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Initiation of Primary Myogenesis in Amniote
Limb Muscles
Antonio S.J. Lee,1 John Harris,2 Michael Bate,3 Krishnaswamy Vijayraghavan,4 Lorryn Fisher,1

Shahragim Tajbakhsh,5 and Marilyn Duxson1*

Background: Vertebrate muscles are defined and patterned at the stage of primary myotube formation,
but there is no clear description of how these cells form in vivo. Of particular interest is whether primary
myotubes are “seeded” by a unique myoblast population that differentiates as mononucleated myocytes,
similar to the founder myoblasts of insects. Results: We analyzed the cell populations and processes lead-
ing to initiation of primary myogenesis in limb buds of rats and mice. Pax31ve myogenic precursors
migrate into the limb bud and initially consolidate into dorsal and ventral muscle masses in the absence
of Pax7 expression. Approximately a day later, Pax71ve cells appear in the central aspect of the limb base
and subsequently throughout the limb muscle masses. Primary myogenesis is initiated within each mus-
cle mass at a time when only Pax3, and not Pax7, protein can be detected. Primary myotubes form ini-
tially as elongate mononucleated myocytes, well before cleavage of the muscle masses has occurred.
Multinucleate myotubes appear approximately a day later. A similar process is seen during initiation of
chick limb primary myogenesis. Conclusions: Primary myotubes of vertebrate limb muscles are initiated
by mononucleated myocytes, that appear structurally analogous to the founder myoblasts of insects.
Developmental Dynamics 000:000–000, 2013. VC 2013 Wiley Periodicals, Inc.
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Key findings:
� Primary myogenesis in vivo is a critical stage for patterning muscle, but is poorly understood.
� In rat and mouse limb buds it occurs in muscle masses expressing Pax3 protein, but before Pax7 protein is

detected.
� The first primary myotubes are elongate, mononucleated myocytes, and they appear before cleavage of the

muscle masses.
� Multinucleation occurs approximately a day later, synchronous with appearance of Pax7 protein in the muscle

masses.
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INTRODUCTION

This study seeks to understand the
nature of the earliest muscle cells to
differentiate within each muscle
mass, in amniote embryos. In particu-

lar, it focuses on the early formation
of limb muscles, an evolutionarily
recent group of muscles that form de
novo within the developing limb bud.
This is in contrast to the mechanism

of formation of the myotomally
derived axial muscles, whose initial
form is built upon the scaffold of the
pre-existing segmental myotome
(Deries et al., 2008, 2010), a model
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that can be thought of as evolutionar-
ily more ancient (Neyt et al., 2000;
Haines and Currie, 2001; Cole et al.,
2011).

During formation of limb muscles,
the earliest cells to differentiate will
eventually form the primary genera-
tion of myotubes for each muscle, and
it is during this phase that the pat-
terning unique to each muscle is
established (Kardon, 1998). Elements
of this pattern include the muscle
position, fiber orientation and attach-
ments, and also formation of connec-
tions with the unique group of
motoneurons which will innervate the
muscle mass. Later in development,
secondary myogenesis leads to an
increase in muscle fiber number but
the muscle pattern is unaltered. The
key to understanding limb muscle
patterning thus lies at the time of pri-
mary myogenesis.

In Drosophila, where initiation of
myogenesis is best understood, each
muscle fiber forming de novo in the
embryo or the adult is initiated by a
key “founder” myoblast, which differ-
entiates as a mononucleated cell then
grows by fusion with nonspecified
“feeder” myoblasts (Baylies et al.,
1998; Dutta et al., 2004). If myoblast
fusion is blocked, the founder cells
each still initiate a correctly pat-
terned muscle fiber, although they
cannot grow (Rushton et al., 1995;
Ruiz-Gomez et al., 2000; Dutta et al.,
2004). Myoblast fusion during Dro-
sophila myogenesis is therefore an
heterotypic process; while founder
cells and feeder myoblasts fuse freely
with each other, neither cell type nor-
mally fuses with one of its own. Myo-
blasts are thus segregated into two
groups, one involved in initial produc-
tion of muscle pattern and determina-
tion of fiber number, and a second
responsible for increasing muscle size.
A fascinating question is whether
primary myotubes in amniotes are
similarly initiated by individual foun-
der cells, whose number would deter-
mine the number of primary myotubes
that form, and whose characteristics
would enable interaction with the con-
nective tissues that direct muscle
patterning.

From a morphological perspective,
development of the myotome in both
rodents and chick fits remarkably
well with the founder/feeder pattern

of Drosophila myogenesis. The early
muscle is formed from myoblasts
which differentiate fully as mononu-
clear cells, previewing the position and
form of the later multinucleated myo-
tome (e.g., Kalcheim et al., 1999). In
contrast, our understanding of how
primary myogenesis is initiated in
amniote limb muscles is surprisingly
primitive. Detailed light and electron
microscopic studies over several deca-
des have examined primary and sec-
ondary myogenesis during normal
development in a range of mammals,
and in chicks (Couteaux, 1937, 1941;
Kelly and Zacks, 1969; Ashmore et al.,
1972, 1973; Ontell, 1977; Ontell and
Dunn, 1978; McLennan, 1983; Ontell
and Kozeka, 1984; Swatland, 1984;
Ross et al., 1987a; Kardon, 1998). Pri-
mary myotubes appear within a nar-
row window of time and rapidly extend
the whole length of the muscle anlage.
This brief time-frame, along with the
elongated form of the cells, has made it
difficult to reconstruct the process of
primary myotube initiation in vivo. In
contrast, secondary myotubes appear
asynchronously over a period of days,
allowing detailed analysis of their for-
mation and growth. Thus, we know
that mammalian secondary myotubes
form through an heterotypic fusion
process whereby an initial mono-
nucleated myocyte differentiates on
the surface of the primary myotube,
close to the zone of innervation, and
then grows progressively by fusion
with undifferentiated myoblasts, at
random points along the secondary
myotube length (Duxson and Usson,
1989; Duxson et al., 1989; Harris et al.,
1989a; Duxson and Sheard, 1995).

In the case of primary myotubes,
there is contradictory evidence as to
whether initiation of myogenesis is
also a heterotypic fusion process, or
proceeds in some other manner. In
previous work, we reported that
coherent groups of labeled nuclei with
a similar birthdate fuse into primary
myotubes as they grow, and we inter-
preted this to suggest that primary
myotubes initially form by a relatively
synchronous, homophilic fusion of
like myoblasts (Harris et al., 1989a).
This interpretation has become
embedded in the literature, but the
basis of evidence is relatively weak.
In fact, the observation of synchro-
nous fusion is compatible with either

of the above models: synchronous
fusion of myoblasts with a similar
birthdate might initiate the formation
of each primary myotube, or it might
contribute to growth of a pre-existing
founder myocyte. With respect to the
latter model, we are aware of only a
single report of differentiated mono-
nucleated myocytes preceding the for-
mation of primary myotubes in limb
muscles in vivo (Platzer, 1978). Clari-
fication of exactly how primary myo-
tubes are initiated in limb muscles in
vivo is central to understanding
whether the principles operating dur-
ing myogenesis in the limbs are simi-
lar or different to those operating in
the more evolutionarily ancient, myo-
tomally derived muscles.

Studies focusing on clonal culture
of limb myoblasts taken from birds,
rats, mice and humans at specific
developmental stages, throw some
light on this issue (Bonner and
Hauschka, 1974; White et al., 1975;
Cossu et al., 1983, 1988; Mouly et al.,
1987; Stockdale, 1992; Pin and Merri-
field, 1993; Cusella-De Angelis et al.,
1994; Edom-Vovard et al., 1999; and
reviewed in Biressi et al., 2007a). In
general, clones isolated from early
developmental stages form colonies
that have little proliferative capacity
and rapidly differentiate to form
small numbers of short myotubes
with one or a few nuclei. They also
fail to react to growth factors such as
tumor necrosis factor-beta and bone
morphogenetic protein-4. These cells
potentially fit the characteristics
needed in a ‘founder’ myoblast popu-
lation, in that their numbers seem
limited, and they are predisposed to
differentiate. In contrast, myoblasts
isolated from later stages proliferate
extensively in clonal culture before
differentiating to form long, thin myo-
tubes with hundreds of nuclei. When
the different classes of myoblasts are
repeatedly passaged through clonal
culture (until proliferative senes-
cence) their phenotypes remain sta-
ble, suggesting they are derived from
distinct lineages (Rutz and Hauschka,
1982). There are also differences in
surface expression of integrins, with
late myoblasts and secondary myo-
tubes all expressing alpha7 integrins,
which are initially absent on primary
myotubes and early myoblasts
(George-Weinstein et al., 1993).
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Recently, Biressi et al (2007b) pro-
duced purified populations of embry-
onic and fetal myoblasts using a
Myf5GFP-P/1 knock-in mouse and fluo-
rescent cell sorting, and characterized
the two populations using micro-
arrays and quantitative polymerase
chain reaction (Biressi et al., 2007b).
The two populations had distinct pat-
terns of gene expression, with the
embryonic myoblasts having high lev-
els of genes associated with pattern
specification, including expression
of a Hox code along the anterior–
posterior axis, while fetal myoblasts
had high levels of genes associated
with cell adhesion and no detectable
Hox code. Another notable difference
was in the expression of the paired box
genes, Pax3 and Pax7, with embryonic
myoblasts characterized by high levels
of Pax3 expression, and fetal
myoblasts predominantly by Pax7.

Cell populations expressing Pax3
and Pax7 have been extensively
described in the mouse as the source
of muscle progenitors responsible for
both muscle development, and the ori-
gin of the adult muscle stem cells, the
satellite cells (Kassar-Duchossoy et al.,
2005; Relaix et al., 2005). Many
aspects of the separate developmental
roles of Pax3 and Pax7 have also been
elaborated, particularly in the mouse
limb, through the use of natural
mutants (Goulding et al., 1994; Bor-
ycki et al., 1999), knockout mice (Seale
et al., 2000; Relaix et al., 2003), hypo-
and hyper-morphic forms of the Pax3
gene (Relaix et al., 2003, 2006), and by
homologous replacement of the Pax3
gene with Pax7 in transgenic mice
(Relaix et al., 2004) (Reviewed in
Buckingham and Relaix, 2007). In
summary, Pax3 is essential for the sur-
vival of early muscle stem cells/pro-
genitors and for their migration from
the dermomyotome toward the limb
buds, while Pax7 is not expressed in
the earliest migrating myogenic cells
and seems more associated with later
stages of myogenesis and with specifi-
cation of adult satellite cells. Most
recently, diphtheria toxin-induced
ablation of Pax3 and Pax7-expressing
cells was used to additionally show
that limb primary myogenesis
requires only Pax3, and that all Pax7-
expressing cells derive from lineages
that have previously expressed Pax3
(Hutcheson et al., 2009).

From the above, it is clear that a
variety of experimental strategies in
mouse and rat model systems link the
role of embryonic/Pax3 expressing myo-
blasts with primary myogenesis and
patterning, and that of the fetal/Pax7
dominated population with secondary
myogenesis and later muscle growth.
However, to this day, there is little in
vivo evidence that directly relates the
temporal expression patterns of Pax3
and Pax7 protein with the specific mor-
phological processes of early myogene-
sis. This study addresses this issue,
with an additional focus on under-
standing the form of the very earliest
myogenic cells to differentiate within
the limb muscle masses, and so initiate
primary myogenesis.

RESULTS

Early Limb Muscle Masses

Are Formed by Pax31ve

Pax72ve Stem/Progenitors

To understand the timing and charac-
teristics of the myoblast population(s)
migrating into the limb, we first used
serial section immunohistochemistry
to detect Pax3þve and Pax7þve cells in
the developing fore- and hindlimb buds
of the rat. Sections were co-stained
with myogenin to detect early differen-
tiation of the limb muscle masses, and
to identify the myotome as a morpho-
logical landmark. We settled on the rat
as the model system, to avoid the high
levels of nonspecific immunostaining
that arose when mouse monoclonal
antibodies were used on mouse tissue,
especially in the whole-mount prepara-
tions which are crucial to later parts of
this work. Major aspects of the results
were then validated in the mouse.

In the rat forelimb, a few Pax3þve

cells were present at the base of the
early limb bud by embryonic day 11.5
(E11.5) (not shown), widely dispersed
in the proximal half of the bud by
embryonic day (E) 12.0 (Fig. 1A) and
had begun to segregate into distinct
dorsal and ventral muscle masses by
E12.5 (Fig. 1C). Throughout this time,
no expression of Pax7 protein was
detectable in the limb buds of serially
adjacent sections (Fig. 1B,D), although
clearly present in the dorsal neural
tube and dermomyotome, as expected.
Within the hindlimb bud, outward
migration of Pax3þve cells occurred

0.5–0.75 days later, with initial inva-
sion of the limb bud visible by E12.5
(Fig. 1E) and partial clustering into
dorsal and ventral muscle masses by
E13.0 (Fig. 1G). As for the forelimb,
there were no Pax7þve cells in the hind-
limb buds of immediately adjacent sec-
tions at these early stages (Fig. 1F,H).

A Second “Wave” of

Pax71ve Cells

Pax7 immunoreactivity was first
detected in a very few cells in the cen-
tral and basal aspect of the E13.0
forelimb bud (Fig. 1J, arrows) at a
time when dorsal and ventral masses
were already well formed by Pax3þve

cells (Fig. 1I). Interestingly, the loca-
tion of these early Pax7þve cells did
not overlap with the existing Pax3þve

muscle masses. By E13.5, Pax7þve

cells were more numerous within this
proximal/central zone, but also
extended into the medial aspects of
the dorsal and ventral muscle masses
(Fig. 1M, arrows). Pax7 expression
then swept in a wave down the limb,
so that by E14.0, it was strong in all
muscle masses, while Pax3 expression
had begun to decline in strength prox-
imally (not shown). In the hindlimb, a
similar pattern was seen, but with all
events occurring 0.5–0.75 days later
than in the forelimb (not shown).

These differences in the spatiotem-
poral pattern of distribution of Pax3
and Pax7 protein in the rat limb are
entirely consistent with previous
reports in the mouse limb that Pax3
gene expression precedes that of Pax7
by approximately a day (Relaix et al.,
2004; Hutcheson et al., 2009). The new
observation, permitted by the greater
spatial resolution of confocal immuno-
histochemistry as compared to in situ
hybridization, is that Pax7þve cells do
not emerge solely from within the
Pax3þve muscle masses, but also
appear initially within a Pax3�ve zone
at the limb base.

Onset of Myogenic

Differentiation Colocalizes

With Distribution of Pax3 but

not Pax7 Protein

Several previous studies have made a
strong case for Pax3þve myogenic
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precursors being the critical population
for primary myogenesis (e.g., Hutche-
son et al., 2009). We, therefore, exam-
ined in detail the temporal and spatial
correlations between the appearance of
Pax3, Pax7, and markers of differen-
tiation (myogenin, myosin) in the mus-
cle masses of the forelimb. At E13.0,

very few cells in the limb muscle
masses were positive for myogenin
(Fig. 1I–K), and there was no myosin
expression (Fig. 1K); however, terminal
differentiation occurred very rapidly
after this, so that by E13.5, both myo-
sin and myogenin expression were
prominent in all muscle masses of the

limb (Fig. 1N). In contrast, Pax7þve

cells were confined to the most proxi-
mal limb regions (Fig. 1M). Thus, ter-
minal differentiation of primary
myotubes is initiated at a time when
only Pax3, and not Pax7, is expressed
in the myogenic progenitors of the par-
ticular region.
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Fig. 1. Timing of appearance of Pax3 and Pax7 positive cells in rat limb buds. Confocal images of serially adjacent sections from a time series
of developing rat fore- and hindlimb buds. All sections are transverse through the whole embryo, and through the middle of both dorsal and ven-
tral muscle masses, as near as possible. A–H: At early stages, limb myogenic precursors expressing only Pax3 protein colonize both fore- (A–D)
and hindlimb (E–H) buds. I–K: In the forelimb at embryonic day (E) 13.0, dorsal and ventral muscle masses are well established and strongly
marked by Pax3 expression (I); a few weakly staining Pax7þve cells occur at the base of the limb bud, in a region distinct from the Pax3þve muscle
masses (J, arrows). There is no myosin expression, and only a few myogeninþve nuclei are present within the muscle masses (K). L–N: A half-day
later, both proximal and distal muscle masses are strongly positive for Pax3 and myogenin reactive cells (L). In contrast, Pax7þve cells lie mainly
within the central and proximal region of the limb, with only a few starting to invade the muscle masses from the medial aspect (M, arrows). Myo-
sin expression in N indicates initiation of primary myogenesis throughout proximal and distal muscle masses.
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New Primary Myotubes Form

Initially as Mononucleated

Primary Myocytes

We next examined the morphology of
the very early primary myotubes. A
crucial question was, do primary myo-
tubes initially differentiate and estab-
lish as mononucleates then grow by
heterotypic fusion, or do they form by
a relatively synchronous fusion of
aligned homotypic myoblasts? To
allow full visualization of forming pri-
mary myotubes, we used whole-
mount preparations of entire rat limb
buds and examined the muscle
masses in their entirety, using confo-
cal microscopy. At least 10 embryos
were examined at each stage, spread
over several litters. At later stages of
development, when the dense arrays
of myotubes made it hard to resolve
and trace individual cells, we also
used full serial sets of thick (20 mm)
axial sections of the limb buds. Tis-
sues were immunoreacted to detect
myosin heavy chain in the cytoplasm
and either a mixture of myogenic reg-
ulatory factors (anti-MyoD, anti-
myogenin, and anti-Myf5) (MRF) or
just myogenin in the nucleus.

Muscle masses marked by MRFþve

nuclei, but negative for myosin, were
first detected in the proximal hind-
limb bud at E13.0 (not shown), corre-
lating with widespread distribution of
Pax3þve myogenic cells (Fig. 1G). The
earliest myosinþve cells appeared at
E13.5 (Fig. 2A–C), and were numer-
ous by E14.0 (Fig. 2D–F). These cells
were initially short and stubby (Fig.
2B,C) with a ring of myosin surround-
ing the central myogeninþve nucleus,
but quickly transformed into
extended bi-polar (Fig. 2E,F) or some-
times tri-polar cells (white arrow in
Fig. 2E). The myosin positive proc-
esses were frequently branched
(white arrowhead in Fig. 2E), as if
exploring the local environment.
These were overwhelmingly mono-
nucleated cells, although occasional,
apparently binucleated cells were also
seen (yellow arrow in Fig. 2E).

To quantitate the proportion of
mono-nucleated cells in this early dif-
ferentiating population, we systemati-
cally counted cells in confocal Z-series
taken through the dorsal muscle
mass of whole-mounted hindlimb
buds at E13.5. More than 90% of myo-

sin expressing cells (91.9% of 149 cells
counted in 12 limb buds, from 2 sepa-
rate litters) were clearly mono-
nucleated when examined in three
dimensions through the whole-
mounts. The remaining 8.1% were
likely to be binucleates, although on
occasions we could not exclude the
possibility that these were two over-
lapping mononucleate cells. We refer
to these initial differentiated cells as
primary myocytes. Initial myocyte ori-
entation was irregular in the proxi-
mal limb muscle masses, where
muscles form at many different
angles (Fig. 2B,E), but overwhelm-
ingly axial in the lower limb, where
muscles are generally oriented along
the limb axis (not shown). We never
saw serial (end-to-end) arrays of elon-
gated myocytes/myoblasts preparing
to fuse, but instead the early primary
myocytes tended to lie in clusters
placed toward the centers of the mus-
cle masses, particularly at E14.0 (e.g.,
Fig. 2E).

Further differentiation of the mus-
cle masses then occurred strikingly
quickly, with dense arrays of highly
elongated, parallel fibers present by
E14.5 (Fig. 2G). These arrays were
too dense to allow resolution of indi-
vidual cells in the whole-mounts,
even with confocal analysis. When
examined in thick section (Fig. 2H,I),
large numbers of myocytes had tran-
sitioned to become multinucleate, so
forming the earliest primary myo-
tubes (Fig. 2I). A day later, muscles
were fully cleaved with dense arrays
of parallel, primary myotubes appa-
rent (Fig. 2J).

Thus, primary myotubes in the rat
first form by differentiation of a set of
clustered, largely mononucleated pri-
mary myocytes which rapidly orient
along the muscle axis, and become
multinucleated approximately a day
later. We next characterized the pri-
mary myocytes in more detail.

Primary Myocytes of Rat

Limb Muscles Express MyoD,

but not Myf-5, Protein

Given that the early stages of limb
myogenesis occur normally in Myf5
knockout mice (e.g., Braun et al.,
1994; Kablar et al., 1997), we won-
dered if the myoblasts forming the

primary myocytes might come from a
lineage that normally expresses only
MyoD. We therefore looked for
expression of MyoD and Myf5 pro-
teins in whole-mount preparations of
hindlimb buds at E13.5—when differ-
entiation is just commencing. MyoD
(Fig. 3A) was strongly detected in the
nuclei of all primary myocytes and
also in undifferentiated myoblasts
within the muscle mass, appearing at
the same time and with the same dis-
tribution as myogenin (Fig. 2B). In
contrast, Myf5 protein was never
detected in the nuclei of the primary
myocytes, although it was weakly
expressed in undifferentiated cells of
the limb proximal muscle mass (Fig.
3B). As a positive control, in the same
whole-mount specimens the Myf-5
antibody reacted strongly with the
central nuclei of the myotomal myo-
cytes, where Myf5 is believed to be
the main driver of differentiation (not
shown).

The low level of expression of Myf5
protein in precursors and myocytes of
the limb muscle masses was unex-
pected, so we examined fore and hin-
dimb buds from E11.5 and E12.5
Myf5nlacz/1 mice, reasoning that, if
expression of Myf5 is at a low level
and/or transient in the primary myo-
cyte lineage, then persistence of the
beta-galactosidase protein would
assist detection. All newly differenti-
ating primary myocytes, as well as
many surrounding undifferentiated
myoblasts, clearly expressed the beta-
galactosidase marker protein (Fig.
3C). This indicates that myoblasts
giving rise to the early primary myo-
cytes of the limb come from a lineage
that transiently expresses Myf5 pro-
tein, then shifts to strong expression
of MyoD (and myogenin) as the cells
move into terminal differentiation.

Chick Limb Primary

Myogenesis Is Also Initiated

by Mononucleated Primary

Myocytes

Kardon (1998) made a detailed study
of muscle and tendon morphogenesis
within the chick hindlimb using
whole-mount immunohistochemical
methods to allow three-dimensional
visualization of the forming muscles
in situ (Kardon, 1998). However,
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unresolved questions remained about
the nature of the earliest fully differ-
entiated cells. We thus partially
reproduced the study, with a specific
focus on determining whether pri-
mary myotubes in chick are also initi-
ated as mononucleated primary
myocytes.

The earliest myosinþve cells
appeared in small numbers in the
proximal muscles of the early hind-
limb bud at early Hamburger and
Hamilton (H&H) stage 25, a stage at
which the knee and footplate are just
distinguishable, and the entire hind-
limb bud measures approximately 1

mm (Fig. 4A,B). The myosinþve cells
were initially rounded, but almost
immediately extended processes to
become elongated with a prominent
myofibril extending along their
length, and outlining the unstained
central region of the single nucleus
(arrows in Fig. 4C,D), similar to the
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Fig. 2. Early differentiation of primary myotubes in the dorsal muscle mass of rat hindlimb buds. Confocal images from either whole-mount prep-
arations (A,B,D,E,G,J) or 20-mm sections (C,F,H,I) at a range of ages. A–C: Embryonic day (E) 13.5 hindlimb bud showing proximal muscle masses
positive for MRFs (arrow in A). At higher magnification (B,C), a small number of cells are positive for myosin, which surrounds the central nucleus
and fills some short processes. D–F: At E14.0, the proximal muscle masses have enlarged (arrow in D); at higher magnification (E) elongated myo-
cytes are visible, many of which are multipolar (white arrow) or have branched processes (arrowhead). Most cells are mononucleated, but occa-
sional binucleates occur (yellow arrow). A single primary myocyte is shown in its entirety in E, with strands of myosin forming a cage around the
nucleus. G–I: At E14.5, the proximal muscle masses are large and complex in the whole-mount (F), but in thick sections (H,I), elongate, multi-
nucleated primary myotubes can be resolved. Three visible nuclei of a single myotube are arrowed in I. J: Each muscle is defined by a large com-
plement of extensively nucleated primary myotubes by E15.5.
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primary myocytes of rat. The first
binucleate myotubes were found on
the cusp between late stage 25 and
early stage 26, and were seen simul-
taneously in the thigh and calf muscle
masses (not shown). Thus, primary
myotubes in the chick are also initi-
ated as primary myocytes that persist
for 6–12 hr before multinucleation
occurs. We did not examine migration
of the myogenic precursors in the
chick, as it is well known that Pax3
and Pax7 have quite different expres-
sion patterns in this species as com-
pared to rodents (Galli et al., 2008).

Muscle Differentiation in

Mouse Limb Buds Follows the

Same Key Steps as in Rat

We believed it was important to con-
firm the essential points of our results
from the rat in the more commonly
used mouse model. The disadvantage
of mouse tissue for detailed immuno-
histochemistry is the high level of
background staining of red blood cells
and blood vessels seen when using
mouse monoclonal antibodies (as
apparent in Fig. 5). We examined
fore- and hindlimb buds from E11.5

Myf5nlacz/1 mice; as forelimb bud
development is approximately 0.5
days in advance of that in the hind-
limb, this effectively gives two devel-
opmental time points. In the E11.5
proximal hindlimb, muscle masses
were clearly marked at all levels by
Pax3 (Fig. 5A, arrow) and myogenin
immunoreactivity, but Pax7þve cells
were absent (Fig. 5B, arrow), as was
myosin (not shown). The more devel-
oped forelimbs showed Pax3þve cells
throughout the muscle masses (Fig.
5C,E), while Pax7þve cells were just
entering the medial/proximal region
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Fig. 3. MRF protein expression in primary myocytes of the dorsal muscle mass of the rat hindlimb. Confocal images from whole-mount prepara-
tions of hindlimbs, reacted with antibodies for myosin and either MyoD, Myf5, or beta-gal. A: All myocyte nuclei were strongly positive for MyoD.
B: Limb myocyte nuclei were never seen to react positively for Myf5 protein, although there was weak reactivity in the surrounding undifferentiated
cells. Nuclei of the nearby myotomal myocytes reacted strongly with the Myf5 antibody (not shown). C: Nuclei of both myocytes and undifferenti-
ated cells in the proximal hindlimb of a Myf5nlacz/1 mouse at a similar developmental stage (embryonic day 11.5) express the Myf5 transgenic
product. (Note: red rings in C represent nonspecific reactivity on blood vessels.)

Fig. 4. Early primary myocytes in dorsal muscle mass of chick hindlimb bud. Confocal images taken from a whole-mount chick hindlimb bud,
immunostained for myosin only. A: Whole limb bud, showing the dorsal/proximal muscle mass enclosed by the square. B: Enlargement of the
square in A, shows a ‘waterfall’ of small, elongate, myosin positive cells. C,D: At high magnification of the same specimens, the myosin positive
cells are an elongated bipolar shape with a central “hole” wrapped by the myosin strands (arrows). This is presumed to be the site of a single
nucleus.
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of the limb bud (Fig. 5D,F). At this
site, Pax7þve cells clustered promi-
nently around a distinct, unstained
structure which, we have confirmed
in other specimens, is the entry point

of the limb innervation (N¼nerve in
Fig. 5C–F; small arrows in Fig. 5F
indicate the major region of Pax7þve

cells). The formation of terminally dif-
ferentiated primary myocytes is seen

with myosin staining in an immedi-
ately adjacent section (arrowheads in
Fig. 5G), corresponding to the zone
which has many Pax3þve myogenic
precursors, but virtually no Pax7.
Thus, in mouse, as well as in rat, ini-
tial muscle differentiation occurs in
the absence of Pax7, and myotube for-
mation is seeded by elongated mono-
nuclear primary myocytes.

DISCUSSION

This study describes the “natural his-
tory” of early myogenesis in amniote
limb muscles. We show, for the first
time, that primary myogenesis in
limb muscles begins with the differen-
tiation of a population of mono-
nucleated myocytes in all three
species examined (rat, mouse, and
chick). The primary myocytes first dif-
ferentiate as short, elongated,
myosin-expressing cells with little
obvious preference in orientation. As
they elongate further, their major
axis begins to orient as appropriate
for a given muscle, and individual
processes are commonly branched,
perhaps indicating an exploratory
interaction with surrounding connec-
tive tissue. One day after first appear-
ance, there is an explosive
progression to multinucleation. Con-
focal examination of many whole-
mount specimens of both rat andD
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Fig. 5.

Fig. 5. Onset of primary myogenesis in the
mouse. Confocal images from transverse serial
sections of embryonic day (E) 11.5 mouse
embryos at fore? (A,B) and hindlimb (C,D) level;
both dorsal and ventral muscle masses are
visible. A,B: In the proximal hindlimb bud,
Pax3 (arrow, in ventral muscle mass) and myo-
genin positive cells are present (A), but Pax7
reactive cells cannot yet be detected (arrow,
B). C?F: At the same age, the forelimb has
proceeded further through development. Pax3
positive cells remain present within the muscle
masses (C, and arrowed at higher magnifica-
tion in E), while Pax7 positive cells can now be
detected within the central limb region (D and
small arrows at higher magnification in F), but
not yet throughout the muscle masses (arrows
in F). ?N? indicates the position of the nerve
entering the limb. G: An area corresponding to
the arrowed region in E is shown at higher
magnification in an immediately adjacent sec-
tion, stained for myosin and myogenin. Myosin
positive primary myocytes (arrowheads) have
started to form in the superficial part of the
muscle mass that is Pax3 positive, but Pax7
negative. Note that green circular structures on
the right of G represent nonspecific staining,
not myosin.
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chick at these early stages has never
shown longitudinal arrays of differen-
tiating myoblasts preparing to fuse,
as can be seen in tissue culture. We
propose that each of the mono-
nucleated primary myocytes forms
the seed of a single primary myotube,
which then grows by accepting fusion
with later-differentiating myoblasts.

The observation that primary myo-
tubes are each seeded by a mono-
nucleated “founder” cell is at odds
with our previous report that
“primary myotubes form by a nearly
synchronous fusion of myoblasts with
similar birthdates” (Harris et al.,
1989a). In these earlier experiments,
myogenic nuclei in rats were labeled
by injection of either bromodeoxyuri-
dine or [3H] thymidine at E14 or E15,
and their final destiny examined 24–
48 hr later in the myotubes of dia-
phragm and sternomastoid muscles.
As a result of the current observa-
tions, we have re-assessed the likely
state of development of the dia-
phragm and sternomastoid at the
time of label injection, and conclude
that primary myocytes would have
already formed by E14, as well-
formed primary myotubes with >10
nuclei were present in the diaphragm
by E15 in the original experiments
(e.g., Fig. 1 of Harris et al., 1989a).
The birth-dating protocol would
therefore have labeled the myogenic
population contributing to early
growth, rather than initiation, of pri-
mary myotubes. A growth period of
rapid, almost synchronous fusion of
new nuclei into the growing myotube
is consistent with the rapid transition
seen in the current work on limb
muscles from mononucleated primary
myocytes at E13.5 and E14, to myo-
tubes with moderate numbers of
nuclei by E14.5 (Fig. 2 of this study).

Primary Myocytes Are

Seeded by Pax3-Only

Expressing Myogenic

Precursors

A crucial question is whether two
phenotypically distinct populations of
myogenic precursors are involved in
first seeding and then in growth of
the primary myotubes, similar to the
“founder” and “feeder” myoblast popu-
lations of the insects. We report (Figs.

1, 5) that at the time of formation of
the primary myocytes, only Pax3þve

myogenic precursors populate the
muscle masses. Hutcheson et al.
(2009) have previously reported that
if Pax3 expressing cells are geneti-
cally ablated as they form, then
embryonic myogenesis fails com-
pletely (Hutcheson et al., 2009). Com-
bining these results, we conclude that
myoblasts seeding primary myogene-
sis are both dependent on Pax3, and
come from an early myogenic popula-
tion that expresses only Pax3 and not
Pax7 protein. The early lack of Pax7
may be significant. Relaix et al.
(2004) investigated the relative roles
of Pax3 and Pax7 using homologous
replacement of Pax3 with Pax7 dur-
ing muscle development. In homozy-
gous Pax3Pax7/Pax7 mice, forelimb
muscles were dramatically reduced in
size and had patterning defects, while
hindlimb muscles were moderately
reduced, suggesting that Pax7 cannot
fully compensate for Pax3 in the
migration and patterning stages of
early myogenesis. The differential
expression analysis of Biressi et al
(2007b) gives some clues about the
basis of this difference; Pax3-express-
ing embryonic myoblasts have signifi-
cantly higher levels of genes likely to
be associated with migration (e.g.,
Paraxis), pathfinding (e.g., Semaphor-
ins, Ephrin B2), and patterning (Hox
genes, Meox1, & 2) than do Pax7-
expressing fetal myoblasts.

A Distinct, Late Population of

Pax71vePax32ve Precursors

A new observation from the present
study is of a “second wave” of myo-
genic stem/progenitors, expressing
only Pax7 protein, that appear in the
proximal region of the limb approxi-
mately 1.5 days after entry of the
original population (Fig. 1M, arrows).
Genetic constructs in mice have previ-
ously demonstrated the clear
sequence of Pax3 expression followed
approximately a day later by Pax7
expression in the limb. However, the
spatial and temporal resolution of
these studies did not allow the obser-
vation that the first Pax7þve cells do
not arise from within the original
Pax3þve population, but are distinct.
The origin of these late-appearing
Pax7þvePax3�ve cells is unclear, but

they are first seen just after primary
myocytes have formed within the
muscle masses, well before multinu-
cleation occurs, and they do not ini-
tially overlap with the existing
Pax3þve muscle masses. From the lin-
eage tracing experiments of Hutche-
son et al (2009), it is clear they must
arise from a Pax3 expressing popula-
tion, but when detected within
the base of the limb, they have
already transited to a Pax7þvePax3�ve

phenotype.
Previous studies have suggested

the existence of two, temporally sepa-
rated waves of myogenic migration
into the wing bud of chicks (Seed and
Hauschka, 1984; Van Swearingen and
Lance-Jones, 1995), but to our knowl-
edge, a second migratory wave has
never been directly observed. We,
therefore, looked to see if this late
population could be detected as ema-
nating directly from the dermomyo-
tome, but failed to see any evidence
for this.

Another observation may explain
their origin: the late Pax7þve popula-
tion was always first seen in close
physical association with the major
nerve bundle entering the proximal
limb (e.g., Fig. 5F). Thus Pax7 expres-
sion might potentially be induced in a
“sleeping” population of uncommitted
cells by the arrival of the nerve. Fetal
myogenesis is profoundly inhibited by
physical or functional denervation of
developing muscles (e.g., Harris,
1981; McLennan, 1983; Ross et al.,
1987b). This observation of an earlier
association between Pax7þve myo-
genic cells and the nerve suggests the
potential for neural regulation of the
fetal myoblast pool, well before the
formation of secondary myotubes.
Such an interaction is consistent with
previous reports of neural-dependent
lineages of myoblasts observed in clo-
nal culture analyses of fetal chick
limb muscles (e.g., Bonner, 1975,
1978).

What Population Contributes

to Growth of Primary

Myocytes?

By the time multinucleated primary
myotubes can be seen, both Pax3þve

and Pax7þve stem/progenitors are
ubiquitous throughout the limb
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muscle masses (rat: E14.0 in forelimb,
E14.5 in hindlimb). Thus, the
“growth” population of myoblasts that
transforms the primary myocyte into
a multinucleated myotube could
potentially be cells that express Pax3
only; cells from the early Pax3-only
population within the muscle masses
that have transited to expression of
Pax7; or the late population of
Pax7þve cells described above.

We could not examine this question
by following Pax3 and Pax7 protein
expression in multinucleated myo-
tubes, as Pax proteins are very
quickly down-regulated after differen-
tiation. However, experiments in the
Cossu lab have recently shown that
expression of Pax7 in the myogenic
lineage leads to rapid and strong
transcriptional activation of a range
of fetal myogenic genes that are not
expressed in early primary myotubes
(Messina et al., 2010). This indirectly
suggests that the cohort of nuclei fus-
ing with the primary myocyte to form
the early primary myotubes are likely
to express only Pax3, despite the pres-
ence of abundant Pax7þve myogenic
cells in the muscle masses at this
time. Direct evidence for this would
require genetic lineage tracing
of Pax7 expressing nuclei, to show
whether they are excluded from early
primary myotubes.

In contrast, growth of primary
myotubes during the fetal period
almost certainly relies on a Pax7þve

precursor population, as Pax3 protein
is virtually undetectable in the
limbs at these later stages (e.g., Horst
et al., 2006; and M.J.D. personal
observations).

How Might Primary Myotube

Numbers be Regulated?

The number of primary myotubes in a
particular muscle is remarkably
invariant between individuals in the
face of environmental perturbations
(e.g., Harris, 1981; Ross et al., 1987b;
Wilson et al., 1988). The present
observations indicate that this control
must originate at the stage of primary
myocyte differentiation. In Drosoph-
ila and in amniotes, the balance
between proliferation and differentia-
tion in the myogenic lineage is modu-
lated through the Notch signaling
pathway, among others (e.g., Kopan

et al., 1994; Ruiz Gomez and Bate,
1997; Anant et al., 1998; Hirsinger
et al., 2001; Schuster-Gossler et al.,
2007; Vasyutina et al., 2007; Brack
et al., 2008). During chick limb mus-
cle development in particular, Delfini
et al. (2000) have shown that the
earliest differentiating MyoDþve

myosinþve myogenic cells, express the
Notch ligands Delta1 and Serrate2,
while immature proliferative myo-
blasts express transcripts for Notch1
(Delfini et al., 2000). When Delta1 is
overexpressed in the limb bud further
differentiation of immature myoblasts
is blocked. If this pathway is applied
to early primary myogenesis, then the
earliest primary myocytes, differenti-
ating randomly from the Pax3þve

myogenic population and expressing
Delta1 or other Notch ligands (Delfini
et al., 2000), would exert a lateral
inhibition over differentiation of sur-
rounding Pax3þve myoblasts so as to
provide spatial control of primary
myocyte number, just as happens dur-
ing Drosophila adult myogenesis and
in formation of neuronal precursors
during neural tube development.

A model for the early stages of pri-
mary myogenesis, based on our obser-
vations and including some of the
features postulated above, is shown in
Figure 6 and explained in the figure
legend.

Is the Primary Myocyte the

Equivalent of an Insect

Founder Cell?

The answer to this question can only
be speculated on at this stage. In mor-
phological terms, the crucial parallel
is the initial differentiation of a mono-
nucleated cell that seeds each embry-
onic muscle fiber, and then grows by
heterotypic fusion with postmitotic
myoblasts. However, it seems doubt-
ful that there are clear, genetically
defined “founder” and “feeder” line-
ages of myoblast for early primary
myogenesis in the vertebrate. Rather,
as discussed above, the primary myo-
cytes are likely to be operationally
defined by being the first to differenti-
ate from within a uniform, Pax3þve

population.
The extent to which the primary

myocytes may define the patterning
of each muscle is also still an open

question. In Drosophila, the full
potential of the muscle founder cells
to define muscle attachments, orien-
tation and innervation was only
revealed by the discovery of a fusion
mutant myoblast city, in which the
mononucleated founder exhibited all
the characteristics of the full muscle,
but in miniature. In the mouse, the
most likely equivalent of “myoblast
city” is the myogenin null mutant,
in which fusion is substantially
blocked, but a few very thin elon-
gated myotubes do form (Venuti
et al., 1995). More detailed analysis
of this mutant is needed to reveal the
true nature of these cells, and to
understand whether they may be the
functional, as well as morphological,
analogues of the Drosophila founder
myoblast.

EXPERIMENTAL

PROCEDURES

Collection of Rat and Mouse

Embryos

Dated pregnancies were produced by
overnight matings, with the morning
on which a copulation plug was found
designated as embryonic day 0.5
(E0.5). Pregnant dams were deeply
anesthetized with a mixture of keta-
mine (90 mg/kg) and xylazine (20 mg/
kg). After loss of all response to pain,
the abdomen was incised, uterine
horns opened, and embryos sequen-
tially separated from the maternal
placenta for immediate processing.
Most experiments were on rats, and
over 400 embryos from 48 separate
litters were examined in total; for any
particular observational stage we
always examined multiple embryos
from at least three separate litters.
For the brief correlative study on
mouse, five embryos from a single lit-
ter were studied at each of E11.5 and
E12.5. All procedures were approved
by the Committee for Ethical Use of
Animals in Research, University of
Otago.

Collection of Chick Embryos

Several hundred embryos were col-
lected at a range of incubation times
corresponding to H&H stage 23 to
stage 30 (Hamburger and Hamilton,
1951). However, only embryos at the
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critical stage 25 are described in the
results; these summarize observa-
tions from at least 50 embryos.

Immunohistochemistry

Whole-mount immunohistochemistry
was according to the method of (Kardon,
1998), excepting that we found it neces-
sary to extend the period of fixation and
permeabilization in methanol:DMSO
(4:1; dimethyl sulfoxide) to between 2
weeks and a month in rat and mouse
tissues, to enable good access for immu-
nohistochemical reagents.

Sectional immunohistochemistry
used frozen sections taken from
embryos processed and embedded in
gelatin. This protocol uses a very light
(0.2%) overnight paraformaldehyde
fixation and sucrose cryoprotection of
the tissues before the gelatin infiltra-
tion and embedment, and freezing of
the tissues in isopentane cooled by liq-
uid nitrogen (Bajanca et al., 2004).

The 10- or 20-mm sections were incu-
bated in primary antibodies (diluted
in 1% bovine serum albumin/phos-
phate buffered saline [BSA/PBS])
overnight at 4

�
C, washed, blocked in

10% normal goat serum in 1% BSA/
PBS, then incubated in secondary
antibodies for 2–4 hr at 4

�
C, before

again washing, and mounting in Vec-
tashield (Vector Labs Inc, Burlin-
game, CA).

Primary antibodies were as follows.
To detect myosin heavy chain (MHC),
the mouse monoclonal antibody F59
(Developmental Studies Hybridoma
Bank, University of Iowa, Iowa City
(DSHB) was found in trials to give the
most complete staining of MHC in very
early myocytes of chick, rat, and mouse.
Other MHC antibodies trialed, and
occasionally used in combination with
F59, were MF20 (DSHB, University of
Iowa, Iowa City) and NOQ7.1.1A (Har-
ris et al., 1989b). Mouse monoclonal
antibodies to Pax3, Pax7, and myogenin

(F5D) were also from the DSHB, and
rabbit polyclonal antibodies to Myf-5,
myogenin and MyoD were from Santa
Cruz Biotechnology.

Imaging was with an Olympus BX
40 fluorescent microscope with Spot
digital camera or a Zeiss LSM 510
inverted confocal microscope, and dig-
ital images were managed using
Adobe Photoshop and Adobe Illustra-
tor version CS5.
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