












myogenic cells migrating into the limb. This result could not be
attributed to species specificity between mouse myoblasts and
chicken ECs. Indeed, when GFP+ differentiated somites (i.e. with
dermomyotome and sclerotome already formed) are grafted in the
chicken embryo, few mouse ECs left the somites, whereas mouse
myogenic cells colonized the limb and formed muscular masses,
demonstrating that they are able to follow the routes opened by
chicken ECs (supplementary material Fig. S8). In some cases, few
GFP+/Flk1lacZ/lacZ/Pax3+ cells were observed migrating ventrally to
the body wall of the chicken embryo (supplementary material Fig.
S9). This rules out a general effect of the lack of Flk1 on myogenic
migration. Nevertheless, a more in depth analysis is required to
analyze precisely this myogenic migration.

Having determined that the absence of ECs and Flk1 did not
impair myogenic differentiation, we grafted a GFP/Flk1lacZ/lacZ

PSM. Two days after the graft (HH21), the GFP signal was
restricted to the trunk (Fig. 5F). The limb bud facing the graft had
no mouse ECs and fewer chicken ECs (data not shown). More
generally, no GFP+ cells were seen in the limb bud, demonstrating

that myoblasts migration was impaired in the absence of ECs.
Transverse sections, however, showed that mouse PSM had
developed in the host embryo trunk (Fig. 5G). The grafted side
contained numerous GFP+ cells, indicating that our experimental
conditions allowed PSM development in keeping with single
somite grafts. As a result of the Flk1 mutation, no GFP+ cells were
present in the luminal layer of the dorsal aorta, nor in trunk
capillaries and cardinal veins. ECs were exclusively from the host
(Fig. 5H). Nevertheless, cells surrounding the endothelial layer of
the dorsal aorta were GFP+ and expressed �� -SMA, indicating the
capacity of the Flk1 knockout PSM to provide vascular smooth
muscles of the dorsal aorta (Fig. 5I).

DISCUSSION
Mouse PSM-derived angioblasts and myoblasts
colonize the limb according to a two-step pattern
In the present study, we determined the sequence of limb
colonization by angioblasts and myoblasts in the mouse embryo,
using complementary approaches: (1) the Flk1lacZ/+/Pax3GFP/+
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Fig. 5. Role of the Flk1 mutation on trunk and limb skeletal myogenesis. (A)��GFP/Flk1lacZ/+ and GFP/Flk1lacZ/lacZ mouse embryos at 9 dpc
observed in toto. Flk1 knockout embryos are smaller than their littermates. (B)��Transverse section at the limb bud level of a Flk1lacZ/lacZ embryo. Pax3
immunostaining shows expression in the dermomyotome. (C)��Graft of a single GFP/Flk1 knockout somite 2 days post-surgery (HH22). Longitudinal
fibers are observed aligned parallel to the neural tube. (D)��Normal Pax3 expression in the dermomyotome. (E)��GFP+/My-HC+ fibers are present in the
myotome. (F)��GFP/Flk1lacZ/lacZ PSM graft 2 days post-surgery (HH21). GFP+ cells are restricted to the trunk. (G-I)��Transverse sections show that the
graft was correctly inserted in the chicken host. Vascularization is provided by the chicken host, as revealed the MEP-21 labeling (red in H), whereas
SMCs of the dorsal aorta derive from the Flk1 knockout PSM (red in I). Scale bars: 50��mm.
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heterozygous embryos implemented here for the first time; and (2)
the mouse-into-chicken chimera technique, which allowed to
precisely determine the origin and the timing of limb colonization
by both lineages. We used mouse embryos carrying an ubiquitously
expressed GFP gene as donors, which allowed continuous
monitoring of the cells emitted by the somites, and thus traced
finely the whole developmental process of the mouse PSM. A
similar timetable for PSM-derived cell migration at the forelimb
level was observed using Flk1lacZ/+/Pax3GFP/+ double heterozygous
embryos and mouse-into-chicken orthotopic transplantation. The
two approaches converged towards the demonstration that mouse
PSM-derived endothelial and myogenic progenitors colonize the
forelimb in two distinct waves.

Mouse PSM was able to expand correctly in the chicken
embryo, usually with the development of six somites in 12 hours,
which respects the ‘segmentation clock’ defined by Dequeant et al.
(Dequeant et al., 2006) using transcriptome analyses of the mouse
PSM combined with in situ hybridization. In addition, our system
of mouse PSM transplantation followed by grafting onto the CAM
allowed us to determine more precisely the developmental calendar
of the two somite-emitted lineages at the limb level and to propose
a schematic model of mouse PSM development (Fig. 6). In a 9-
somite stage mouse embryo (8.5 dpc), the PSM faces the future
limb bud and takes 12 hours to form the somites that will provide
angioblasts and myoblasts to the limb. At the 15-somite stage (9
dpc), the first cells escaping laterally the somites are ECs. Twelve
hours later (9.5 dpc) mouse PSM provides myogenic progenitors

to the limb, which are already colonized by endothelial progenitors.
The chimeric model was unique, because it allowed the
establishment of the PSM as the source of endothelial progenitors
and the monitoring of its uninterrupted evolution.

In the chicken embryo, it has been described that angioblasts
begin to colonize the forelimb at the 21-somite stage (Pardanaud et
al., 1987), which corresponds to the completion of somite
formation facing the forelimb, whereas myoblasts start to
delaminate a few hours later at about the 24-somite stage (Solursh
et al., 1987). These observations, combined with our results,
suggest that chicken and mouse PSM follow a similar
developmental pattern at the forelimb level, with a small delay for
mouse myoblast delamination, reflecting species differences in
developmental timing; as a matter of fact, 2 hours are needed for
one somite to form in the mouse, versus 1.5 hours in the chicken
(Palmeirim et al., 1997).

Mouse angioblasts and myoblasts are already
committed when they leave the somites
Previous studies in the chicken embryo have shown that PSM is
the only structure that provides ECs to the limb (Pardanaud et al.,
1996; Pouget et al., 2006; Wilting et al., 1995). Here, we show that,
in the mouse, the PSM not only provides ECs to the limb, but also
is likely to be the unique source for these progenitors
(supplementary material Fig. S3). Furthermore, in our grafting
conditions, we never identified ECs leaving the somites as being
Pax3+, and, when re-grafted onto the CAM fewer than 24 hours
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Fig. 6. Proposed model for mouse PSM
development at the forelimb level. In the 9-
somite stage embryo (8.5 dpc), the PSM faces the
future limb bud. Twelve hours later (15-somite stage
embryo, 9 dpc), the first cells that escape towards
the limb are angioblasts (red dots), which
subsequently colonize the bud. Twelve hours later
(21-somite stage embryos, 9.5 dpc), the limb is
vascularized by PSM-derived ECs while myoblasts
start to delaminate from the somites (green dots).
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after mouse PSM transplantation, the colonized limb bud displayed
mouse ECs, but no mouse myoblasts. These results strongly
support the interpretation that the cells leaving the somite are
already committed to a specific lineage, and that a putative non-
committed bipotential progenitor could exist within the somite only
for a short period of time (Ema et al., 2006; Hutcheson et al., 2009;
Kardon et al., 2002).

Pax3 is not involved in the settlement of PSM-
derived ECs and SMCs
Few studies have evaluated the relationships between migrating
endothelial and myogenic cells of the limb. Solursh et al. (Solursh
et al., 1987) first suggested that ECs might have a guidance role for
myogenic cells towards the limb, but this hypothesis was refuted
by Huang et al. (Huang et al., 2003) who showed that myogenic
cells and ECs from the same somite migrated to the limb through
distinct routes. Nevertheless, Tozer et al. (Tozer et al., 2007)
proposed that the endothelial network organization foreshadows
muscle patterning and that vessels might delimit the future
cleavage region of limb muscle masses. In order to bring some
clues about the possible relationship between ECs and myogenic
cells settlement, we used the Pax3GFP/GFP mouse embryo to test the
PSM capacity to provide each derivative in the mouse-into-chicken
model. Pax3 mutation leading to embryonic death, the transfer of
Pax3GFP/GFP PSM into the chicken provided a unique tool with
which to evaluate the implication of this gene in muscular and
vascular lineages. We showed that Pax3GFP/GFP PSM was able to
provide ECs to the limb in the chicken host, thus demonstrating
that Pax3, even though co-expressed with Flk1 in some
dermomyotome cells, is not required for migration and
differentiation of these cells.

In addition, we found that Pax3GFP/GFP PSM provided the
smooth musculature of the dorsal aorta with a normal
developmental timing, which indicates that, although Pax3+ cells
had been reported to contribute to ECs and SMCs of the dorsal
aorta (Esner et al., 2006), SMCs can pursue their fully potency in
vivo in the absence of this gene. It is now known that, in the avian
and murine aortae, the primary population of SMCs originates from
non-somitic mesoderm (Hungerford and Little, 1999; Takahashi et
al., 1996; Wiegreffe et al., 2009), whereas the secondary population
emanates from the somites (Pouget et al., 2006; Wasteson et al.,
2008; Wiegreffe et al., 2007; Wiegreffe et al., 2009). Our
observation also confirmed that mouse somites are the source of
the second population of the dorsal aorta SMCs, and that their
differentiation occurs independently of Pax3. This is in accordance
with a recent study proposing that Pax3 and Foxc2 transcription
factors repress each other, and that downregulation of Pax3 leads
to specification of undifferentiated somitic cell into smooth
muscular fate (Lagha et al., 2009).

Flk1 is essential for myoblast emigration to the
limb but dispensable for myogenic and SMC
differentiation
Our mouse-into-chicken chimera proved to be a powerful tool with
which to study the consequence of Flk1 deletion in the establishment
of smooth and skeletal muscle cells derived from the PSM. Indeed,
Flk1 deletion leads to embryonic death at 9 dpc, before the beginning
of trunk myogenesis and limb myogenic progenitor migration, with
somites unable to produce ECs (Shalaby et al., 1995). We could thus
demonstrate that PSM in Flk1 knockout embryos is able to activate
the myogenic program, when grafted in the chicken embryo. We also
found that Flk1 mutation did not impair the development of the

smooth musculature of the dorsal aorta, which indicates that Flk1 is
not required for the emergence of SMCs. Using the combination of
Flk1 mutant and our chimeric procedure, we have unexpectedly
demonstrated that SMCs coating the limb vessels originate from the
limb mesenchyme; these cells are recruited to the vessels and then
differentiate. This reveals a striking difference between the origin of
the mural cells of the trunk vessels, which arise from somites, and
those of the limb vessels, which arise from the somatopleura. We
therefore demonstrated that the blood vessel defect did not prevent
the initiation of axial myogenesis, viewed through the formation of
the Pax3 dermomyotome and myotome, which can further
differentiate into skeletal muscles. The mouse-into-chicken chimera
technique also revealed that although Flk1 KO PSM-derived
myoblasts are able to activate the myogenic program, they are unable
to migrate and colonize the limb bud even if molecular cues are
present. This new important finding reveals that myogenic cells
require primary angioblast migration to emigrate into the limb, and
that Flk1 is essential for limb hypaxial myogenesis, but dispensable
for trunk myogenesis. Several hypotheses can be proposed to explain
the role of Flk1 on myogenic progenitor migration: (1) hypaxial
dermomyotomal cell Flk1–/– do not express c-met anymore, which is
crucial for delamination and migration; (2) both c-met and Flk1 are
required transiently in a cell autonomous way to initiate the genesis
and later the delamination/migration process of hypaxial myogenic
progenitors facing the limb; (3) the genesis of ECs in the hypaxial
somite facing the limb bud instructs hypaxial dermomyotomal cells
in the Pax3+c-met+ myogenic migratory pathway. Therefore, more
investigations are required to identify the mechanism involved in this
process.

Molecular signals involved in limb myoblast
emigration
Several putative molecular candidates have been identified as
playing a role in myoblast migration. The complementary expression
pattern of SDF1 in the limb mesenchyme and CXCR4 in myoblasts
suggests a role for this molecular axis in the migration of both
progenitors into the limb (Rehimi et al., 2008; Vasyutina et al., 2005;
Yusuf et al., 2006). Another putative candidate is the ligand-receptor
HGF/c-met couple shown as crucial for de-epithelialization of the
lateral somite and subsequent myoblast emigration to the limb
(Brand-Saberi et al., 1996; Dietrich et al., 1999; Scaal et al., 1999),
and also for the patterning of the muscle masses in combination with
Bmp2 and Bmp4 (Bonafede et al., 2006). Finally, based on its
presence both dorsally and ventrally in the limb bud, the Tcf4-Wnt/b-
catenin pathway has been proposed to establish a pre-pattern for limb
muscles (Kardon et al., 2003). In all these studies, the endothelial
compartment has been disregarded. Our results clearly suggest a
crucial role for ECs in myoblasts emigration. The molecular nature
of the signal provided by ECs remains to be elucidated. A crucial role
for the non-myogenic cell-produced extracellular matrix for
myoblasts migration has also been documented (Chiquet et al., 1981;
Sanderson et al., 1986), together with a putative role of limb vessels
in myoblast guidance (Venkatasubramanian and Solursh, 1984).
Given the complexity of the process, a multistep control is likely and
our results indicate that the EC compartment has to be integrated in
this complex picture.

Concluding remarks
In conclusion, we have set up a powerful model that allows us to
follow the different developmental steps of a unique embryonic
structure, the PSM, something that cannot be achieved in vivo or
in vitro in the mouse embryo. The mouse-into-chicken chimera
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combined with our CAM grafting technique has enabled us to
determine precisely that mouse PSM gives rise to angioblasts and
myoblasts of the limb in two separate waves and that PSM-derived
progenitors are already committed when they leave the somites.
Furthermore, this chimeric model appears to be as a relevant tool
with which to extend the lifespan of murine structures from
embryos that bear a lethal mutation. This, in turn, allows us to
study the functions of genes in different lineages without disturbing
the ‘local environmental cues’. Using this model, we demonstrate:
(1) that Pax3 and Flk1 are not required for aortic SMC
differentiation, with Pax3 being also dispensable for angioblast
migration and differentiation in the aorta and limb, but that,
importantly, (2) angioblast emigration towards the limb is a
necessary event for myoblast migration.
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