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Abstract

In the previous years much excellent work, carried out mainly on established cell lines, has
clarified the molecular mechanisms which control the various differentiation steps, as well as
the arrest of proliferation in myoblasts (Buckingham 1994; Lassar et al. 1994; Olson et al.
1995). Although in vivo myogenesis, by extrapolating these data, should also be nearly
understood in molecular terms, several aspects should also be considered. Recent work from
many laboratories have demonstrated that, during skeletal muscle development in higher
vertebrates, cellular interactions are essential for the correct formation of the tissue in space
and time. These interactions mainly occur between: a) neighbouring tissues and myogenic
cells, b) newly formed muscle fibers and the myoblasts which surround them during develop-
ment. In fact development of skeletal muscle in vivo is highly asynchronous, starting soon
after somitogenesis and lasting, as a regenerative capacity, for the entire life of the animal
(Hauschka, 1994); data from several laboratories have clearly shown, through the years, the
existence of different classes of myogenic cells, which show different phenotypes in vitro, and
possibly in vivo, and are probably responsible for the asynchronous differentiation of skeletal
muscle (Cossu and Molinaro, 1987; Stockdale and Miller, 1987). This review is centered upon
these classes of myoblasts and the signals that they receive from neighboring tissues and/or
exchange among themselves.
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This review will analyze several aspects of skeletal
muscle development in higher vertebrates, emphasizing
primarily the cellular interactions which occur: 1) between
neighboring tissues and myogenic cells, 2) between newly
formed muscle fibers and the myoblasts which surround
them during development. We and others believe these

interactions to be essential for the correct formation of

skeletal muscle tissue in space and time. Much excellent
work in the previous years, carried out mainly on estab-
lished myogenic cell lines, has clarified the molecular
mechanisms which control the various differentiation steps
as well as the arrest of proliferation in myoblasts [5, 38,
57]. This has led to the assumption that, by extrapolating
these data, in vivo myogenesis should also be nearly under-
stood in molecular terms.

[t is well known that development of skeletal muscle
in vivo is highly asynchronous, starting soon after somi-

togenesis and lasting, as a regenerative capacity, for the
entire life of the animal [31]. Although stochastic models
can be invoked to explain this asynchrony, data from
severallaboratorieshaveclearly shown, throughtheyears,
theexistence of different classes of myogenic cells, which
show different phenotypes in vitro, and possibly in vivo
[11, 72]. This review is centered upon these classes of
myoblasts and the signals that they receive from neigh-
boring tissues and/or exchange among themselves.

Myogenic commitment: signals and molecules from neigh-
boring tissues

Skeletal myoblasts of the vertebrate body (with the ex-
ception of the head) are derived from somites, segmented
blocks of paraxial mesoderm which form in a cranio-cau-
dal sequence along the neural tube and the notochord [9].
Among the cells of the somite, only those which are located
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Figure 1. A) Model showing dorsal and ventral influences
on the paraxial mesoderm, resulting in the activa-
tion of myogenesis through a Wnt-dependent path-
way, and of chondrogenesis through a
Shh-dependent pathway respectively. The possible
localization of a borderline cell (asterisk) is shown.
B) Schematic representation of gradients of differ-
ent inducers, which specify cell towards different
fates (A and B) leaving a borderline cells in an
unspecified (AB) and bi-potential state.

in the dorsal domain, termed dermomyotome, are specified
as myoblasts (and dermal fibroblasts) while cells located
in the ventral domain, the sclerotome, will form cartilage
and bone. Myogenesis depends upon activation of either
myf-5 or MyoD, the two upstream genes of the basic
helix-loop-helix family of muscle specific transcription
factors [63]. Recent work has shed light on the role of
adjacent tissue such as neural tube, notochord and dorsal
ectoderm, which appear to activate different myogenic
programs in responding mesodermal cells. Specifically the
neural tube activates myogenesis in the dorso-medial half
of paraxial mesoderm (fated to give rise to epaxial muscles
[58]) through a myf-5 dependent pathway, while the dorsal
ectoderm can activate myogenesis in the dorso-lateral pre-
cursors of hypaxial muscles (such as limb and body wall)
through a MyoD dependent pathway [14]. In this case,
lateral mesoderm delays the positive effect of the ectoderm
suggesting that this tissue produces an inhibitory signal

[13] to maintain the cells in a committed and yet undif-
ferentiated state during the migration to their final destina-
tion. Candidate molecules for this complex signaling
activity include the secreted proteins Sonic hedgehog (Shh)
and Wnts (the mammalian homologue of wingless) as
positive signals [50], and the bone morphogenetic factor 4
(BMP4) as a possible inhibitor [13] (figure 1). This topic
is discussed in greater detail and from a different perspec-
tive in the chapter by George-Weinstein et al. mainly
focused on chick embryo development [see also 13].

The generation of myoblast diversity and the origin of
different fibers

The activation of the myogenic program in mesodermal
cells does not directly lead to terminal differentiation. As
we have already observed in the case of the precursors
located in the dorso-lateral region of somites, commitment
may occur, but differentiation is repressed until the cells
are positioned, and after a given number of divisions occurs
to attain the correct number of myoblasts. In the dorso-me-
dial domain of somites, only a fraction of determined
myogenic precursors (myotomal precursors) are induced
to terminally differentiate, whereas the remaining cells are
kept in a committed but undifferentiated state. Most of
these cells, like the precursors of hypaxial muscles, will
continue to proliferate to produce primary and secondary
fibers [37]. Some of these cells will also give rise to satellite
cells (Figure 2). In this context, it has been proposed that
the dorsal portion of the neural tube inhibits terminal
differentiation through production of growth factors [6].
Therefore, some kind of heterogeneity must be invoked to
explain the differential fate of myotomal precursors versus
other precursors, similar to what is observed between
embryonic and fetal myoblasts in the developing limb bud
(see below). From this point of view it is interesting to note
that the neural tube produces various fibroblast growth
factors (FGFs) [40], and the first cells which form the
myotome are the only myogenic cells which do not express
the FGF receptor FREK [41]. Whether a preselected
myogenic population fails to respond to FGF, or local
signals prevent expression of FGF receptors in an homo-
geneous population, is unknown, since the location of
myotomal precursors in the dermomyotome has not yet
been determined. From a teleological point of view, this
can be explained by a need to maintain a precursor pool of
dividing myogenic cells (to cope with the growing size of
the embryo) and, at the same time, to generate differen-
tiated, post-mitotic skeletal muscle fibers (to allow early
movements of the embryo). A possible mechanism to
ensure that certain myoblasts will differentiate in an envi-
ronment which is permissive for proliferation, may be
based on the inability of these myoblasts to respond to
growth factors and/or to molecules which inhibit differen-
tiation. A long and frustrating search for growth factors
which may affect selectively proliferation of fetal versus
embryonic cells, failed to yield any possible candidate
molecule for such role. In contrast, transforming growth
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factor B (TGFpB) became an obvious candidate, when it
became clear that it can inhibit differentiation of fetal but
not of embryonic cells [16]. A few years ago, we proposed
a possible mechanism by which TGFP may influence the
process of primary fiber formation in vivo (Figure 3). This
mechanism is based on several assumptions, some of
which can be derived from published work, while others
had to be verified experimentally. An oversimplified view
of the proliferation/differentiation equilibrium of myo-
blasts in the limb bud assumes that these cells proliferate
in the presence and differentiate in the absence of mitogens
[10]. Recent in situ and organ culture studies have shown
that FGF-4 is expressed at very high level in the apical
ectodermal ridge (AER) [20, 54], and that FGF-4 can
promote limb bud growth in the absence of the AER [55].
It is therefore conceivable that a gradient of mitogen con-
centration is established throughout the proximo-distal
axis of the growing limb, with the lowest concentration
present at the base of the limb, just where primary fibers
initially form. Consistent with this possibility (although
other mechanisms such as reduction of receptors may be
invoked), the number of cells in S phase (BrdU positive)
is greatly reduced at the base compared with the progress
zone [33] of the limb bud ina 10.5 days post coitum (d.p.c.)
mouse embryos. These observations, however, do not ex-
plain why embryonic myoblasts differentiate while fetal do
not. In as much as embryonic myoblasts are insensitive to
TGFp [ 16, 67], which is abundant in the embryonic limb
[32]. they may differentiate into primary fibers. In contrast,
fetal myoblasts should be prevented from differentiation
by TGEB. It is worth noting that TGF is produced by the
ectoderm and is supposed to act in a paracrine fashion on
surrounding mesenchimal tissues [39, 47, 60, 66]. Further-

Somite

g

I

myotome +— i’y %ial

embryonic fetal satellite cells

9
[° fibers  1I° fibers postnatal growth and
rigeneration

Figure 2: A simplified model describing myogenic lineages
in higher vertebrates: only epaxial precursors, de-
riving from the medial aspect of somites, generate
the myotome. Both epaxial and hypaxial precur-

sors, which derive from the lateral aspect of

somites, give rise to embryonic, fetal and satellite
cells, responsible for the formation of primary (I1°),
secondary (I1°) and regenerating fibers, respec-
tively.

more TGFP is the only inhibitor of myogenesis, so far,
which does not stimulate myoblast proliferation [22, 42,
56]. Thus, fetal myoblasts may enter a quiescent but undif-
ferentiated phase, from which they must subsequently exit
and begin a new wave of proliferation to generate the pool
of precursor cells necessary to form secondary fibers. This
proliferation may well be sustained by mitogens locally
produced by newly formed muscle fibers. The following
observations argue in favour of this possibility: 1) peptide
growth factors and the relative messages are frequently
localized within developing muscles in the embryo [18, 20,
24, 30, 34, 62, 73, 74, 75]; 2) co-culture experiments
showed that both cultured myotubes and muscle contain-
ing explants of limb buds release mitogens which stimulate
myoblast proliferation into the medium [18].

The above proposed model has the advantage of recon-
ciling previously unexplained data, such as the presence of
growth factors in newly formed muscle, with the differen-
tial effect of TGFP on embryonic and fetal myoblasts [16].
However, to prove this hypothesis, it is necessary to
remove TGFp from the limb, and follow muscle histogen-
esis under these conditions. This is obviously a difficult
task, considering that TGFP exists as a family of peptides
[43], whose biological activities may vary as function of
concentration, localization and half life. Furthermore,
TGFB may interact with many other growth factors, as well
as with extracellular matrix molecules present in the de-
veloping limb. Finally it should be noted that delivery of a
soluble molecule to mammalian developing limb in utero,
still poses relevant technical problems. As a simpler ap-
proach to tackle this problem, we developed a limb organ
culture system which allows differentiation of embryonic
(primary) and fetal (secondary) myotubes to occur on
schedule. As expected, addition of TGF to these cultures
prevented appearance of fetal but not of embryonic myo-
tubes. More important, a neutralizing anti-TGFp antibody
caused anticipated appearance of fetal myotubes, sugges-
ting that their differentiation may be inhibited by endogen-
ously produced TGFR [16].

The model implies that when secondary myotubes form,
the level of myotube-derived mitogens and TGFp should
decrease below a threshold necessary to trigger differen-
tiation. In fact, continuous addition of TGF to the culture
prevents the appearance of secondary but not of primary
myotubes. On the other hand, addition of serum or FGF to
the culture prevents differentiation of both embryonic and
fetal myoblasts. Indeed, only a fraction of embryonic myo-
blasts are inhibited by FGF ([10] and our unpublished
observation). This may depend upon the fact that some
embryonic myoblasts are already committed when they
were explanted in vitro or, alternatively, that there are
differences among embryonic myoblasts in their response
to FGF [70]. The level of FGF is known to decrease in the
fetus [71] and our preliminary data suggest a dramatic
decrease of the endogenous level of TGFB in mouse limbs
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ARACRINE CONTROL OF:IN VIVO MYOGENESIS

embryonic myogenesi
(I° fibre formation)

fetal myogenesis
(II° fibre formation

Figure 3. Summary of the proposed paracrine control of primary/secondary fiber formation by TGFp, through a

PKCO-mediated mechanism. For details, see text.

between 15 and 17 d.p.c., coincident with secondary fibers
formation. Work is in progress to clarify these events.

Paracrine control of myoblast proliferation and differen-
tiation

The model outlined above is mainly based upon the
selective inhibition of differentiation caused by exposure
of fetal myoblasts to TGF. If the model is correct, one
expects that differential expression of molecules involved
in the transduction of extracellular signals may contribute
to the different phenotypes. Very little information is avail-
able regarding the TGFp induced signaling events. Most
studies have been conducted in cells where TGEp inter-
feres with cell proliferation. However, in muscle cells,
TGEP inhibits differentiation without interfering with cell
growth, suggesting that TGFJ may be able to activate
different intracellular signaling mechanisms, depending
upon the status or type of cells. The first insight on the
molecular basis of the TGF signaling events in myogenic
cells comes from the observation that the predominantly
expressed protein kinase C (PKC) isoform in muscle,
PKCO, is selectively expressed in fetal myoblasts and
satellite cells, in vivo and in vitro [77]. PKC constitutes a
family of serine/threonine protein kinases, often involved
in different cellular processes, such as growth and differen-
tiation. To date eleven different isoforms have been ident-
ified and cloned, and, although no substrate specificity

among the different isoforms has been described, the in-
formations available suggest specific roles of each of them
in different systems [3, 19, 48, 51].

Among the PKC isoforms tested, PKCB8 is the only one
expressed in fetal and post-natal muscle but not in em-
bryonic muscle. Accordingly, embryonic myoblasts do not
express PKCO in culture, while fetal myoblasts and satel-
lite cells do. As stated before, embryonic myoblasts are
insensitive to the differentiation-inhibitory effect of TGFp;
however, if PKCB is exogenously expressed in embryonic
myoblasts in culture, it confers an inhibitory response to
TGFp, as evaluated by skeletal myosin expression. The
sensitivity to TGFp is specifically promoted by PKC8,
since exogenous expression of other PKC isoforms such as
PKC o or , does not exert any effect [77]. Whether the
same situation may be encountered in the normal physio-
logical state is unclear. Nonetheless, our data indicate that
the TGFP signaling pathways are specifically mediated by
PKC6 in myogenic cells. Why differential expression of
PKC6 should dictate the differential fate of embryonic
versus fetal myoblasts remains a matter of speculation. It
is a fact, however, that only a fraction of the total myogenic
precursor population differentiate, at the embryonic period
of development, in the base of the limb bud. All myoblasts
in this area are probably exposed to a low growth factor
concentration but to a high concentration of TGFp. At this
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time, embryonic myoblasts do notexpress PKC6, thus they
are insensitive to TGFf and may differentiate into primary
fibers, whereas differentiation of fetal myoblasts, which
express PKC6, is prevented by TGFEB (Figure 3) . Once
primary fibers are formed, they begin to produce growth
factors such as FGF [20, 30] and, thus, promote a new wave
of proliferation in fetal cells. The identification of PKCO
as a key component of this pathway, permits the design of
experiments where expression of this enzyme in vivo,
driven by the promoter of genes expressed early in the limb
bud, should provide each cell with PKC8. If the prediction
is correct, all myogenic cells should become sensitive to
TGFp, and primary fibers should not be formed in the
mouse developing limbs. This possibility is currently
under investigation.

Satellite cells and the paracrine control of their function

Satellite cells are classically defined as quiescent mono-
nucleated cells, located between the sarcolemma and the
basal lamina [44]. Satellite cells exhibit specific features
that distinguish them from embryonic and fetal myoblasts.
Previous work from this laboratory identified specific mar-
kers of satellite cells [ 1 1]. Furthermore, Megeney etal. [45]
recently showed that in MyoD deficient mice regeneration
is reduced, suggesting that this class of myogenic cells is
more dependent upon this factor than other classes of
myogenic cells.

Satellite cells emerge from the fetal myogenic cell com-
partment at 16-18 days of development in mouse embryo
and at 12-14 weeks in human embryo. In this period
intensive myogenesis occurs, leading to a drastic reduction
of myogenic mononucleated cells as a consequence of the
massive formation of muscle fibers. Since satellite cells do
not undergo differentiation at this time, proliferation and
differentiation in these cells must be differently regulated
to allow the persistence of stem cells in post-natal and adult
muscle. An obvious reason for understanding the mechan-
isms controlling the behavior of these cells, is the possi-
bility of manipulating the size of the satellite cell
compartment, which would be of paramount importance in
developing therapeutic approaches for primary myopa-
thies [59, 64]. A basic limitation to this approach is that
satellite cells will undergo only a finite number of cell
replications. Data from several laboratories have shown
that a sharp decrease of the proliferative potential of satel-
lite cells is observed in the early periods after birth, fol-
lowed by a continuous and slower decline until senility [68,
69]. The reason for this phenomenon is unclear but three
general mechanisms have been proposed, which are not
mutually exclusive: 1) satellite cells continue to divide
during post-natal life and use their finite number of divi-
sions in vivo; 2) satellite cells may express an autonomous
program that reduces their ability to replicate during post-
natal life; this mechanism suggests that a progressive
desensitization to specific hormones/growth factors is re-
sponsible for the finite number of cell cycles; 3) alterna-
tively it may be postulated that myogenic cell proliferation

is under paracrine control which declines during post-natal
life.

Several reports indicate that satellite cells in culture are
mitotically activated by addition to the medium of growth
factors such as fibroblast growth factor, platelet derived
growth factor, insulin growth factor, adrenocorticotroprin
and melanocyte stimulating hormones, leukemia inhibit-
ing factor, colony stimulating factor granulocyte/macro-
phage, arginine vasopressine, hepatocyte growth factor
[18, 21,52, 76]. The physiological role of these factors is
supported by the findings that some of these factors are also
secreted by developing and regenerating muscle fibers [18,
28]. To test the first hypothesis, satellite cells, cloned in
low serum containing medium, were challenged with these
growth factors, in order to force their limited proliferation
potential. However, even high concentration of the mi-
togens were ineffective, suggesting that either cells have
become completely insensitive to these growth factors or
that other mechanisms may be involved [46].

Previous results from this and other laboratories have
shown that differentiated myotubes secrete factors stimu-
lating replication of undifferentiated myoblasts. Further-
more, it is well known that regenerating skeletal muscle
fibers secrete factors which activate satellite cells replica-
tion [ 1, 18, 35]. This evidence supports the hypothesis that
differentiating or regenerating muscle fibers may exert a
paracrine stimulation of undifferentiated myogenic cells
replication. The decline of this regulatory mechanism in
satellite cells replication during the post-natal life, could
be responsible for the reduction in satellite cell prolife-
ration. To address this problem, satellite cells were iso-
lated from mouse at different ages, and grown in culture
in the presence of conditioned medium from myogenic
and non myogenic cells. The result of this experiment
showed that conditioned medium of differentiated myo-
tubes from new born mouse may revert the progressive
decrease of replication potential of satellite cells, occur-
ring through the post-natal life of the animal. Other cell
types were ineffective in producing this effect. A similar
experimental approach was exploited to investigate
whether muscle fibers in vivo exert the same stimulatory
action on satellite cells replication. To this purpose,
muscle fibers from young mouse, whose satellite cells
have high mitogenic potential, were extracted in saline
buffer, and the extract was added to the culture medium
of satellite cells from animals of different age. These
cells, which normally exhibit a progressive decrease
with age of their mitogenic potential, were induced to
revert this property, and to produce clones of larger size
as those from younger animals. On the other hand,
extracts from aged muscle were ineffective [46]. These
data strongly suggest that a reduced concentration of
mitogenic signals, operating through a paracrine mech-
anism within the muscle fiber, might be responsible for
the progressive loss of the satellite cell replication capa-
bility, through the life span of the animal.
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Are myogenic cells only derived from satellite stem cells in
regenerating muscle?

Recent evidence, from several laboratories, have shown
that primary fibroblasts from different organs, and 10T1/2
mesenchymal cells as well, are able to undergo muscle
differentiation, at significant frequency, when cocultured
with myogenic cells. The first example of this phenomenon
was the correction of the genetic defect of the mdg mouse
mutant muscle fibers, by fibroblast-myoblast fusion [8,
15]. Recently Gibson et al. [23] found that dermal fibro-
blasts can give rise to muscle fibers when injected into
skeletal muscle of mdx mice. These studies show evidence
for the fusion of fibroblasts with myogenic cells. In these
cases myogenesis could be activated as it occurs in hete-
rokaryons, where the fibroblast nucleus is exposed to
muscle transcription factors. However, we and others re-
ported that myogenesis can also be induced in a mononu-
cleated fibroblast, by signals derived from neighboring
myogenic cells: in this case fusion is just a consequence of
the acquired myogenic phenotype [4, 65].

It remains to be explained why these mesodermal cells
require a “muscle field” to undergo myogenesis and
have not already undergone spontancous differentiation.
In vertebrates, organs or parts of them are established
starting from “progenitor fields”, which are dependent
upon complex cross-talks between diffusible molecules
and specific transcription factors [17]. The recently re-
ported “community effect” (for amphibian myogenesis)
may explain, in part, how such fields may be established
[27]. In addition to inductive signals, embryonic cells
must check that they are surrounded by similar cells in
order to be committed to a given fate. We have recently
observed the existence of a “community effect” for
mammalian myogenesis as well [12]. In the examples of
myogenic conversion reported here, however, cells
come from tissues that have already completed mor-
phogenesis and, therefore, we may imagine a recruit-
ment depending on the occurrence of cells which are not
uniquely determined, such as those cells whose precur-
sors lay at the border of a “progenitor field”. Since any
field must, by definition, possess sharp boundaries,
those cells which find themselves at the border of a
“progenitor field”, may escape from the “community”,
since they are not completely surrounded by sister cells;
furthermore, they receive subthreshold levels of differ-
ent signals. These cells may, therefore, be “frozen” in a
penultimate and possibly bi-potential state (figure 1B).
Other examples of lineage switching among mesoder-
mal cells have been reported [25, 36], supporting the
idea of mesenchymal cells which maintain a bi-potential
or multipotential state [7]. In this state, mesenchymal
cells may be induced to adopt a specific pathway of
terminal differentiation from signals derived from
neighboring differentiating cells, as it occurs in a for-
ming muscle field (both in vitro and in vivo during
regeneration). 10T1/2 cells may well be the immor-
talized progeny of one of these cells. This situation,

which is conceptually different from the plasticity of the
already differentiated state [2], mighthave beenexploited
during mammalian evolution to compensate for the re-
duced regenerative capacity of mammalian, as compared
to lower vertebrate tissues [49]. In the case of skeletal
muscle,regenerationpotentialmay berapidly exhaustedin
response to chronic injury, such it occurs in Duchenne
Muscular Dystrophy [59]. Surprisingly, insituanalysis of
MyoD and myogenin expression in regenerating muscle
revealed anunpredicted highnumberofpositive cells near
the area of muscle necrosis [26], far exceeding that of the
expected resident satellite cells. These MyoD expressing
cells might derive from satellite cells of neighboring
muscles, which have rapidly migrated into the damaged
area, butmay,as well,representrecruitmentintomyogen-
esis of resident mesodermal cells, which appear as fibro-
blasts, but may maintain amyogenic potential.

In addition to its relevance to mammalian myogenesis,
myogenic conversion may be exploited for practical
purposes: rescue of dysgenic skeletal muscle is impaired
by the low number of satellite cells which can be trans-
duced ex vivo (especially if coming from an already
diseased muscle -tissue). Fibroblasts from a more ac-
cessible and less damaged site, such as the dermis, could
be expanded, transduced, and then converted to
myogenesis in vitro. The final number of transduced
autologous myogenic cells may be, therefore, increased
one or more orders of magnitude.

Concluding Remarks

Muscle development is a multistep process, based on the
heterogeneity of the myogenic cell lineage. The mechan-
isms leading to the sorting out of the different myogenic
compartments begin to be understood and appear as a
cascade of cell interactions between inducers and compe-
tent cells. Factors secreted by paracrine mechanisms, their
receptors on the induced cells and the signal transduction
mechanisms activating lineage specific genes, are the com-
ponents of a complex interacting system leading to the
expression of the terminally differentiated muscle pheno-
type. An accurate balance between positive and negative
inducers appears to be operative in the early stages of
muscle determination, when signals derive mostly from
neighboring tissues. Later, the asynchronous differentia-
tion of embryonic and fetal muscle fibers may depend on
the inability of embryonic myoblasts to respond to signals
inhibiting their differentiation. Work from many labora-
tories has identified TGFP as a specific inhibitor of fetal
myoblast differentiation. Recent evidences, discussed
here, indicate that PKC8 is involved in the transduction
pathway generated by this growth factor, and that the lack
of PKCB expression in embryonic myoblasts may explain
the insensitivity of these cells to the inhibitory action of
TGFB. The mechanisms leading to developmental dif-
ferences of the transduction pathways among myogenic
precursor cells are presently unclear, and represent a task
for future investigations.
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