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MHC expression is delayed in SpM-derived Isl1-expressing
myoblasts, we suggest that it acts as a repressor of myogenic
differentiation in a manner similar to its expression in
undifferentiated second heart field cells before they enter the heart.
It is tempting to speculate that Isl1 might also play a role in the
regulation of quiescence and self-renewal of satellite cells in
branchiomeric muscles, analogous to the role of Pax7 in trunk
skeletal muscles

Our lineage studies in both chick and mouse models provide a
clear example of lineage heterogeneity within craniofacial muscles.
In both species, Isl1+ SpM cells contribute to a set of branchiomeric
muscles at the base of the mandible facilitating its opening: the
intermandibular muscle in the chick, and the mylohyoid, stylohyoid,
digastric and other (distal) facial muscles in the mouse. By contrast,
there is a relatively minor contribution of Isl1+ cells to the
mastication muscles in the mouse (masseter, pterygoid and
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Fig. 6. The Wnt/�-catenin signaling pathway
negatively regulates specification and
differentiation of cells from the SpM and CPM
in chick embryos. (A) Schematic representation of
the experimental procedure showing the
electroporation of the construct into a St. 3c
embryo, which was analyzed 16 hours later, at St. 8.
(B-D) Fluorescent ISH of the St. 8 electroporated
embryos for the markers indicated. As a result of
Wnt3a activity, the expression levels of Tbx5 (B),
Nkx2.5(C) and Gata4 (D) transcripts were reduced
on the electroporated side (arrows; n=14).
(E) Representation of the experimental procedure
showing the electroporation of the pCIG-Wnt3a-
IRES-GFP construct into a St. 8 embryo, and its
analysis at St. 12 (note a reverse cardiac looping).
(F,G) St. 12 embryos stained for Isl1 (F) and Nkx2.5
(G) following electroporation with pCAGG-GFP
(arrows). The normal expression of both proteins
was not affected (arrowheads). (F�,G�) St. 12
embryos, electroporated with pCIG-Wnt3a-IRES-GFP
marked by the GFP expression in the surface
ectoderm. Both Isl1 (F�) and Nkx2.5 (G�) levels in the
SpM of the AHF (arrowheads) were reduced on the
electroporated side (n=17). (H-I�) Whole-mount ISH
for Tbx1 and capsulin in St. 13 embryos
electroporated with either pCAGG-GFP or pCIG-
Wnt3a-IRES-GFP. Both Tbx1 (H�) and capsulin (I�)
levels in the BA were reduced (arrows) on the
Wnt3a-electroporated side (n=9). nt, neural tube;
hrt, heart; ph, pharynx.

Fig. 7. Antagonists of the Wnt/�-catenin
pathway promote Isl1 and Nkx2.5 expression
in AHF/SpM and branchial arches.
(A,B) Representation of the electroporation of
pCIG-sFrp2-IRES-GFP together with pCIG-sFrp3-
IRES-GFP constructs between St. 8 and St. 12.
Dashed line indicates the plane of the transverse
sections. (C) Immunostaining for Nkx2.5 at St. 12
indicating that Nkx2.5 protein level increased
(arrowhead) on the electroporated side (arrow).
(D) Immunostaining for Isl1 at St. 12. GFP
expression in the surface ectoderm marks cells
expressing the sFrp2 and sFrp3 proteins. Isl1 level
in the SpM (arrowhead) was increased on the
electroporated side (n=7). (E,F) Fz8-IgG-soaked
bead insertion (E, St. 8) and the same embryo
23 hours later (F, St. 14). (G-I) Transverse sections
showing the location of the implanted bead (blue
circle in G,I and dashed circle in H).
(G�-I�) Immunostaining of sections G-I. As a result
of the Fz8-IgG activity, both Nkx2.5 (G�,H�) and
Isl1 (I�) levels in BA1 increased around the bead
(n=4). EP, electroporation; nt, neural tube; BA1,
branchial arch 1; hrt, heart; ph, pharynx. D
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temporalis) or to the mandibular adductor complex in the chick.
Furthermore, in both species, the intrinsic and extrinsic muscles of
the tongue (e.g. genioglossal) and extraocular muscles are not

derived from the Isl1+ SpM lineage. The slightly broader
contribution of the Isl1+ lineage to branchiomeric muscle, observed
in the mouse, could result from differences in the lineage allocations
between the two species. Similarly, the contribution of Isl1+ cells of
the second heart field is broader in the mouse than that in the chick.
Clearly, methodological and experimental differences affect lineage
comparisons between chick and mouse models. In our R26R muscle
lineage analyses in mice, it is important to appreciate that the fusion
of a few �-gal+ myoblasts is likely to result in staining of the entire
myofiber (e.g. masseter, pterygoid and temporalis, Fig. 5).

Tbx1 (Kelly et al., 2004), as well as capsulin and MyoR (Lu et al.,
2002), have been shown to act as upstream regulators of
branchiomeric muscle development. In capsulin/MyoR double
mutants (Lu et al., 2002), the masseter, pterygoids and temporalis
were missing, whereas the distal BA1 muscles (e.g. anterior
digastric and mylohyoid, both derived from Isl1+ cells, Fig. 5) were
not affected. Our findings in both chick and mouse experimental
models, which reveal that jaw muscles are composed of at least two
distinct myogenic lineages (CPM-derived and Isl1+ SpM-derived
muscles), provide a plausible developmental explanation for this
unique muscle phenotype.

It was recently demonstrated in mice that Isl1/Nkx2.5/Flk1-
positive cells within the SpM are multipotent cardiovascular
progenitors that give rise to cardiac myocytes, smooth muscle and
endothelial lineages within the heart (Moretti et al., 2006; Wu et al.,
2006). We show that Isl1+ cells represent multipotential progenitors
of both cardiovascular and skeletal muscle lineages.

Wnt/�-catenin signaling and its effect on cardiac
and skeletal muscle development
We previously demonstrated in the chick that signals emanating
from the neural tube (that can be mimicked by Wnt1 and Wnt3a)
block cardiogenesis in the CPM (Tzahor and Lassar, 2001). These
findings, and those of two other studies (Marvin et al., 2001;
Schneider and Mercola, 2001), suggest that Wnt/�-catenin signaling
inhibits cardiogenesis during early embryogenesis. A subsequent
study (Foley and Mercola, 2005) demonstrated that Wnt signaling
must be inhibited within the endoderm to induce secretion of an as
yet unidentified cardiogenic-inducing factor. In fact, numerous
studies support the notion that inhibition of the Wnt/�-catenin
pathway is required for proper heart development and repair
(Barandon et al., 2003; Brott and Sokol, 2005; Lickert et al., 2002;
Singh et al., 2007), whereas other studies, mostly in cultured ES
cells, suggest that the opposite is true (Nakamura et al., 2003).

Recent studies in mouse and zebrafish embryos, as well as in
embryonic stem cells, demonstrate that the Wnt/�-catenin pathway
plays distinct, even opposing, roles during various stages and within
distinct tissues during cardiac development (reviewed by Tzahor,
2007). The new loss-of-function studies of canonical Wnt signaling
in the mouse (Ai et al., 2007; Cohen et al., 2007; Kwon et al., 2007;
Lin et al., 2007; Qyang et al., 2007; Ueno et al., 2007) provide
compelling evidence that this pathway is required within cardiac
progenitors and differentiating cardiac cells for the development of
the second heart field (including AHF cells) and its derivatives: the
right ventricular chamber, OFT and pharyngeal mesoderm. These
studies further demonstrate that Wnt signaling stimulates the
proliferation of cardiac progenitors during mouse cardiogenesis.

Using electroporation of Wnt ligands or Wnt inhibitors in chick
embryos, we observed either the inhibition of cardiac and skeletal
muscle differentiation markers, or the expansion of Isl1 and Nkx2.5,
respectively. Similarly, bead implantation of a Wnt inhibitor into the
CPM resulted in increased expression of Nkx2.5 and Isl1 within the

655RESEARCH ARTICLEContribution of Islet1+ splanchnic mesoderm cells to distinct head muscles

Fig. 8. Model for the molecular regulation of the boundaries
within the cardio-craniofacial mesoderm in chick embryos. (A) At
St. 8, the cardio-craniofacial mesoderm can be divided into CPM (blue),
AHF/SpM (green) and differentiated SpM (red). (B) At St. 10, the division
of the cardio-craniofacial mesoderm becomes more obvious. The
AHF/SpM (green) is located underneath the pharynx, just dorsal to the
heart. (C) At St. 18, both CPM and SpM contribute to BA1 and to the
cardiac outflow tract. The distal part of BA1 mesoderm is SpM-derived
(green) and is Isl1+, whereas the proximal region is CPM-derived (blue)
and Myf5+. In the cardiac outflow tract, the contribution of the
AHF/SpM is greater than that of the CPM, the contribution of which is
seen in the more-distal part of the heart. (D) Heart formation is
regulated by a combination of positive and negative signals from
surrounding tissues. Whereas a signal(s) from the anterior endoderm
works to promote heart formation in concert with BMP signals from the
anterior lateral mesoderm, Wnt signals from the axial tissues (orange)
repress heart formation in the CPM. (E) This study demonstrates that
Wnt signaling can repress Isl1 and Nkx2.5 in the AHF/SpM, whereas
treatment with Wnt antagonists (sFRP, purple) promotes Isl1 and Nkx2.5
expression. EP, electroporation; fg, foregut; nt, neural tube; da, dorsal
aorta; n, notochord; h, heart; lm, lateral mesoderm; CPM, cranial
paraxial mesoderm; AHF/SpM, anterior heart field/splanchnic mesoderm.
Electron micrographs shown in A and B were reproduced with
permission from Prof. Schoenwolf (University of Utah School of
Medicine, Salt Lake City, UT). D
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SpM-derived myogenic mesoderm of BA1. These results suggest
that canonical Wnt signaling can inhibit cardiac and cranial muscle
differentiation, which is consistent with findings in mice
demonstrating that continuous Wnt signaling prolongs the
progenitor state and interferes with differentiation during
cardiogenesis.

The cardio-craniofacial mesoderm
Taken together, our past and present studies clearly demonstrate that
the cardio-craniofacial mesoderm is tightly regulated by both
positive and negative cues from surrounding tissues (Rinon et al.,
2007; Tirosh-Finkel et al., 2006; Tzahor et al., 2003; Tzahor and
Lassar, 2001). Our findings highlight the heterogeneity of
developmental programming among cranial muscles, and confirm
that craniofacial myogenesis is developmentally linked to cardiac
development (this study) (Tirosh-Finkel et al., 2006; Tzahor and
Lassar, 2001) (reviewed by Grifone and Kelly, 2007), suggesting
that these tissues share a common evolutionary origin.

The striking parallel between a subset of branchiomeric muscles
and the transcriptional networks involved in heart development (this
study) (Dong et al., 2006; Kelly et al., 2001; Verzi et al., 2005) is
actually seen across vast phylogenetic distances. Nematodes do not
possess a heart, yet their pharyngeal muscle contracts like a heart
and exhibits electrical activity similar to that of mammalian
cardiomyocytes. Moreover, it has been shown that the development
of the pharyngeal muscle in nematodes, and of cardiac muscle in
vertebrates and insects, is regulated by the homeobox gene Nkx2.5
(Haun et al., 1998). Thus, unlike skeletal muscles in the trunk, head
muscles are likely to have evolved from an ancestral developmental
program that gave rise to a contractile tube used for feeding and
circulation. Insights into the genetic circuits that drive the evolution
and development of heart and craniofacial muscles might shed light
on general principles of organogenesis, as well as on the molecular
basis of cardiovascular and craniofacial myopathies in humans.
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