fibres is also increased.
These effects on muscle fibre area and the proportion of
fibre types are similar to those often seen in f-adrenergic-
agonist-treated muscles (Yang & McElligott, 1989) as are
the changes in protein synthesis and degradation and meat
tenderness.

Undernutrition can have important influences on post-
natal growth, as well as in utero, if it occurs during critical
stages of development. This was demonstrated in chickens,
hatched and raised normally but starved for 48 h between 7
and 9d of age and then subsequently refed normally until
27d of age (Moss, 1968). Starvation decreased total muscle
weight and the weight per nucleus, but the total number of
nuclei remained constant. During refeeding muscle weights
increased, but remained lower at 27d of age than those of
non-starved birds. Muscle nuclei number also remained
lower in the starved birds. The muscle weight per nucleus,
however, was constant in both groups of birds, suggesting
that a brief period of starvation during the rapid growth
phase reduced satellite-cell proliferation and, thus, DNA
accumulation in the muscles which subsequently restricted
postnatal protein accretion.

The proposed mechanisms for the effects of nutritional
and hormonal manipulations on postnatal growth, and in
particular the GH-IGF axis, have recently been reviewed
(Straus, 1994; Brameld, 1997) and, therefore, will not be
duplicated here. However, the evidence from studies in
whole animals and cultured hepatocytes would seem to
suggest that both the protein and energy constituents of a
diet have direct effects on expression of growth-regulatory
genes. Thus, increasing the energy available for growth,
and therefore growth rate, via changes in dietary intake and
environmental temperature of growing pigs, results in an
increase in both GH receptor and IGF-I expression in liver,
but a decrease in both GH receptor and IGF-I expression in
Longissimus dorsi muscle (Dauncey et al. 1994; Weller et
al. 1994). Similarly, increasing growth rate via increased
dietary protein intake in GH-treated pigs also results in an
increase in both GH receptor and IGF-I expression in liver,
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but a decrease in GH receptor expression in both L. dorsi
and semitendinosus muscles, with no effect of dietary
protein on skeletal muscle IGF-1 expression (Brameld et al.
1996). Thus, only energy appears to alter IGF-I expression
in muscle, but there are tissue-specific effects of both
energy and protein on GH receptor expression, with the
effects on muscle being the opposite of those seen in liver.
A lack of glucose in the culture medium reduces expression
of the GH-receptor gene by cultured pig hepatocytes and,
therefore, reduces the effects of GH on IGF-I expression
(JM Brameld, RS Gilmour, and PJ Buttery, unpublished
results). Similarly, a lack of certain essential amino acids in
the culture medium reduces the effects of GH on IGF-I
expression by cultured pig hepatocytes, although the
mechanism appears to be slightly different from that of
glucose (JM Brameld, RS Gilmour and PJ Buttery,
unpublished results).

Conclusions

The control of muscle cell growth and differentiation is
obviously under very tight multifactorial control, involving
various growth factors, metabolic and steroid hormones and
nutrients. There is a lack of studies on normal primary or
secondary muscle cells as opposed to continuous cell lines,
which by definition may have altered functions and control
mechanisms. There is also a lack of studies on the effects of
nutrients, including classical nutrients (e.g. glucose, amino
acids) and the macro- and micronutrients, sich as minerals
and vitamins, which comprise the cell culture medium.
These nutritional factors may elicit their effects via changes
in the local production of growth factors or changes in
growth factor activity.
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