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Abstract
Myogenic cells migrate into the limb from the somitic mesoderm, taking up positions in the
dorsal and ventral compartments before differentiating into the limb musculature. This process
is influenced by the tissues of the limb in a number of ways. Cells of the lateral part of the
somitic dermomyotome are induced to express a migratory myogenic phenotype by a diffusible
signal originating in the limb bud mesoderm. The limb and body wall musculature are entirely
derived from cells of this migratory myogenic lineage. Components of the extracellular matrix
of the limb mesoderm, such as fibronectin, facilitate myogenic cell migration by providing
sites for adhesion and directed migration. Differences in the composition of the matrix along
the proximo-distal axis make the distal mesoderm more attractive for migrating myogenic
cells. Anterior-posterior movement of myogenic cells within the limb bud is highly restricted,
resulting in a regionalised contribution of cells to the limb musculature based on somitic origin.
Lastly, there is a process that excludes myogenic cells from the most distal region of the limb
bud mesoderm; a similar process is involved in the aggregation of myogenic cells into the
dorsal and ventral premuscle masses. These findings illustrate the high degree of control over
myogenic cell migration mediated by both diffusible factors and the extracellular matrix in the
developing limb mesenchyme.
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The limb musculature is derived from myogenic cells
that migrate from the lateral half of the dermomyotome of
the somite. Migration of myogenic cells from those
somites medial to the limb bud starts as soon as the bud
begins to form. The cells aggregate within the limb bud
into two premuscle masses, which are the sites of the initial
stages of myogenic differentiation. Studies in recent years
have focussed on four broad issues concerned with myo-
genic cell migration in the limb: the migratory myogenic
phenotype, the activity of the extracellular matrix in facili-
tating myogenic cell migration, the restriction of anterior-
posterior movement of myogenic cells during the
migration phase and the exclusion of myogenic cells from
such regions of the limb bud as the progress zone and sites
of skeletal differentiation. This review brings together the
salient findings supporting the role played by these four
factors in myogenic cell migration.

The Migratory Myogenic Cell Lineage

Early findings from chick-quail grafting studies led to the
notion of two lineages of skeletal myogenic cells both
originating from the dermomyotome; a migratory lineage
that gives rise to the body wall and limb musculatures and

a myotomal lineage that differentiates in situ to form the
back muscles [12, 13]. This view is supported by more
recent findings on the fate of the medial and lateral somite
halves [29]. It was shown that cells from the lateral half of
the dermomyotome migrate to the developing limb and
body wall and form the skeletal musculature of those
structures while the population of medial myogenic cells
initially forms the myotome, then differentiates into the
back muscles. These lineages differ in their requirements
for signals from the neural tube; limb myogenesis occurs
in the absence of the neural tube but myotome myogenesis
does not [4]. The Pax-3 transcriptional regulator is also
expressed at higher levels only in the lateral dermomyo-
tome and in limb myogenic cells [40]. Moreover, mouse
embryos homozygous for a mutant allele of the Pax-3 gene
have reduced limb musculature [5, 16] but normal back
muscles. This finding suggests that Pax-3 expression is
required for efficient myogenic cell migration but not the
differentiation of the medial myogenic cell population into
the myotome and thence into the back musculature.

Divergence of the two myogenic lineages may result
from the action of a diffusible signal secreted by the
presumptive limb mesoderm. This hypothesis contends
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that signalling molecules from the limb bud mesoderm
repress the program of myogenic differentiation and in-
duce cells of the lateral dermomyotome to migrate. Thus,
the myotomal lineage may be viewed as the 'default'
lineage and the migratory phenotype only arises because
of local signalling from the lateral or the limb bud meso-
derm. Support for this notion has come from evidence for
repressed myogenic differentiation in cells of the putative
myotome by ectopic grafts of lateral plate mesoderm dor-
sal to the somitic mesoderm. The grafts repressed the
expression of the myogenic transcriptional regulators
MyoD, myogenin and Myf-5 and upregulated the expres-
sion of Pax-3 in the medial half of the dermomyotome [30].
Further support for a migratory myogenic lineage has
come from the finding that scatter factor/hepatocyte
growth factor (SF/HGF) has a crucial role in determination
the migratory myogenic phenotype. SF/HGF is expressed
in the early limb bud before the commencement of myo-
genic cell migration [2, 34, 38]. Signalling by the growth
factor is transmitted via a receptor, c-met [3, 39], which is
expressed in the dermomyotome and in cells within the
limb bud during the period of myogenic cell migration
[34]. Embryos fail to develop a limb musculature when
c-met is inactivated by homologous recombination [2].
Moreover, Pax-3 and myogenin expressing cells are absent
in the limb in these embryos during the period of myogenic
migration, suggesting that SF/HGF signalling is required
for the migration of myogenic cells into the limb. This role
for SF/HGF is consistent with in vitro experiments in
which SF/HGF was shown to induce cells in epithelial
sheets to dissociate and migrate [9, 17, 36]. The findings
that the lateral mesoderm represses myogenesis and that
SF/HGF signalling by the limb is required for myogenic
cell migration provide strong support for the notion of a
migratory myogenic phenotype.

Role of the Extracellular Matrix in Facilitating Myogenic
Cell Migration

Extracellular matrix molecules almost certainly play a
central role in facilitating the migration of myogenic cells
in the limb. Some molecules form part of the substrate that
myogenic cells need for movement. Other molecules may
help direct myogenic cells in the distal direction. Evidence
suggests movement of the cells occurs by active locomo-
tion rather than via a passive translocatory process [37].

Fibronectin and laminin are extracellular matrix mole-
cules that play an adhesion role in myogenic cell migra-
tion. They are both uniformly distributed in the limb
mesoderm during the period of myogenic cell migration
[11, 18], but this expression pattern changes during the
formation of the two premuscle masses. Fibronectin and
laminin substrates have both been shown to promote myo-
genic cell migration in vitro [28]. Moreover, injections into
the chick wing of the antibody to fibronectin's cell attach-
ment domain prevents grafted quail myogenic cells mi-
grating from the site of implantation [8]. The latter study

demonstrates that adhesion to the extracellular matrix is
essential to myogenic cell migration in the limb.

Hyaluronate is present in high quantities in the peripheral
region of chick wing buds at the time of myogenic cell
migration [23,33]. Injections of hyaluronate into the chick
wing mesoderm just proximal to grafts of quail wing tissue
result in atypical migration of quail myogenic cells in the
proximal direction [25]. It was suggested that hyaluronate
widens intercellular spaces, allowing increased penetra-
tion by migrating myogenic cells. However this effect of
hyaluronate may be over-ridden by other determining fac-
tors since it is highly expressed in regions that are free of
myogenic cells such as the progress zone and the ecto-
derm/mesoderm interface [33].

Temporal and regional differences in the extracellular
environment of limb mesoderm have an important role in
myogenic cell migration. A study by Brand-Saberi and
co-workers [7] showed that developmentally-younger
limb mesoderm tissue has an extracellular environment
that is more attractive for myogenic cell migration than
older tissue. Myogenic cells migrate from grafted quail
wing bud tissue into host chick wing bud tissue if the host
tissue is younger, but not if the host is older. Attractiveness
to myogenic cells also changes along the proximo-distal
axis. Distal migration of myogenic cells from quail wing
tissue implants occurs if they are grafted into regions that
are distal to their origin [7], suggesting that a gradient of
attractiveness for myogenic cells exists along the proximo-
distal axis of the limb bud. The basis for such a gradient
may reside with differences in the expression of extracel-
lular matrix molecules along the long axis of the limb. One
molecule of this type is the presently uncharacterised an-
tigen recognized by antibody JUV97 [6]. The antibody
shows strongest immuoreactivity in more distal compared
with proximal regions of the limb. Moreover, injection of
the antibody into the chick limb stops myogenic cell mi-
gration, suggesting a role for graded cues in myogenic cell
migration in the limb.

Restriction ofthe Anterior-Posterior Movement of Migrat-
ing Myogenic Cells

Evidence for the restriction of anterior-posterior move-
ment during the period of myogenic cell migration has
come from studies ofthe contribution of single somites to
the limb musculature, and from a study ofthe distribution
in the limb bud of migrating myogenic cells derived from
pairs of labelled somites. Studies that investigated the fate
of cells from individual somitic levels in the chick wing
[1] and leg [26] musculature found that limb muscles are
derived from a restricted pool of 5 or 6 somites and that
cells derived from each somite contribute to only a subset
of limb muscles in a topographic manner consistent with
their anterior-posterior position. Thus, somites at the ante-
rior end of the somite pool contribute cells to muscles
located anteriorly in the limb while more posterior somites
contribute to posterior muscles in the limb. The somitic
contributions to specific regions within some individual
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muscles also appear to be topographically ordered [26],
although the contributions of each somite overlap. The
pattern of somitic contribution to the limb musculature
results from the topographically-segregated migration of
myogenic cells [15]; the findings suggest a severe restric-
tion in the anterior-posterior movement of migrating myo-
genic cells.

The highly directed lateral migration of somitic cells into
the limb is not dependent on positional information asso-
ciated with the cells. Christ and co-workers [11] were first
to describe the normal development of limb muscles after
the replacement of brachial somites with non-brachial
somites. Similar findings were reported by others [10, 22,
26], that is, grafted somites contributed to the limb muscu-
lature in accord with their new position, not their position
of origin. These results showed that the limb mesoderm
cannot recognise the somitic origin of myogenic cells
when they migrate into the limb. The cells are perhaps
physically restricted from straying off their lateral course
of migration and 'channelled' in a distal direction. Krenn
and Wachtler [24] grafted quail wing bud tissue proximal
to rotated blocks of chick wing tissue; they found that 90°
and 180° rotations prevented the migration of grafted
myogenic cells after stage 24 [19] of embryonic develop-
ment. At earlier stages, migration was not impaired by
mesoderm rotations, however, this may be due to redeter-
mination of the rotated block of wing bud according to its
new position in the limb, as was found with similarly aged
grafts in an earlier study [35].

Exclusion of Myogenic Cells From Regions of the Devel-
oping Limb

Myogenic cells are excluded from certain regions of the
limb bud during the migration phase. The most distal
portion of the limb bud mesoderm, known as the progress
zone, has been shown to be free of myogenic cells in a
number of studies [21,27,31, 32]. Grafting of the progress
zone lateral to the somitic mesoderm in chick embryos
prevents migration of somitic cells into the developing
limb bud [20]. This finding suggests that the progress zone
is a very unfavourable environment for migrating myo-
genic cells, but the basis of this property is not known.
Another process by which myogenic cells are excluded
from limb bud tissue is the progressive restriction of myo-
genic cells to the dorsal and ventral premuscle masses
before the formation of the adult musculature [21,27, 32].
This phenomenon is due to the differentiation of the core
of the limb bud into skeletal elements which appear to be
strongly repellent to myogenic cells.

Conclusions

All aspects of myogenic cell migration are controlled by
molecules expressed in the limb mesoderm. At least two
different classes of molecules appear to control myogenic
cell migration: diffusible factors that induce and maintain
the migratory myogenic phenotype and prevent myogene-
sis from starting, and structural components of the ex-

tracellular matrix. The latter class play a number of roles
in myogenic cell migration by making the distal limb
mesoderm more attractive to migrating myogenic cells
than the proximal mesoderm, restricting anterior-posterior
movement of the migrating cells, and excluding myogenic
cells from the progress zone and areas of skeletal differen-
tiation. The only role the somitic mesoderm plays in the
whole process is to provide the myogenic cells themselves.
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