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1. Introduction
1.1 Skeletal Muscle
At the beginning of the last century the English physiologist Hill described muscles as
“engines for the conversion of chemical into mechanical energy” and thus laid the
foundation for the process we now know as muscle contraction (Hill, 1938).
Whenever an animal runs, swims, flies, digs, hunts and captures prey, chews,
swallows, communicates using speech, facial expression or gesticulation, it uses its
skeletal muscles. Although all these activities relate to the use of muscle in adult life,
the development of muscle is started long before the animal takes its first breath.
Skeletal muscle of the vertebrate body comprises in men 42% of the total body weight
representing the largest tissue (Marieb and Hoehn, 2007). In contrast to smooth
muscle, which lines the stomach, gut and blood vessel walls and is able to maintain
slow contraction for longer periods of time and in contrast to the heart muscle, a saclike muscle made of a special striated type, most skeletal muscles attach - through
tendons - at each end to specific locations of the skeleton, a property, responsible for
the naming of this type of muscle.
1.1.1 Cellular and subcellular organisation of skeletal muscle
The basic cellular component of skeletal muscle is the myofibre (Otto et al., 2009).
This name derives for its appearance – a long tube-like structure, often many tens of
centimetres long. Although skeletal muscles vary in size and shape they all share a
hierarchical organisation, which consists of contractile cells - the myofibres and
supporting connective tissue. The connective tissue is an essential component of
skeletal muscle since it not only protects the myofibres from damage but is essential
to transmit force to skeletal elements. Each muscle is lined on its outer surface by a
layer of relatively thick connective tissue called the epimysium. Bundles of myofibres
are surrounded by another layer of connective tissue, the perimysium. Finally each
myofibre is surrounded by the last component of connective tissue, the endomysium.
Although they vary in thickness and composition, all three layers of connective tissue
are continuous, merging at the ends of the muscles, where tendons, cords of regular
connective tissue, are formed which usually connect the muscle to bone. Interspersed
amongst the connective tissue and myofibres are other structures including large and
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small blood vessels and nerves. All these different components allow the muscle to
exert its function in movement and in addition serve as cushions to protect against
damage (Williams, 1995).
At the cellular level each myofibre consists of a specialised plasma membrane
encapsulating not only the contractile unit (myofibril) but also display other unique
features. One of the most distinguishing features of a myofibre is its multinuclear
nature. Myofibres can contain one nucleus every 35µm. Given that some fibres can be
30 cm long this means that these cells can contain almost 10000 nuclei. It also means
that 10000 cells have fused during development to generate this single cell (Peckham,
2008). The plasma membrane of myofibres - the sarcolemma – is specially adapted to
meet the requirements of a contracting cell. It forms invaginations called T-tubules
into the sarcoplasm, which are involved in transmission of the depolarising action
potential to all parts of the myofibres. A sac-like membranous network called the
sarcoplasmatic reticulum (a specialized form of the endoplasmatic reticulum) not only
surrounds each myofibril but is also in close proximity to the T-Tubule. The
sarcoplasmatic reticulum serves to store Ca2+ needed for contraction (Beard et al.,
2009).
Each myonucleus is located at the periphery between myofibrils and sarcolemma
thereby not in a position to interfere with contraction. Closely juxtapositioned to the
nuclei lie other cellular organelles such as the Golgi apparatus and ribosomes.
Mitochondria can be found dispersed between bundles of myofibrils, which fill most
of the cytoplasm of the myofibres. Each myofibre can contain hundreds of myofibrils
which are tubes of approximately 1 µm in thickness. The repeated striated appearance
of muscle arises from the protein organisation in the myofibrils called thick and thin
filament. Myofibrils are composed of a basic 2.5 µm unit called the sarcomere. Light
microscopy examination of a sarcomere reveals a series of light and dark lines and
bands. These arise due to the organisation of proteins constituting the sarcomere.
Each sacromere has a protein disk at each end called the Z-disk. The Z-disk contains
desmin and serves as an attachment point for thin filaments composed of actin. The Zdisk appears as a very dark line called the Z-line when the myofibril is viewed
longitudinally. Immediately adjacent to the Z-line is the I-band, which appears as a
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very light region consisting only of thin filaments, while the middle darker region of
the sarcomere is called the A-band and marks the length of the thick filaments
composed of myosin. The ends of the A-band are darker and this length increases as
during muscle contraction, the thick and thin filaments inter-digitate forming the Mband. The middle zone of the A-band consists of only thick filaments and is referred
to as H-band. The H-band decreases during contraction. The Z-line is also important
as it acts to tether the myofibre to the extracellular matrix produced by the connective
tissue. A number of proteins forming a complex called the costamere including
vinculin and talin bind the Z-line protein actinin and integrins embedded in the
sacrolemma. The integrins form strong links with laminins produced by the
connective tissue.
The entire process of contraction is initiated by an action potential that travels along a
motor nerve until it reaches a specialised region on each myofibre called the
neuromuscular junction. The action potential is transmitted from the motor neuron to
the muscle cells by the neurotransmitter acetylcholine. Once the action potential has
been initiated on the myofibre it spreads across the sarcoplasma and into the cell itself
through the T-Tubules. Here it causes the sarcoplasmic reticulum to release calcium
which induces contraction through a processed called the sliding filament mechanism.
Muscle relaxes once the calcium is taken up back into the sarcoplasmic reticulum.
Contraction is totally dependent on energy which is generated by the numerous
mitochondria in the form of ATP. The force generated by the sliding filament is
transmitted through the Z-line via the costamere to the connective tissue which
ultimately shortens the distance between bones (Quach and Rando, 2006).
1.1.2 Overview of myofibre development
Muscles are composed of up to thousands of myofibres, which are multinuclear and
post-mitotic. During the embryonic and foetal phase, myogenic cells migrate and
divide. Initially they do not express markers of skeletal muscle, but as they withdraw
from the cell cycle they switch on master regulators of muscle development called the
myogenic regulatory factors (MRFs). This group of transcription factors comprising
of MyoD, Myf-5, Myogenin and MRF4 are responsible for the transcription of
numerous muscle proteins including myosin and desmin (Buckingham, 2001). By
fusing, myogenic cells initially form myotubes. Additional cells fuse to the myotubes
but myotubes can also fuse with each other. The first fibres which form are called
3

primary myofibres and are surrounded by a basal lamina. Primary myofibres are
relatively large and express the slow isoform of myosin heavy chain. Additional
myoblasts then infiltrate the basal lamina and use primary fibres as a scaffold and fuse
to from smaller diameter fibres. These fibres then detach from the primary fibres, and
in the process take some of the basal lamina with them and form secondary fibres
(Brown and Stickland, 1994). The process of fibre number development is called
hyperplasia. In most vertebrates, hyperplasia ceases soon after birth. However fibres
do undergo enlargement through increased protein synthesis, a process called
hypertrophy. Importantly not all myoblasts fuse to form myofibres. A pool of
undifferentiated cells is maintained during embryonic, foetal and adult life. Those
cells are called satellite cells, the stem cells of skeletal muscle. They are normally
quiescent, closely associated with the myofibres and lie outside the sarcolemma but
underneath the basal lamina in a so called satellite cell niche. Upon muscle damage
satellite cells become activated, proliferate and their daughter cells differentiate into
myofibres to replace the damaged fibres (Katz, 1961; Mauro, 1961; Otto et al., 2009).
In order to understand the development of a particular muscle, it is not only necessary
to identify the origin of the cells that make up the muscle fibres, but also to determine
where the connective tissue is derived from.
1.2 Mesoderm development through gastrulation
In order to understand the ontogenesis of a specific muscle, it is essential to
comprehend where and how muscle forming tissue develops during embryogenesis.
All skeletal muscle is derived from the mesoderm, the germ layer between endoderm
and ectoderm. In birds this germ layer is generated one day after the fertilized egg has
been laid. At the time of laying, the embryo comprises a bi-laminar blastoderm, with
the dorsally positioned epiblast and the ventrally situated hypoblast. Cells start to
converge at one edge of the blastoderm to form a thickening called Koller’s sickle
which also defines the posterior of the embryo. Compression of cells due to
convergence causes cells at Koller’s sickle to increase in height. Continual
convergence causes cells of Koller’s sickle to be displaced in an anterior direction
giving rise to a stripe of cells called the primitive streak. The convergence and
extension of cells continues and causes the presumptive primitive streak to extend in
an anterior direction (Callebaut and Van Nueten, 1994). However too many cells
converge for them to be simply accommodated by streak elongation and results in the
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epiblasts first to buckle to form a depression - the primitive groove, and then to force
cells to undergo an epithelio-mesenchymal transition, which allows cells to pass into
the blastocoel, the cavity between epiblast and hypoblast - a process called ingression.
The first cells to undergo this process descend through the blastocoel before
intercalating into the underlying hypoblast to form the endoderm. Cells undergoing
subsequent epithelio-mesenchymal transition are unable to intercalate into the
endoderm but position themselves between the epiblast and the endoderm to form the
middle layer called the mesoderm. The first mesodermal cells then migrate to the
most lateral margin of the embryo before moving anteriorly. This population forms
the lateral plate mesoderm. Lateral plate mesoderm will eventually divide into two
layers. The dorsal layer is called the somatic (parietal) mesoderm, located under the
ectoderm. Somatic mesoderm and ectoderm together comprise the somatopleure (Gk
smato-: body, Gk -pleurá (sing.): side, rib). The ventral sheet is called the splanchnic
(visceral) mesoderm, which lies over the endoderm forming the splanchnopleure (Gk
splánchna-: entrails, Gk -pleurá (sing.): side, rib). The space in between these two
layers will become the body cavity – the coelom. The next population to ingress again
moves laterally but not to the same extend as the lateral plate mesoderm and then also
moves in an anterior direction. This population forms the intermediate mesoderm
from which the kidneys arise. Notably, the ingression of cells fated to form
intermediate mesoderm separates the cells of the lateral plate mesoderm from the last
population of cells to ingress through the primitive streak called the paraxial
mesoderm, which will form the somites. In chick, streak elongation stops at about
75% of the embryo length. A regional thickening of cells at its anterior end forms and
is called the primitive knot, or Hensen’s node. It surrounds a funnel-shaped
depression, the primitive pit. The first cells which ingress through the Hensen’s node
migrate anteriorly to form pharyngeal endoderm of the foregut. These cells displace
the hypoblast cells to the anterior margin and form the germinal crescent, from which
precursors of germ cells will later migrate through the blood vessels into the gonads.
The next cells which enter the blastocoel through the Hensen’s node migrate not as
far as the cells for the foregut. They form the head mesoderm and the prechordal
mesoderm. As the node starts to regress along the primitive streak it leaves cells of
the axial mesoderm and paraxial mesoderm (Gilbert, 2009).
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The unsegmented head mesoderm and prechordal mesoderm give rise to facial and
eye muscles in the head. Paraxial mesoderm gives rise to all striated muscles of the
body. Despite the fact that all of the mesoderm, which gives rise to muscles is first
mesenchymally organized, trunk paraxial mesoderm forms segmental epithelial units
called somites prior to muscle formation (Gilbert, 2009).
1.3 Somite formation
1.3.1 Segmentation of paraxial mesoderm
Gastrulation leads to the formation of the paraxial mesoderm. In chick this occurs
through both the anterior portion of the primitive streak and Hensen’s node. In
humans it is thought to develop only from the anterior streak. Paraxial mesoderm
undergoes morphogenic change. After gastrulation, in its mesenchymal state it is
called presomitic mesoderm (also: segmental plate mesoderm) but is called somitic
tissue after epithelialisation and segmentation.
As primary neurulation is initiated, marked by the neural plate undergoing dorsal
closure, paraxial mesoderm which extends just caudal to the otic anlage undergoes a
series of morphological changes including compaction and segmentation of
mesenchyme forming somites. Segmentation of the presomitic mesoderm starts
cranially, progresses in the caudal direction and is a very regular process. In chicken
segmentation occurs every 90 minutes, whereas in mice this process is repeated every
2 hours. This observation led Cooke and Zeeman to propose the need to have an
oscillator to regulate this periodic event. They proposed the “Clock and Wave-front
model” to explain segmentation of the presomitic mesoderm (Cooke and Zeeman,
1976). The essential components are the clock a means of counting time – dictating
when segmentation should occur and a wave-front, which would define where it
would happen.
1.3.2 Somite development and maturation
Segmentation of paraxial mesoderm leads to population of cells that form epithelial
balls called somites. The spheres contain a lumen called the somitocoel which is also
filled with cells originating from the paraxial mesoderm. Epithelialisation into somites
is essential for the patterning of the axial skeleton and skeletal muscles; however it is
not necessary for cells of the somites to differentiate as shown in Paraxis-/- mice
(Burgess et al., 1996).
6

A total of 52 somite pairs are generated between embryonic day one and five in the
chicken along the cranio-caudal extent. According to the nomenclature of Christ and
Ordahl the most newly formed somite is labelled with I, whereas the earlier formed
somites are II, III, IV etc. (Christ and Ordahl, 1995). After their formation, each
spherical somite consists of bottle shaped cells, intimately connected by tight
junctions and polarized towards the lumen. The inner cavity contains a population of
mesenchymal cells called the somitocoel, which later will give rise to the
intervertebral disks. The basal lamina located on the outside of the sphere is made of
collagen, laminin, fibronectin and cytotactin (Keynes and Stern, 1988; Stern et al.,
1988). The epithelial somite then undergoes a series of morphogenic changes and
differentiation events that lead to the development of three lineage committed
populations. The sclerotome which forms cartilage and the dermomyotome skeletal
muscle and the dermis of the back. The first population to arise from the somites is
the sclerotome, formed from the ventral medial aspect of the epithelial somites. Cells
in this region undergo an epithelial to mesenchymal transition which then migrate to
surround the notochord and the neural tube. The sclerotome gives rise to vertebrae
and ribs (Christ et al., 2004). The dorsal half of the somite (the dermomyotome)
remains epithelial for some time (Scaal and Christ, 2004). Next, cells from the dorsal
medial aspect of the dermomyotome ingress and use the ventral surface of the
dermomyotome as a migratory surface to form a new layer called the myotome.
Myotomal cells switch off genes associated with the dermomyotome and express
muscle specific markers including MyoD. The myotome is the source of all axial
muscle. However a population of cells from the central portion of the dermomyotome
parachute ventrally into the myotome. This population will develop into the satellite
cells - the stem cell compartment of skeletal muscle (Gros et al., 2005). Later the
central part of the dermomyotome also becomes mesenchymally organised. However
the dermomyotome is not completely mesenchymalised since two regions dorsomedial and the ventro-lateral retain their epithelial organisation to form lips. These
regions continue to form myoblasts. The mesenchymal central dermomyotome will
from the dermis of the back (Christ et al., 2007).
1.3.3 Epaxial and hypaxial musculature
Trunk muscles develop according to two main mechanisms. Cells produced at the
medial third of the dermomyotome, the dorso-medial lip, become spindle-shaped and
7

span from the cranial to the caudal extent of the myotome. These pioneer cells then
fuse to form multinucleate cylindrical myotubes (primary myotubes), which extend
from cranial to caudal and form myotubes of the epaxial musculature, which is the
musculature adjacent to the vertebral column. These muscles are innervated by the
dorsal rami of the spinal nerves. Cells of the ventro-lateral third of the
dermomyotome, the ventro-lateral lip give rise to hypaxial musculature (Nowicki et
al., 2003). Accordingly these muscles are innervated by the ventral rami of spinal
nerves. The development of hypaxial musculature is characterized by two
mechanisms depending on the cranio-caudal level. At thoracic and abdominal level
cell layers extend into the adjacent somatopleure as a continuous growth of the
myotome giving rise to the prevertebral, intercostal and abdominal musculature, while
at limb level and in parts of the occipital and cervical regions, the hypaxial
dermomyotomal lip undergoes an epithelial to mesenchymal transformation, which
enables cells to migrate into the developing limb buds, primordia of the tongue and
the diaphragm where they proliferate and differentiate (Christ and Ordahl, 1995;
Burke and Nowicki, 2003). De-epithelialisation of migratory cells has been shown to
depend on the transmembrane receptor c-Met, which is expressed in the migratory
cells and its ligand hepatocyte growth factor (HGF)/Scatter Factor (SF) being
expressed along the routes and at the target sites (Dietrich et al., 1999).
Development of limb musculature of the hypaxial domain seems to occur in phases.
Firstly, cells migrate into the proximal region of the developing limb bud. They then
remain stationary, split into a dorsal and ventral population before migrating to more
distal region as the limb grows out (Murray and Wilson, 1997). Cells of the dorsal and
ventral muscle masses migrate as precursors (Christ et al., 1977). The muscle masses
undergo a series of unequal binary and tertiary divisions to give rise to all the
individual muscles of the limb. Instructive cues leading to the development of the
correctly sized muscle at the appropriate position is thought to be conferred by the
connective tissue of the limb (Kardon et al., 2003).
In addition a small subset of cells from the dorsal and ventral muscle masses migrate
back into the trunk to give rise to cloacal muscles and muscles associated with the
shoulder girdle – a mechanism described as “In-Out Mechanism” (Evans et al., 2006;
Valasek et al., 2005).
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The somite provides a segmental organisation for the development of non somitic
tissues. It forms mostly the tissues of the same level, a fact which is reflected in the
segmentation of the vertebral column. In a process called re-segmentation, each
vertebra is formed from the posterior part of the sclerotome of one somite and the
anterior of the adjacent somite (Huang et al., 2000a). Only the anterior part of the
sclerotome allows the penetration of spinal nerves. In muscle, the segmentation is
maintained for the epaxial musculature of the back, for intercostals muscles and tail
muscles, where one muscle spans over one segment to the next. Musculature which
develops from the lateral myotome is not as strictly segmental. Extreme examples are
the tongue muscles and the diaphragm in the mouse, which develop from the first
occipital somites and travel into the head and into the trunk, respectively (Babiuk et
al., 2003; Huang et al., 1999; Huang et al., 2001).
1.3.4 Molecular regulation of somite differentiation
Cells of the epithelially organised somites give rise to at least three quite distinct cell
types: cartilage, skeletal muscle and connective tissue. Somite rotation and other
tissue manipulation experiments have shown that the somitic cells lack intrinsic
developmental programmes but instead are regulated by environmental signals (Christ
et al., 1992; Yusuf and Brand-Saberi, 2006). The classic example of environmental
signal mediated somite differentiation involves the sclerotome. Ablation of the
notochord results in the failure of sclerotome development (Brand-Saberi et al.,
1993). Conversely, transplantation of an ectopic dorsally positioned notochord results
in all somitic cells adopting a sclerotome fate. Work by Fan and colleagues has
demonstrated that Sonic Hedgehog (Shh) secreted by the notochord and the ventral
neural tube induces sclerotome development in the ventral medial portion of the
somites (Fan and Tessier-Lavigne, 1994). An alternative and a more controversial
proposition is that the basal lamina contains small openings through which fine
processes of the somitic cells project into the interstitium towards adjacent cells to
take sensings of the environment (Hay, 1968). This information will then be relayed
back to the somite cells thereby providing differential information dependent on
position. The environmental regulation of differentiation also applies to muscle cells.
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The domain, in which muscle development occurs in the somite is defined by
morphogens
Muscle development occurs in the context of signalling molecules received from the
environment. Wnt and BMP4 proteins are both expressed in the surface ectoderm
overlying the somites. Removal of these signalling molecule source results in a burst
of muscle differentiation, but the long-term consequence of this procedure is
hypotrophic muscle development (Amthor et al., 1999; Marcelle et al., 1997). Wnt
proteins which are additionally secreted by the dorsal neural tube override signals
from the notochord and floorplate of the neural tube such as Shh and thus restrict
muscle development to the dorsal part of the somite (Borycki et al., 2000; Gustafsson
et al., 2002; Munsterberg et al., 1995). Wnt family members that are ectopically
expressed between neural tube/notochord and somites lead to an expansion of the
Pax3 domain in the dermomyotome at the expense of the sclerotomal domain, which
is marked by the expression of Pax1 (Wagner et al., 2000). Long range signalling of
Shh prevents terminal differentiation, by maintaining Myf5 expression in the
dermomyotome mediated by Gli transcription factor effector binding to this MRF and
promoting cell proliferation and inhibition of apoptosis. BMP4, which is also
expressed in lateral plate mesoderm maintains Pax3 expression in the hypaxial
domain of the ventrolateral lip, while its antagonist Noggin secreted by the roof plate
of the neural tube initiates MyoD expression (Amthor et al., 1999).
Trunk myoblasts development and the necessity of Paired box transcription factor
activity
Muscle precursors express Pax3 and Pax7 which encode for Paired Box transcription
factors (Buckingham and Relaix, 2007). They enable muscle cells to remain as
rapidly dividing undifferentiated precursors. Pax3 is expressed in the presomitic
mesoderm and subsequently in all cells of the epithelially organised somite. However
as the sclerotome is formed, cells in this compartment switch the transcription factor
off, but instead up-regulated Pax1. Migratory muscles of the hypaxial domain have
been shown to depend on the ability of Pax3 to induce the expression of the
transmembrane receptor tyrosine kinase c-Met that permits cells of the
dermomyotome to undergo epithelial to mesenchymal transformation mediated by
HGF/scatter factor (Epstein et al., 1996). In the Splotch mouse line which harbours a
mutation in the Pax3 locus limb muscle development is impaired. Downstream targets
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of Pax3 including c-Met are not expressed in Splotch muscle precursors and limb bud
mesenchyme, resulting in some apoptosis of trunk muscle precursors and the
complete absence of limb muscles due to a failure in precursor cell migration into the
limb (Daston et al., 1996). The replacement of Pax3 by Pax7 results in a failure in
long-range migration of muscle precursors indicating the necessity of Pax3 in limb
muscle development. Pax3 mutant mice die early in embryogenesis due to neural
crest associated defects. In contrast, Pax7 knockout mice survive until after birth.
Genetic deletion of Pax7 leads to a significant reduction in satellite cells number
(Seale et al., 2000).
The role of MRFs in muscle development
Pax3 expression indirectly initiates the transcription of MyoD, a basic helix-loophelix transcription factor, whose expression commits cells towards the myogenic
lineage. MyoD and its homologues Myf5, MRF4 and Myogenin are referred to as
muscle regulatory factors (MRFs), and are crucial for the initiation of myogenesis.
Expression of MRFs is able to induce myogenesis in non muscle tissues (Weintraub et
al., 1989). To some degree MRFs have redundant functions. Myf5 and MRF4 have
been shown to be able to initiate myogenesis in the absence of MyoD, however the
two factors also act upstream of MyoD. The ability of MyoD to positively regulate its
own expression has a stabilising effect on myogenic progression (Rudnicki et al.,
1992). The compound knockout of either MyoD or Myf5 results in a delayed onset of
myogenesis with minor defects in muscle development, however the knockout of both
genes in addition to the suppression of MRF4 leads to the complete failure of skeletal
muscle development in the body (Braun et al., 1992; Rudnicki et al., 1992; Rudnicki
et al., 1993). When myogenin is absent, myoblasts still form however terminal
differentiation is largely defective hinting at a more downstream role compared to
other MRFs (Hasty et al., 1993). MRFs have been shown to be able to remodel
binding sites on muscle gene enhancers and to activate transcription of contractile
proteins. MyoD, in particular interacts with acetyl histone transacetylases and histone
deacetylases, thereby promoting myogenic differentiation.
1.4 Development of trunk satellite cells
Using molecular and cellular techniques it has been shown that trunk muscle
progenitors and satellite cells share a common origin – the dermomyotome. Gros and
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colleagues identified that satellite cells are derived from the central dermomyotome
and express Pax3 and Pax7. They showed that first Pax7 positive satellite cells appear
in the dermomyotome as it undergoes an epithelio-mesenchymal transition 48 hours
after somite formation (Buckingham and Relaix, 2007; Gros et al., 2005). As the
dermomyotome dissociates, these cells persist as proliferating, undifferentiated
progenitors, intermingle with the differentiated myogenic cells of the myotome and
become enveloped beneath the basal lamina of developing myofibres to take up the
position of quiescent satellite cells in late foetal and post natal trunk muscle. In
contrast to the previously held view, satellite cells do not emerge as a final population
of myoblasts during foetal development, but arise from a population of
undifferentiated stem cells. Primary and secondary MRFs expressing myoblasts arise
likewise from a pool of Pax3+/Pax7+ progenitors and might or might not arise from
the same pool of cells as the satellite cells. In any case satellite cells are however not a
population of cells arising from MRFs expressing myoblasts (Relaix et al., 2005).
1.5 Origin of trunk connective tissue
Somite derived trunk myoblasts, which form the expaxial musculature as well as
those extending into the somatopleure to comprise the body wall or limb bud
mesenchyme intermingle with somatopleural mesenchyme which later forms the
connective tissue of individual muscles (Christ et al., 1983; Kardon, 1998).
1.6 Muscle formation in the head
Skeletal muscle development in the head varies greatly to that in the trunk
(Mootoosamy and Dietrich, 2002; Noden and Francis-West, 2006; Sambasivan et al.,
2009; Tzahor et al., 2003). Although head and trunk musculature both arise from a
paraxial population, they differ at many levels, which include the source of their
origin. As has been previously stated, paraxial mesoderm of the head originates
exclusively from the node. In contrast all paraxial mesoderm in humans comes from
the anterior streak. Another major difference between head and trunk paraxial
mesoderm is at the level of cell organisation. Trunk paraxial mesoderm undergoes
overt segmentation. Segmentation of the head mesoderm has in the past been
proposed, when somite-like structures called somitomeres have been reported based
on electron microscopic images (Meier and Jacobson, 1982). However these results
have never been independently confirmed. Therefore the paraxial mesoderm of the
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head is generally referred to as “unsegmented” head mesoderm and the more
anteriorly located prechordal plate, or as earlier described the prechordal mesoderm.
1.6.1 Head musculature
Muscles which develop from paraxial mesoderm cranial to the otic vesicle are usually
referred to as genuine head muscles. Genuine head muscles include the muscles
involved in eye movement, mastication and mimicry muscles of the face. These
muscles can again be subdivided into extraocular muscles and branchial arch muscles.
While extraocular muscle develop at the original position of the head mesoderm,
branchial arch muscle precursors translocate into paired pouches lined by both
ectoderm and endoderm, where there are surrounded by neural crest cells. Whether
the translocation of myoblasts is due to active migration or due to differential growth
causing tissue rearrangement has yet to be established (Williams, 1995).
Another type of muscle development is found at the transition between head and
trunk. Those muscles originate from the first occipital somites, but develop within the
caudal branchial arches to form the pharyngeal and laryngeal muscles. Similar to the
formation of tongue muscles, myoblasts delaminate from somites two to six forming
the hypoglossal cord, a stream of migratory myoblasts, which loops around the
branchial arches and moves into the tongue anlage to become secondarily
incorporated into the head (Huang et al., 1999).
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Characteristically all head muscles are innervated by cranial nerves again reflecting
their grouping (Table 1).
Table 1. Innervation of head muscles
Muscle group
Extraocular muscles

Innervating Nerve
Oculomotor nerve (III)
Trochlear nerve (IV)
Abducens nerve (VI)
Branchial arch muscles (mastication, Trigeminal nerve (V)
mimics, laryngeal and pharyngeal Facial nerve (VII)
muscles)
Glossopharyngeal nerve (IX)
Vagus nerve (X)
Tongue muscles
Hypoglossal nerve (XII)
Vagus nerve (X)
(Williams, 1995).
1.6.2 Molecular regulation of head muscle development
Once myoblasts are committed to the myogenic fate, regulatory factors leading the
myogenic progression involve the same MRFs as in the trunk. Lineage specification
of head myoblasts, however differs greatly from that of their trunk counterparts.
Firstly, myoblasts of the unsegmented head mesoderm do not express Pax3 and Pax7
(apart from the lateral rectus muscle anlage - Mootoosamy and Dietrich, 2002). While
double deletion of Pax3 and Myf5 results in complete absence of trunk musculature,
head muscles are not affected (Tajbakhsh et al., 1997). The onset of myogenesis as
marked by the expression of Myf5 and MyoD and further differentiation marked by
Myogenin and myosin heavy chain (MyHC) is delayed by 1-2 days for all head
muscles in comparison to somitic trunk muscles indicating that until then the muscle
programme is suppressed. This myogenic suppression has been suggested to be
caused by the interaction of head myoblasts with neural crest cells (Noden et al.,
1999). Factors proposed to release this inhibition include Wnt inhibitor frzb and the
BMP inhibitors, noggin and gremlin, secreted by the cranial neural crest and the tissue
surrounding the cranial muscle anlagen including the surface ectoderm (Tzahor et al.,
2003) contrasting the finding in the trunk where Wnt signals from the dorsal neural
tube induce myogenesis. Data supporting the idea for the involvement of neural crest
in head muscle formation comes from Pax3 knockdown studies using morpholinos in
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zebrafish. These animals fail to develop head muscles, an outcome brought about by
the down-regulation of Pax3 in the head neural crest (Lin et al., 2009).
Interestingly there seems to be mutual relationship between myoblasts and neural
crest cells since the differentiation of neural crest cells into tendons has been shown to
rely on the presence of head myoblasts (Grenier et al., 2009).
A number of groups have searched for the genes that enable head muscle precursors
to proliferate and abstain from differentiation - a role played in the trunk by Pax3 and
Pax7. A number of candidates have been proposed including Pitx2, Capsulin (Tcf21),
MyoR (Msc), Tbx1, Alx4 and Twist. Indeed some of these factors have been shown to
act as suppressors of differentiation to increase the pool of proliferative progenitor
cells. Capsulin, Twist and Alx4 are expressed in head mesoderm, Pitx2 and MyoR
expression was found to be more lateral, presumptively expressed in the head
splanchnic mesoderm in an overlapping fashion with genes known to mark the
secondary heart field including Isl1, Nkx2.5, Fgf10 and Tbx20 (Nathan et al., 2008).
For first arch branchial arch muscles, myogenic precursors are derived from two
distinct populations: cranial paraxial mesoderm (CPM) and splanchnic mesoderm of
the anterior heart field (SPM). Gene expression analysis in chick and lineage tracing
in the mouse suggests a distinct molecular signature for these myoblast sources. LIM
homeodomain transcription factor Islet1 (Isl1) expressing cells from the splanchnic
mesoderm contribute to the ventral/distal branchiomeric (lower jaw muscle,
intermandibularis) and laryngeal muscles, to a lesser extent to mastication muscles,
while tongue muscles or extraocular muscles are not derived from the Isl1 lineage.
For the intermandibular muscle expression of Isl1 is correlated with delayed
differentiation of this muscle. (Nathan et al., 2008, Tirosh-Finkel et al. 2006).
The T-box transcription factor Tbx1, as well as the bHLH transcription factors MyoR
and Capsulin also act as upstream regulators of branchiomeric myogenesis. In MyoR
and Capsulin compound mutants the masseter, pterygoid and temporalis muscles are
missing, while the distal first branchial arch muscles are not affected supporting the
notion that the branchial arch muscles are composed of at least two myoblast
populations derived from the cranial paraxial mesoderm and splanchnic mesoderm,
respectively (Lu et al., 2002). In mutants with genetic deletion of the Tbx1
branchiomeric muscle irrespective of their CPM or SPM origin are hypoplastic and
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asymmetric, while extraocular and tongue muscles are not affected (Kelly et al.,
2004). Tbx1 was suggested to be essential for stable symmetric myoblast specification
and was found to have an indirect effect on endo- and ectoderm, in which Fgf family
members were down-regulated in Tbx1 mutants during head muscle development.
Tbx1 and the bicoid related transcription factor Pitx2 are involved in cardiac as well
as craniofacial muscle development. Pitx2 is expressed in cranial mesoderm.
In Pitx2-/- mice extraocular muscles and mastication muscle of the first branchial arch
are affected and muscles with contribution from the spanchnic mesoderm are reduced
(Dong et al., 2006; Gage et al., 1999).
In an approach using the mouse lines Myf5Cre, Isl1Cre, Nkx2.5Cre, MesP1Cre and
Pax3Cre Harel et al. demonstrated clearly that different head muscles show distinct
lineages of myogenic cells: eye muscles (Myf5+, MesP1+ (MesP1 marks head
muscle)), mastication muscles (Myf5+, MesP1+, Isl1+, Nkx2.5+) and tongue muscles
(Myf5+, MesP1+, Pax3+) (Harel et al., 2009).
1.7 Satellite cells of the head
In the trunk, both satellite cells and myoblasts originate from the somites. Although,
head muscles are derived from head mesoderm which does not express Pax3 and
expresses Pax7 only after the expression of Myf5, satellite cell origin has been shown
to also coincide with the myoblast source (Nathan et al., 2008). Consistent with this
view, it has been shown using Pax3Cre and MesP1Cre mouse lines to mark the trunk
and head muscles, respectively, that satellite cells from the trunk express Pax3 during
their development whereas head satellite cells do not. In addition, the same group
reported a robust contribution of Isl1 expressing cells from the splanchnic mesoderm
to the satellite cell lineage of distinct jaw muscles, but not to eye or tongue muscles
(Harel et al., 2009). These data show that satellite cells of the distinct head muscles
are developmentally linked to their muscle origin.
1.8 Origin of head connective tissue
In contrast to trunk muscles, which receive their connective tissue from local sources,
cells forming the connective tissue and tendons of the head develop from neural crest
cells. Although neural crest cells migrate to numerous sites in the entire body to
differentiate into peripheral neurons, glia cells and melanocytes, their developmental
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potential is even more extensive in the head, where they additionally form bones and
connective tissue, including most of the skull, elements of the jaw and the connective
tissue and tendons. (Couly et al., 1992; Le Douarin et al., 1993; Le Lievre and Le
Douarin, 1975; Noden, 1983). In the mouse, genetic lineage tracing using the neural
crest reporters of Sox10 and Wnt1 and the mesoderm reporter of HoxD4 demonstrated
that neural crest forms attachments of muscles to bones of those muscles which attach
anterior to the shoulder girdle, being composed of the clavicle, the acromion and the
scapula spine and perichondral sheats around the spinous processes. Notably, the
trapezius and sternocleidomastoid muscles were found to represent the caudal limit of
muscles with neural crest derived attachments. The connective tissues of laryngeal
and pharyngeal muscles was found to be neural crest derived, whereas all deeper axial
neck muscle attachments were mesodermally derived around the somite derived
vertebral column. Furthermore, tongue muscle attachments were entirely of neural
crest origin (Matsuoka et al., 2005).
More recent investigations suggest that rather than being confined to attachments and
the outer most layer, neural crest contribution to muscle connective tissue involves all
layers of the perimysium, endomysium and epimysium, since neural crest not only
envelops a core of myoblasts within the branchial arches, but also intermingles with
those cells (Grenier et al., 2009).
1.9. Muscular connection between head and trunk – the cucullaris muscle
1.9.1 Anatomy
The neck is defined as a transition between head and shoulder. According to the
current opinion it is an evolutionary novelty in the basic gnathostome body plan
(shark) and can be linked to the appearance of forelimbs/-fins, the shoulder girdle and
a muscle referred to as the cucullaris muscle. In this study the development of this
muscle, which is a homologue of the sternocleidomastoid and trapezius muscles in
mammals has been investigated (Kuratani, 2008). The specific aim was to understand
the formation of this muscle in the context of head and trunk muscle development and
thereby find out more about how the neck evolved.
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In order to reach the aim of the study, two experimental models were used. The chick
was chosen since it is amenable to tissue manipulation and lineage tracing studies and
the mouse to exploit a number of useful genetic variants.
The cucullaris muscle in the chicken consists of two portions, the cucullaris capitis
muscle and the cucullaris cervicis muscle. The cucullaris capitis muscle originates as
a band several millimetre wide at the occipital bone and extends caudally following a
curved route with the muscles from opposite sites coming close to each other between
the 2nd and 7th cervical vertebra, and thus forming a cap, from which it derived its
name (little cap = cucullaris). The muscle then splits into three parts. Firstly, the pars
interscapularis, which extends into the skin anterior to the shoulder joint. Secondly,
the pars propatagialis, which consists of only a few fibres reaching to the skin of the
propatagium (the skin of the wing in birds) and thirdly, the pars clavicularis, which
runs ventrally over the crop forming a thin, triangular sheet between the furcula and
the sternum. The cucullaris cervicis muscle covers the lower neck area. Here two
parts can be distinguished, the pars clavicularis and the pars nuchalis. The pars
clavicularis originates from the lateral upper part of the furcula and runs dorsal of the
shoulder joint towards the most caudal neck vertebrae of the dorsal neck. The pars
nuchalis consists of several bands depending on the bird species. In chicken there are
four bands, which originate from the lateral neck and run slightly diagonal in a caudodorsal direction to meet axially dorsal to the 5th and 6th cervical vertebra,
respectively, the corresponding muscle band of the opposite side (Nickel et al., 2004,
see also Fig. 2 K).
The trapezius and the sternocleidomastoid represent the mammalian homologues of
the cucullaris muscle of birds. The trapezius is composed of three parts. The clavotrapezius forms between occipital bone and the outer part of the clavicle, the acromiotrapezius extends from the ligamentum nuchae to the clavicle and the spino-trapezius
that stretches from the vertebral spines to the medial end of the scapula spine
(Fitzgerald et al., 1982, see also Fig. 2 L).
1.9.2 Innervation of the cucullaris muscle
Accessory motor neuron origin
The cucullaris muscle is innervated by the accessory nerve, the cranial 11th nerve
(Fuerbringer, 1897). The purely efferent nerve is closely associated with the vagus
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nerve. A general concept in biology holds that muscle cells and their nerves develop
from the same anterior - posterior axis level (Lumsden and Keynes, 1989). Provided
that this concept applies to cranial nerves, the analysis of the accessory nerve could
give useful hints for the origin of the cucullaris muscle and its homologues. The
extent of the accessory nerve have been variably reported. Krammer et al. (Krammer
et al., 1987) used retrograde labelling to report that the accessory nuclei in the adult
rat reaches as far as the 7th cervical segment (which corresponds to somite level 12)
and the axons exit the neural tube at the 5th cervical segment level (10th somite
level). Consistently, Dillon et al. found that mouse spinal accessory motoneurons are
located within the cervical region of the mouse spinal cord (Dillon et al., 2005). In
contrast Kuratani et al. shows the accessory nerve to arises from neural tube levels
adjacent to somites 1-5 in the 4 day old chicken embryo (Kuratani et al., 1991). These
discrepancies in the accessory nerve extent could result from species specific
differences or could be related to differences in the age of the investigated animals
(adult vs. embryo). This question is not further explored in this study.
Unique trajectory of the accessory nerve during development
Once the accessory nerve has exited the neural tube it follows a peculiar course,
which was first described by Willis in 1664 (Krammer et al., 1987). Unlike spinal
motor neurons spinal accessory motor neurons extend axons dorsally along the lateral
margins of the spinal cord towards the lateral exit points. After axons have passed
through the exit points marked by the presence of neural crest derived cells – called
boundary cap cells – axons turn rostrally and assemble into the longitudinal oriented
spinal accessory nerve. At the level of the first somite and the otic vesicle the nerve
turns ventrally and takes a route towards the caudal branchial arches, where it reaches
its target cells (Dillon et al. 2005).
Notably, the occipital region in which the accessory nerve develops is omitted from
dorsal root ganglia, despite one or two transient ganglia form known as Froriep
ganglion, which are named after its discoverer who first described them in sheep
embryos in 1905 (Tubbs et al., 2009). The role of these transient dorsal root ganglia in
the formation of the accessory nerve have not been addressed to date.
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1.9.2 Origin of the cucullaris muscle
The cucullaris muscle has been subject to considerable debate based on the unclear
origin and the innervation of the muscle by the accessory nerve (Krammer et al.
1987). Origins as diverse as the tissues of the branchial arches, the somites and the
lateral plate have been considered. Innervation has often been used to aid predictions
about the relatedness and the origin of myoblasts that form the cucullaris muscle. For
instance, the idea that the muscle is a branchial arch muscle thus giving it a head
mesoderm origin is based on the finding that it is innervated by a cranial nerve (Allis,
1897; Edgeworth, 1911; Edgeworth, 1926; Fuerbringer, 1897; Gegenbaur, 1898;
Lewis, 1910; Luther and Lubosch, 1938). The existence of cervical innervation from
C3 and 4 lead others to suggest a somitic origin, an opinion, which was generally
accepted in the more recent literature (Addens, 1933; Favaro, 1903; Huang et al.,
1997; Huang et al., 2000b; Piekarski and Olsson, 2007). This opinion was again
clouded by the observation that motor innervation for this muscle is only brought
about by the cranial nerve, while the cervical nerves are purely afferent which
suggested a mixed somitic branchial origin. Lastly, histological procedures proposed
a lateral plate origin (Piatt, 1938).
The use of an assortment of methods and animal models have also been responsible
for the diverse range of opinions being expressed regarding the origin of the cucullaris
muscle. Using classical histology the cucullaris muscle was regarded to develop from
branchial mesoderm following studies performed in salamander (Edgeworth, 1935;
Piatt, 1938). However, in several more recent publications using quail chick chimeras
and retroviral labelling techniques it has been reported to derive from somites
(Edgeworth 1935, (Huang et al., 1997; Huang et al., 2000b; Noden, 1983; Piekarski
and Olsson, 2007). Although a number of groups accept a somitic orgin of the
cucullaris muscle, there is no agreement as to how many somites contribute cells to its
formation. The ranges from the first three somites in chicken and Mexican axolotl
according to Huang et al. and Piekarsky et al. to the first 6 somites according to Couly
et al. (Couly et al., 1993; Huang et al., 1997; Huang et al., 2000b; Piekarski and
Olsson, 2007). Interestingly, the somites from which the cucullaris muscle arise are
regarded to give rise to the deeper laryngeal and pharyngeal musculature. The origin
of these muscles has puzzled anatomists similarly. Those muscles were considered to
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be “postbranchial” and derived from lateral plate mesoderm, which was supported by
the observation in salamander that the dilatator laryngis anlage was located in the
lateral plate region (Piatt, 1938).

1.10 Aims of this study
-

Determine the origin of the cucullaris muscle in birds.

-

Determine the exact position of cells along the anterior-posterior axis of the
cells that form the cucullaris muscle in birds.

-

Determine the origin of the mammalian homologues of the cucullaris muscle.

-

Identify the molecules that regulate the development of the cucullaris and its
mammalian homologue

Reaching these aims will not only settle a debate raging for over 100 years, but
additionally provide insights into the development of the neck - a feature believed to
be a land mark event in the history of the vertebrate lineage.
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2. Materials and Methods
2.1 Preparation of embryos
Fertilised eggs (chick or quail) were stored at 12ºC and used within one week to
ensure a predictable and uniform growth of embryos. Eggs were incubated at 38ºC at
80% humidity. During incubation, eggs were placed on their sides and staged
according to Hamburger and Hamilton (Hamburger and Hamilton, 1992).
All gene expression analysis was performed on chicken embryos of the strain Gallus
gallus domesticus. This strain also served as acceptor for transplantation experiments.
For transplantation experiments, donor tissue originated from either quail of the strain
Coturnix coturnix japonica or transgenic chicken expressing cytoplasmatic GFP
under control of the beta-actin promotor (Helen Sang, Roslin Institute). GFP
transgenic chicken derived tissue was the material of choice when visualization of
whole embryos was desired. Transplantation experiments were performed on chicken
embryos, which had been incubated for 38 hours, while quail eggs were incubated for
34 hours to receive HH stage 9 (HH 9), unless indicated otherwise. To prevent
labelling of migrated neural crest cells care was taken to ensure that the transplanted
somite did not exceed stage V of development (Christ and Ordahl, 1995).
Turtle embryos of the strain Trachemys scripta were transported in 4% PFA (Marty
Cohn, University of Florida) and processed for paraffin sectioning and
immunohistochemistry using the standard method in 2.4.1 and 2.5.2.
Pax3Cre:RosaSTOP/YFP , Pax3Sp/Sp:Myf5nlacZ/nlacZ and Tbx1-/- mouse embryos were send
in PBS, after 1 hour of fixation in 4%PFA by E. Zelzer, S. Tajbakhsh and E. Tzahor,
respectively and processed according to the standard methods presented in 2.4.1 and
2.5.2. Wnt1Cre mouse and R26R mouse were provided by A.P. McMahon, P. Soriano
and H. Sucov. Photographs of Wnt1Cre/R26RlacZ mouse sections were provided by
E.Krejci. An Isl1Cre/R26RLacZ mouse embryo was stained and provided by E. Tzahor
and analysed after vibratome sectioning as in 2.4.3.
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2.2 Embryo collection
After the required period of incubation, the eggs were windowed, embryos were
collected and prepared for in situ-hybridisation or immunohistochemistry. The
embryos were separated from the attached membranes using fine surgical scissors and
transferred into petri dishes containing PBT for in situ-hybridisation or PBS for
immunohistochemistry. Fixing agents were chosen according to the subsequent
procedure. Embryos for whole mount in situ-hybridisation were fixed in 4%
paraformaldehyde (PFA) made in PBT. For immunoflourescence whole mounts, the
alcohol based Dent’s fixative was used as it generated less background for the
wavelengths of the green spectrum (488nm) compared to PFA fixed tissue. Embryos
for cryosectioning were fixed in 4% PFA in PBS. Paraffin sectioning required Serra’s
fixative.
2.3 Surgical manipulation
2.3.1 Transplantations
Somite transplantation
Fully formed somites where isolated from HH 9 quail embryos and transferred into
stage matched chicken hosts. To prepare the donor material, quail embryos were
isolated from the egg using a modified Chapman easy culture method (Chapman et
al., 2001). This method is usually used to culture whole embryos on albumin dishes
for several days. It employs a circular stamp to punch a 0.5 cm diameter hole into a
filter paper. The quail egg was opened at the blunt end side using scissors. The egg
membranes were removed and the content emptied into a medium sized Petri dish in a
way that the embryo was positioned on top of the egg yolk. If the embryo was not
located appropriately, the egg was either poured into another Petri dish or turned
carefully using soft tissue paper. Tissue paper was used to dry the surface of the egg
yolk displaying the embryo. The filter paper frame was placed on top of the egg yolk
with the embryo positioned in the window. Scissors were used to cut the corners of
the square shaped filter paper and the yolk membrane to which it had adhered.
Subsequently the sides of the frame were cut, so that the filter paper could be lifted
away, along with the yolk membrane and the embryo. Filter paper and embryo were
washed in PBS and put on an agarose dish (see 2.9) with the dorsal side of the embryo
facing upwards. The embryo was submerged in PBS.
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Tungsten needles electrolytically sharpened in saturated NaNO3 solution were used to
open the embryonic membranes at appropriate levels. For this outcome, the ectoderm
overlying the respective somite was cut along the somite boundaries, which was
visible through the ectoderm. Nile Blue was applied to the ectoderm using Nile Blue
staining tips (see 2.9). The substance was taken up strongest at the incision sites. The
somite was isolated from the surrounding tissue using short incubation times of
solutions of low concentrated proteolytic enzymes. Initially pancreatin was used to
isolate somites, but Dispase I (1U/ml) was found to be gentler, since it maintains an
intact epithelium.
The host embryo was prepared by firstly candling the chicken egg to determine the
position of the embryo. 1-2 ml of albumin was removed from the blunt end of the egg
using a syringe. A window of the size of approximately 0.3 cm2 was sawn into the
egg shell. Pre-warmed paraffin was applied to the edges of the window. PBS was
used to raise the embryo above the level of the shell. This also created a liquid lens
that magnified the embryo as well as increasing the contrast of the embryo when
illuminated from the side. The embryonic membranes were opened. The tissue
intended for transplantation was transferred from the donor to host using a glass
needle and fixed in the donor at the position of choice. The embryo was lowered by
removing some albumin and window and hole at the blunt end were sealed with
medical tape.
The use of enzymes during transplantation is critical. On the one hand it is essential to
enable complete integration of the transplant into the host tissue, on the other hand the
transplant should be prepared as cleanly as possible and should not include any other
tissue than those desired. For pancreatin as well as Dispase I it has been reported that
these enzymes affect somitogenesis by interfering in fibronectin production during
somite formation (Rifes et al., 2007). Despite this and due to the fact that fully formed
and not nascent somites were transplanted it was decided for the sake of precision and
to facilitate transplantation to use limited and locally restricted enzymatic digest.
Furthermore ectoderm, which supports fibronectin-mediated somitogenesis was
transplanted along with the somite and was coloured using Nile Blue staining tips for
orientation of somites in the host. Others have chosen a non-enzymatic methodology
24

for their transplantations, which could have resulted in the generation of unreliable
results regarding the origin of the cucullaris muscle, especially since lateral plate
mesoderm is directly adjacent to somites and nearly continuous in the most cranial
occipital area. It is possible that the non-enzymatic somite preparations were
contaminated with lateral plate mesoderm tissue.
Somatopleure transplantation
Donor quail or GFP chicken and stage matched host chicken of HH 9 were prepared
as described previously. For the stage series of transplanted embryos, a 1-2 somite
wide stripe of somatopleure was transplanted homotopically lateral adjacent to
somites 1 to 3 from GFP chicken into the wild-type host. For this procedure, an
incision lateral to the somites was made, then anterior and posterior boundaries were
cut and the ectoderm of the transplant was coloured using Nile Blue staining tips. The
explant was then cut laterally, transferred and fixed in the embryo as described before.
Embryos were fixed after reaching HH 14 to HH 30. To determine which levels of
somatopleure contribute to the cucullaris, somatopleure lateral to somite level 1-2, 2-3
and 4-5 was transplanted homotopically as described and fixed at day 7-8.
To ensure reproducible results, operations were carefully performed adhering to the
sequence described here. Also during the operation, care was taken that the somites
were left intact in their epithelial state indicating that lateral plate mesoderm cells had
not been included in the explant. After excision of the explant, care was taken that the
endoderm including the splanchnic mesoderm was left intact.
Neural tube transplantation
In order to define which levels of neural crest contribute to the cucullaris muscle,
three areas were defined: (1) Neural tube opposite somites 1 to 4. (2) Neural tube
anterior to somite 1. (3) Neural tube opposite somite levels 5 to 8. To aid the success
rate of these operations only the dorsal ¾ of the neural tube was transplanted.
Although this procedure also entailed the transplantation of neural tube neurons these
could be ignored in subsequent analysis since their cell bodies do not migrate. Donor
quail or GFP chicken and stage matched host chicken of HH 9 were prepared as
described previously. The neural tube halves were removed from the donor chicks and
replaced homotopically by quail explants. An incision was made at the lateral neural
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tube boundary, which appeared as a silver lining when laterally illuminated. The
lateral neural tube side was stained using Nile Blue staining tips. One end was stained
more intensely than the other enabling antero-posterior orientation of the explant.
2.3.2 Removal of neural crest and barrier implantation
Chicken embryos were prepared in the egg and neural tube halves opposite somites 1
to 4 were removed from the chicken as described in the preparation of host embryos
for neural tube transplantation. To diminish regeneration of neural crest a stripe of
aluminium foil was inserted into the neural tube and fixed appropriately. For reincubation the embryos were lowered and taped as described before. Embryos which
were subjected to whole mount immunohistochemistry using neurofilament (3A10)
were left to grow until HH 22 and fixed in Dent’s fixative. Embryos destined for
MyoD in situ-hybridisation were incubated to HH 27 and fixed in 4% PFA.
2.3.3 Noggin bead implantation
Affi-Gel beads were washed twice in PBS, before recombinant human noggin
proteins (1mg/1ml) were applied to the beads. Proteins were incubated with the
protein for at least overnight. For bead implants HH 9 embryos were prepared within
the egg (as described previously for host embryos for transplantations), the dorsal
neural tube was punctured with an electrolytically sharpened tungsten needle, and a
bead was inserted into the neural tube using a blunt glass needle. The embryos were
reincubated until HH 22 and processed for whole mount immunohistochemistry (see
2.5.1).
2.4 Tissue Processing
2.4.1 Paraffin sections
Immunohistochemical identification of quail epitope in quail-chick chimeras was
carried out on paraffin embedded material. Embryos were shaken during the fixation,
dehydration and the CNP steps. For the CNP step, embryos were transferred into a
small glass container. For fixation, the caudal end of the embryos was cut off from the
mid-belly onwards, the organs were removed and the head was cut open. During
fixation in Serra’s fixative, care was taken that the necks were fixed in a straight
position and held until the skin had changed its colour to white. This procedure
simplifies orientation in the paraffin mould to generate transverse sections. The
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embryos were fixed in Serra’s fixative for a minimum of 8 hours (to overnight),
dehydrated in a ethanol series (70%, 80%, 90%, 95%, 100%, 100% in PBS) for 30
min each step, treated twice with CNP for 45 min at room temperature and incubated
in paraffin twice for 45 min at 65ºC. The embryos were occasionally moved and
gently squeezed during incubation in paraffin. After orientation of the embryos in
paraffin moulds, the samples were cooled to room temperature overnight and the
hardened paraffin block was removed from the moulds. Care was taken that the
paraffin surrounding the tissue did not contain too many bubbles, which would lead to
suboptimal sectioning. In some cases it was necessary to repeat the process of melting
and hardening of the paraffin. After trimming of the paraffin blocks, the embedded
necks were cut transverse in 10µm sections using a Bright microtome. Ribbons of
sections were stored at room temperature or in case of a GFP material at 4°C, until
required. For immunochemical staining the last section of each line was collected on
slides to roughly determine the extent of the transplant before focusing on the range
of interest.
2.4.2 Cryo-sections
PFA fixed embryos determined for cryo-sectioning, which had been subject to
previous in situ-hybridisation were incubated in solution of increasing sucrose
gradients (5%, 15%, 17.5%, 30%). The embryos were kept in one solution until they
had sunk to the bottom of the container. They were then incubated in freezing
medium for at least 2 hours before sectioning at 30µm using a Bright cryostat.
2.4.3 Vibratome sectioning
Stained and refixed Isl1Cre mouse embryos were imbedded in 5% agarose and
sectioned in 50µm slices using a Leica vibratome.
2.5 Immunohistochemistry
2.5.1 Whole mount fluorescence immunohistochemistry
Prior to incubating with antibody, embryos destined for whole-mount fluorescence
immunostaining were fixed in Dent’s fixative for at least overnight. Embryos were
then bleached in Dent’s bleach for 3-5 hours (depending on the embryo size HH 23 –
39), rinsed for 10 min in PBS and then incubated with the primary antibodies for
MyHC (MF20) and neurofilament (3A10) for two days (Table 4). Thereafter the
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embryos were washed thoroughly in PBS for 1 day (minimum of 6 changes of PBS),
before incubating with IgG2b-594 and IgG1-488 secondary antibodies (2 µg/ml)
overnight (Table 4). Embryos were washed in PBS for 1 day and imaged within one
week. For confocal imaging, the embryos were dehydrated in a methanol series (30%,
50%, 70%, 80%, 90%, 95%, 100%, 100%) and cleared in a series of increasing
concentrations of Murray’s Clear in methanol (30%, 50%, 80% 90%, 100%, 100%).
For whole mount immunohistochemistry of embryos after noggin bead implantation
neurofilament (3A10) primary antibodies and IgG1-488 secondary antibodies were
used. The clearing step was omitted.
2.5.2 Immunohistochemistry on paraffin sections
For immunohistological staining of paraffin embedded material, sections on slides
were deparaffinised in CNP 3 x for 3 min and rehydrated in an ethanol series (100%,
100%, 95%, 90%, 80%, 70%, 50%, 30%, PBS, distilled water). For immunohistology
with MyHC, sections were boiled for 10 min in citrate buffer (0.1M, pH7) to unmask
the epitope and rinsed in distilled water. Non-specific binding was then blocked in
10% FCS in PBS for 30 min before introducing the first antibody in blocking solution
for an overnight period. The sections were washed in PBS 3 x for 5 min, incubated
with the secondary antibody in PBS for 90 min, washed in PBS 3 x for 5 min and
mounted in fluoromount.
Double stainings of paraffin sections GFP/WT chicken chimeras were performed
using rabbit-anti GFP and MyHC primary antibodies, which were detected using antirabbit IgG(H+L)-488 and anti-mouse IgG2b-594 (Table 4).
For double staining with MyHC and QCPN and MyHC and α-Tublin, the secondary
antibodies anti-mouse IgG2b-594 and IgG1-488 antibodies were used (Table 4).
Paraffin sections of turtle embryos were treated with MyHC antibody and IgG2b-594
secondary antibodies and mounted in flouromount supplemented with DAPI nuclear
stain (Table 4).
Immunohistological stainings of Pax3Cre:RosaSTOP/YFP sections were performed using
the biotinylated anti-GFP and MyHC antibodies and Str-594 and IgG(H+L)–488
secondary antibodies (Table 4).
For classical non-fluorescent immunohistological staining of paraffin sections of
somite transplanted chimeras using QCPN first antibodies and for sections of Tbx1-/and Pax3Sp/Sp:Myf5nlacZ/nlacZ embryos using MyHC first antibodies a bleaching step
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using 0.1% H2O2 in PBS was included before the application of the second antibody
followed by washes in PBS 3 x for 5 min. Biotinylated anti-mouse antibodies were
applied for secondary detection and were visualized using the Elite ABC
streptavidin/peroxidase kit and the Peroxidase substrate kit DAB. Sections were
counterstained with haematoxylin and alcian blue (0.5% in 0.5% glacial acid).
2.5.3 Immunohistochemistry on frozen sections
Cryosections were immunohistochemically stained as paraffin sections except that the
deparaffinisation and rehydration steps were omitted as well as the antigen retrieval
step for MyHC. After defrosting of the sections for 15 min at room temperature, the
slides were incubated in PBS 3 x for 5 min followed by the blocking step and
processed as mentioned above.
2.6 Whole mount in situ-hybridisation
For in situ-hybridisation all solutions were prepared with RNase free DEPC water,
with autoclaved instruments and in autoclaved bottles. All steps before hybridisation
with the RNA probe were performed on ice or at 4ºC in the fridge if not indicated
otherwise. Embryos determined for in situ-hybridisation were fixed in 4% PFA in
PBT for at least overnight. It was found that dehydration of the embryos in a
methanol series is not essential, but was nevertheless used since it produced clearer
results. In addition dehydration allows long-term storage at -20ºC.
2.6.1 Preparation of template DNA for in situ-hybridisation
The Qiagen midi DNA preparation kit was used to isolate DNA. A single colony from
a streaked plate was used to inoculate 50 ml of LB with appropriate antibiotics. The
culture was grown overnight at 37°C with vigorous shaking. The culture was
centrifuged for 10 min at 2000 x g. The pellet was re-suspended in 4 ml of buffer P1
by vortexing repeatedly and then left at room temp for 5 min. 4 ml of buffer P2 was
added and the lysing cells left at room temp for 5 min. Thereafter, 4 ml of cold buffer
P3 was added and mixed by gently inverting the sealed tube 4-6 times. The mixture
was left on ice for 15 min. Cell debris and genomic DNA was centrifuged at 20,000 x
g for 30 min. A Qiagen column was equilibrated by running through 4 ml of QBT
buffer. The supernatant fraction of the centrifuged cells was then applied to the
Qiagen column and the flow through discarded. Bound DNA was washed by applying

29

20 ml of QC buffer. Once again flow through was discarded. DNA was eluted by
adding 5 ml of QF buffer. The eluted liquid containing the plasmid DNA was
collected. DNA was precipitated by adding 3.5ml of room-temperature isopropanol.
The sample was mixed and immediately centrifuged at 21,000 x g for 15 min. The
supernatant was poured off and the pellet washed in 1ml cold 70% ethanol which was
then centrifuged at 21,000 x g for 10 min at room temperature. The pellet was air
dried and re-suspended in 400µl water. DNA concentration was determined using a
spectrophotometer. 50ml of culture gave approximately 250µg of DNA.
2.6.2 Linearisation of plasmid and template purification
20µg of DNA was digested with 50 units of the appropriate restriction enzyme in a
volume of 100µl at correct temperature (specific to enzyme) for 12 hours. The DNA
was purified by firstly extracting with phenol/chloroform (1:1) to remove proteins.
The top aqueous layer was then isolated and extracted with 100µl of chloroform to
remove the phenol carry-over. The top aqueous layer was then isolated. 10µl of 3M
sodium acetate (pH 5.2) was added, followed by 220µl ethanol. The sample was
mixed and placed on dry ice for 10 min before centrifuging at 12,000 x g for 15 min
at 4°C. The resulting pellet was washed in 100µl cold 70% ethanol which was then
centrifuged at 21,000 x g for 10 min at room temperature. The pellet was air dried and
re-suspended in 20µl water. DNA concentration was determined using a
spectrophotometer.
2.6.3 Antisense Digoxigenin labelled RNA probe synthesis
1µg of linear DNA was suspended in 10µl water. The following were added (in
order), 4µl of 5 x buffer, 2µl digUTP labelling mix, 1µl Rnasin, 2µl RNA polymerase
(50-80U). Sample was mixed and incubated at either 37°C (T3 or T7) or 42°C (for
Sp6) for a minimum of 10 h. Thereafter, 80µl of water was added to the mix and the
RNA purified using the Roche Quick Spin Columns. RNA was quantified on a 1%
agarose gel. A concentration of 20ng/ml of probe was used for in situ-hybridisation.
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Table 2. In situ-hybridisation protocol
Process
Wash
Dehydration

Reagents
Time
PBT
20 min
50%
then
100% 20 min each
MeOH
Rehydration
50% then PBT
20 min each
Enzymatic
Proteinase K
1 min/ per stage to HHdigestion
25
HH26-29 for 40 min
HH30-33 for 50 min
HH34-38 for 70min
HH39-45 for 90 min
Wash
PBT
20 min
Fix
Glutaldehyde in PFA
20 min
Wash
PBT
20 min
Pre-hybridisation Hybridisation Solution Overnight
Hybridisation
Probe in Hybridisation 48h
Solution
Post
2
washes
in 20 min each
Hybridisation
2XSSC/CHAPS
wash
2
washes
in
0.2XSSC/CHAPS
Digoxygenin
KTBT buffer
20 min
Detection
Antibody block
5% Goat serum in 5h
KTBT buffer
Antibody
Anti Dig Ab in KTBT 12h
Antibody wash
6 washes in KTBT
1h each
Colouring
2 washes in NTMT 20 min
preparation
buffer
Colour
BCIP/NBT in NTMT 30 min-2 days
development
Cease
colour 2 washes in NTMT 20 min
development
buffer
Preserve samples 4% PFA in PSB
30 min

Temperature
4oC
4oC
4oC
RT

4oC
4oC
4oC
65oC
65oC
65oC

RT
RT
4oC
RT
RT
RT
RT
4oC
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Table 3. Antisense digoxigenin labelled probe synthesis
Name of gene

Size of insert
Kb
1.5
1.8
1.1
0.66
0.58
1.0
1.1
1.0
1.0
3.0
1.0

cMyoD
mMyoD
cMyf5
cPax3
cPax7
cMyoR
cTbx1
cCapsulin
cPitx2
cSox10
cSeraf

Linearisation
enzyme
SacI
EcoRV
HindIII
NotI
XhoI
NotI
EcoRV
NcoI
XbaI
XhoI
KpnI

RNA transcriptase
T3
T7
T7
T3
T7
T7
Sp6
Sp6
T7
T3
T3

Table 4. Primary and secondary antibodies
Primary
antibody
MF20
3A10
-tubulin
QCPN
GFP
GFP

Antigene

Subclass/ Source
conjugate
heavy IgG2b
DSHB

Myosin
chain
Neurofilament
Tubulin

Quail nucleus
Green fluorescent
protein
Green fluorescent
protein

Secondary
antibody
Goat-antimouse
Goat-antirabbit
Goat-antimouse
Goat-antimouse
Streptavidin

Subclass

Rabbit-Antimouse
AntiDigoxygenin

IgG1
IgG2b
IgG1
IgG
IgGbiotin

Fluorophore/
Chromophore
IgG (H+L) DyLight488
IgG (H+L) DyLight488
IgG(1)

DyLight488

IgG(2b)

DyLight594

IgG

DyLight594

IgG

biotinconjugate
AP-conjugate

Fab
fragments

DSHB
Sigma
Aldrich
DSHB
Torrey
Pines
Abcam
Source
JacksonImmuno
Research
JacksonImmuno
Research
JacksonImmuno
Research
JacksonImmuno
Research
JacksonImmuno
Research
DAKO
Roche

Order
number
n.a.

Dilution

n.a.
T6793

1:200
1:5000

n.a.
TP 401

1:1
1:200

AB66158

1:50

Order
number
115-485166
111-485003
115-485205
115-505207
200-512211
E0354

Dilution

1-093174

1:200

1:200
1:200
1:200
1:200
1:200
1:500
1:5000
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2.7 Photography
The immunohistologically treated and completely cleared chicken necks were
mounted in a drop of Murray’s clear on a glass bottom dish and imaged using the
Zeiss Zen 2008 software in 20 µm stacks of 209 tiles using a 10x objective fitted to a
Zeiss inverse confocal microscope (Dr. Nitschke, LIC Freiburg). During image
acquisition the sample was mounted in a drop of clearing solution in a glass bottom
dish. For data analysis Zeiss LSM 4.2, XuvTools 1.6.0, Imaris 6.0 and the Videomach
software were used.
Whole mount embryos were mounted on agarose dishes (see 2.9) and imaged through
a Nikon SMZ 1500 stereo microscope using a Nikon Coolpix E 990 digital camera.
Sections were imaged using a Zeiss fluorescence microscope, the axiovision Rel. 4.7
software and an AxioCam MRm camera. Image processing was carried out using
Adobe Photoshop 5.0LE.
2.8 Reagents
Acetic acid – BDH (1001 6X – 2.5l)
Affi-Gel Blue Gel – BioRad (153-7302)
Agarose for staining tips – Sigma (A4679 – 50g)
Agarose for gel electrophoresis – Gibco (15510-027)
Blocking reagent – Roche (1096176 – 50g)
Bacto-agar for agarose dishes Becton Dickenson (214010 454g)
3-[(Cholamidopropyl)dimethylammonio]-1-propane sulphate (CHAPS) – Sigma
(C3023 – 25g)
4’ 6-diamidino-2-phenly-indol, dihydrochloride (DAPI) – Invitrogen (D1306 – 10mg)
Chloroform – BDH (100774W – 500ml)
Diethylpyrocarbonate (DEPC) – Fluka (32490)
Dimethyl formamide (DMF) – BDH (103224J – 500ml)
EDTA – BDH (443882G – 100g)
Ethanol absolute – Riedel–de haën (24103 – 2.5L) made up to 70 and 75% in RNAse
free H2O
Elite ABC streptavidin/peroxidase kit (standard) – Vectastain (PK-6100)
Fluorescent mounting medium – DAKO Cytomation (S3023 – 15ml) containing 7.5ul
of DAPI (5mg/ml)
Formamide – Fluka (47671 – 250ml)
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Gluteraldehyde – Sigma (G5882 – 10X 10ml)
Haematoxylin – Mayer HAEMALUM – TAAB (SW043/1000 – 1g/l)
Heparin powder – Sigma (H3393 100,000 units)
Hydrogen peroxide (H2O2) 30% stock – BDH (101284 - 500ml)
Hydromount – National diagnostics (HS-106 – 100ml)
Jung tissue freezing medium (020108926 – 100ml)
Magnesium Chloride (MgCl2) BDH – (101494V – 500g)
Methanol – BDH (101586B – 2.5L)
Nile Blue A – BDH (340594G - 25g)
4-Nitro Blue Tetrazolium chloride (NBT) Roche (11585 029001 - 5g)
Noggin, recombinant human noggin protein – R&D Systems (3344-NG-050)
Paraformaldehyde (PFA) – Sigma (P-6148 – 1kg)
Peroxidase substrate kit DAB – Vector laboratories (SK-4100)
Phenol – Fischer bioreagents (BPE1751P200 – 200ml)
Phosphate Buffered Saline (PBS) Tablets – Dulbecco A - Oxoid
Potassium Chloride (KCl) BDH (101985M – 1kg)
Proteinase K – recombinant PCR grade Roche (3115852 – 250mg)
Qiagen Midiprep Kit – Qiagen (12143)
Sodium acetate – BDH (102354X – 500g)
Sodium Chloride (NaCl) – Sigma (7653 – 1kg)
Sodium Hydroxide (NaOH) – BDH (102524X – 500g)
Sucrose – 98% reagent grade – Sigma (179949-1kg)
Triton X-100 – BDH (437002A – 100ml)
Tween 20 Molecular biology grade – BDH (437082Q – 100ml)
2.9 Solutions and preparations for experimental set up
Agarose solution for dishes
1.5g Bacto-Agar was dissolved in 100ml distilled water (microwave). The agarose
solution was poured into small Petri dishes and allowed to harden.
Nile Blue solution
0.25g agarose was dissolved in 10ml distilled water (microwave). 0.1g Nile Blue Nile
Blue was added to the agarose solution and mixed. Globes at the end of glass pipettes
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were dipped into the hot Nile Blue agarose solution to gain Nile Blue staining tips and
the solution was allowed to harden.
NTMT Buffer
5ml of Tris 1M pH 9.5, 2.5ml of 1M MgCl2, 1ml of 5M NaCl, 2ml of 25% Triton X100 with the final volume adjusted to 50ml with distilled water. For optimal results
this buffer was made immediately prior to use.
10% CHAPS
10g CHAPS powder was dissolved in 100ml DEPC-treated water. Solution was
stored at 4°C.
Dent’s bleach
5ml H2O2 and 10ml DMSO were added to a final volume of 50ml with Methanol and
mixed well. The solution was always prepared fresh.
Dent’s fixative
100ml DMSO was added to 400ml of Methanol and mixed well.
DEPC-Treated Water
0.5ml DEPC was added to 500ml distilled water and allowed to sit for a minimum of
2 hour before sterilisation by autoclaving.
Hybridisation Buffer
500ml deionised formamide, 250ml 20X SSC (see below), 1g CHAPS, 1ml Triton,
10ml 0.5M EDTA, 50mg heparin powder, 1000mg tRNA, 20g blocking reagent were
combined and made up to 1 litre with DEPC-treated water (see above). Solution was
heated to 65ºC to dissolve all ingredients. Hybridisation buffer was stored at –20ºC in
50ml aliquots.
KTBT
8.8g NaCl, 1.5g KCl, 10ml Tween and 25ml 1M Tris pH 7.3 were aliquoted into
965ml water and solution was sterilised by autoclaving.
Magnesium Chloride (1M MgCl2)
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101.5g MgCl2 was made up in a final volume of 500ml of distilled water. The
solution was autoclaved.
Murray’s Clear
66ml benzyl benzoate was added to 33ml benzyl alcohol
NBT/BCIP
75mg/ml NBT was made up in 70% Dimethylformamide/30% water. 50mg/ml BCIP
was made up in 100% Dimethylformamide. NBT and BCIP were used at 4.5µl/ml and
3.5µl/ml respectively in NTMT buffer.
4% Paraformaldehyde in PBS
20g of paraformaldehyde powder was dissolved in a final volume of 500ml PBS (see
above), heated to 65ºC and shaken periodically to dissolve. Solution was stored at
room temperature.
4% paraformaldehyde in PBT
20g of paraformaldehyde powder was dissolved in a final volume of 500ml of DEPCtreated PBT 0.1% (see above), heated to 65ºC and shaken periodically to dissolve.
Solution was aliquoted into 50, 25 and 15ml tubes and stored at -20°C
Phosphate buffered saline (PBS)
5 phosphate buffered saline (PBS) Dulbecco ‘A’ tablets (Oxoid) were added to 500ml
of distilled water and sterilised by autoclaving.
Phosphate buffered Triton (PBT) 0.1% v/v (for in situ-hybridisation)
500ml Phosphate buffered saline (PBS) was prepared using Dulbecco ‘A’ tablets.
500µl Triton X-100 and 500µl DEPC were added to 500ml PBS and the solution was
allowed to sit for a number of hours (overnight). Solution was sterilised by
autoclaving.
Proteinase K
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100mg of Proteinase K powder was dissolved to 20µg/ml in DEPC-treated water,
vortexed and aliquoted at 50µl. Aliquots were stored at -20°C and only thawed on ice
immediately prior to use.
Serra’s fixative
150g paraformaldehyde powder were dissolved 50ml glacial acetic acid and ethanol
to a final volume of 500ml.
20 x SSC buffer (Sodium chloride, Sodium citrate)
175g Sodium chloride and 88g Sodium citrate was made up to 1l with distilled water.
The pH was adjusted to 7.0 and the solution autoclaved and stored at room
temperature.
Sucrose/PBS Solutions
0.25, 0.75, 0.825 and 1.5g sucrose was dissolved in a final volume of 5ml PBS to
receive 5ml of 5, 15, 17.5 and 30% sucrose solutions. Sucrose/PBS was made fresh
every usage.
1 Molar Tris pH 9.5 and 7.3
121.12g Tris base was dissolved in 800ml of distilled water. The pH was titrated to
9.5 or to 7.3 with conc. HCl to desired pH. Distilled water was added to a final
volume of 1litre. The solution was autoclaved and stored at room temperature.
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3. Results
3.1 Three-Dimensional imaging of the neck muscles and nerves
Classical anatomical descriptions have not come to a consensus about the anatomy of
the cucullaris musculature in birds. In the literature descriptions were found to be
restricted mainly to the adult goose (Fig. 2K and Nickel et al., 2004). This situation
led to the first aim of this study, which was to develop a 3-dimensional picture of the
cucullaris anatomy of the newly differentiated cucullaris muscle in the chick embryo.
An attempt was made to visualise the muscle and its innervating nerve in the context
of the neck environment. Whole mount immunohistochemistry using myosin heavy
chain (MyHC, MF20) and neurofilament (3A10) to label muscle and nerves,
respectively, was performed on the neck of a 10 days old chicken embryo.
Constrictor colli muscle fibres extended radially around the ventral neck overlying the
longitudinally extending cucullaris capitis (c. capitis) muscle fibres (Fig.1 A). The
cucullaris capitis muscle fibres run along the lateral neck originating cranially from a
small area close to the presumable ear anlage. The muscle expanded in width
spanning over the entire side of the neck ending superficially in the skin of the caudoventral neck area describing a curved route. Importantly, the cucullaris muscle did not
show any signs of segmental organisation, while the deeper, axial muscles displayed
clear segments reflecting their somitic origin (Fig.1A). Four muscle slips, which were
identified to share the cucullaris origin of the occipital somatopleure were present in
the caudal third of the cucullaris capitis muscle (yellow arrowheads, Fig. 1A). These
muscle slips extended in a caudo-dorsal to cranio-ventral direction. Dorsally they
were in contact with a deeper muscle, which possibly represented another part of the
cucullaris muscle reaching dorsally beyond the wing anlage. The analysis of the 3dimensional reconstruction of the data revealed that ventrally these slips were found
to be closely associated with the cucullaris capitis muscle indicating that they form a
continuous tissue with this muscle (Fig. 1A). Analysis of the nerves present in the
cervical area led to the identification of a putative accessory nerve with its
characteristic ascending route along the spinal chord (Fig. 1B). The nerve exited the
neural tube from as caudal as the 8th cervical segment (somite level 13) by counting
the spinal nerves, which was in keeping with literature describing the extension of the
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nerve in the rat (Krammer et al., 1987). Due to technical difficulties the putative
accessory nerve could not be followed to its target (Fig. 1B, C).
(for 3D-Animation please visit http://www.personal.reading.ac.uk/~sas06kp/
chickneckmuscle.mpg)
In summary, whole mount fluorescence immunohistochemistry of a 10 day old
chicken neck revealed the full extension of the cucullaris muscle. Four as yet undescribed muscle slips appeared to be closely associated with the cucullaris muscle
resulting in the observation that the cucullaris muscle – unlike described before - is a
composite of quite distinctly oriented muscles strands. Interestingly, examination of
earlier stage embryos (HH 34) revealed 6 slips (Fig.4B). More generally, the method
of using confocal imaging of whole mount fluorescence immunohistochemistry is an
elaborate and attractive way to present classical anatomy. The method presents a way
to analyse tissues during their development, for which antibodies are available and is
not reliant on differentiated and distinctly separated tissue. However this approach
needs a well equipped imaging centre, a complex experimental protocol, is quite
costly and has limitations in terms of sample size that can be handled. Therefore,
classical anatomical dissection will not be immediately replaced.
3.2 Comparative analysis of cucullaris muscle development in birds and mammals
Concordance of development is one criterion for homology (Starck, 1982). In the
adult the avian cucullaris muscle and the sternocleidomastoid and trapezius muscles
in the mouse are quite dissimilar in their morphology (Fig.2 K, L). To establish
homology and to be able to identify the muscles during their formation in the whole
mount, a chicken and mouse stage series using MyoD in situ-hybridisation was
generated. In the HH 25 chicken very few cucullaris progenitor cells were detected
dorso-caudal to the branchial arches and ventral to the somites (Fig. 2A). In the
mouse some cells were seen in a comparable location at 11.5 dpc (Fig. 2B). In HH 26,
the chick cucullaris had extended cranio-ventrally and had reached down to 2/3 of the
neck towards the wing base (Fig. 2C). Notable the muscle was already detected to
reach beyond the forelimb base in the mouse at 12 dpc (Fig. 2D). In HH 27 the MyoD
expressing cucullaris muscle increased in size having almost reached the wing (Fig.
2E). The muscle anlage at 12.25 dpc developed a more compact organization and
39

extended dorsal along the forelimb base (Fig. 2F). In HH 28 the chicken cucullaris
muscle had reached the wing, while in the mouse the muscle condensed even more at
12.5 dpc (Fig. 2G, H). In HH 30 the cucullaris muscle extended along the entire side
of the chicken neck (Fig. 2I). In the 13.5 dpc mouse the muscle anlage had split into a
cranial acromio - trapezius reaching from the midline to extend ventrally visible as a
triangular sheet anterior to the forelimb and a caudal spino - trapezius (Fig. 2J).
In

summary,

differences

in

the

cucullaris

muscle

and

the

mammalian

sternocleidomastoid and trapezius muscle development are mainly due to variations in
the length of the neck and hence the position of the wing/forelimb. The position of the
limb might ultimately have influenced the split of these muscles during mammalian
evolution. On the whole, the development of the corresponding muscle occurs in a
comparable position within the vertebrates’ bodies.

3.3 Origin of the cucullaris muscle
3.3.1 The cucullaris muscle is derived from somatopleure and not from somites
The cucullaris muscle has been previously shown to derive from somites (Huang et
al., 1997; Huang et al., 2000b). However in the previous experiment, it was found that
the cucullaris muscle lacks any overt signs of segmentation, while the deeper more
axial musculature was clearly segmented hinting at its somitic origin. To revisit the
origin of the cucullaris muscle the first 5 somites were transplanted and their
derivatives studied using the quail chick chimera technique (Fig. 3A-F’). In contrast
to earlier studies, Dispase I was used. Dispase I is an enzyme which maintains
epithelial structures while facilitating the removal of adherent mesenchymal tissues to
prepare somites free of contaminating cells. Following transplantation of crest-free
somites from HH 9 quail embryos into chick hosts and re-incubation of operated
embryos until HH 30 quail cells were found to remain at the same level of
transplantation (Fig. 3B’, C’, E’). Transplantation of the first somite gave rise to cells
adjacent to the vertebrae and under the ectoderm (Fig. 3B, 3B’). The part of the
second somite, which had integrated into the tissue, gave rise to a population of cells
ventral to the cucullaris muscle anlage (Fig. 3C, C’). The third, fourth and fifth
somites contributed to axial musculature and the hypoglossus anlage (Fig. 3D, E, F).
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Importantly, the contribution of the first 5 somites isolated using Dispase I to the
cucullaris muscle was clearly insignificant (Fig. 3B, B’). In contrast when somites
were surgically isolated (without the use of enzymatic reagents), the cucullaris was
found to have contributions from the paraxial mesoderm (see Table 5).
Having ruled out the possibility that the cucullaris originates from the somites other
possible candidate tissues were considered. It was hypothesised that results from
previous studies reporting a somitic origin for this muscle could have arisen due to
contamination by lateral tissue. To this end quail somatopleure adjacent to the
occipital somites 1-5 was transplanted into a chick host (Fig. 3G). In contrast to the
transplantation of somites, quail somatopleure gave rise to MyHC+ cells in the
cucullaris muscle (Fig. 3H, H’). Importantly, the somatopleure transplants did not
give rise to any of the tissue, which had been found to develop from the somites (Fig.
3H). These findings led to the conclusion that somatopleure transplanted tissue were
free from somitic contamination. These results showed for the first time that the
somatopleure has myogenic capacity and is the origin of the cucullaris muscle.
Table 5. Somite and somatopleure transplantations
Somite 1-5 Somite 1-5 Somatopleure
Somatopleure
+ Dispase - Dispase
Somite level 1-3 Somite level 4-7
68 (19)
15 (5)
70 (28)
12 (4)

Total number
(surviving embryos)
Cucullaris+
1
Cucullaris
18

2
3

28
0

0
4

3.3.2 Somatopleure lateral to the first 3 somites gives rise to the cucullaris muscle
Data from the previous experiments suggested that a relatively small population of
cells adjacent to somite 1-5 gave rise to the large cucullaris muscle. Next a detailed
contribution of specific regions of the somatopleure to the cucullaris muscles was
determined by transplanting tissue adjacent to somites 1-2, 2-3 and 4-5. For this the
lineage tracing properties afforded by the ubiquitously expressing GFP chick lines
were used to exploit the superficial localisation of the muscle, which allow
visualisation of the transplanted cells in whole mounts (Fig. 4A-C’). Transplants of
somatopleure lateral to somites 1-2 as well as 2-3 gave rise to all parts of the
cucullaris muscle (Fig. 4 A-B’). In contrast, somatopleure adjacent to somites 4-5
failed to give rise to cells of the cucullaris muscle but instead formed tissue anterior to
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the wing (Fig. 4 C-C’). Somatopleure lateral to somites 1-2 and 2-3 contributing to
the cucullaris capitis muscle extended caudally from the occipital bone to the base of
the wing covering the lateral part of the neck. The overlying constrictor colli muscle
was not labelled. Some muscle fibres extended into the skin anterior to the wing (pars
interscapularis) and reached ventrally towards the furcula (pars clavicularis). In
addition we detected 6 muscle slips, four of which had been detected in the whole
mount flourescence immunohistochemistry for the first time (Fig. 4B, B’, Fig. 1A). A
labelled deeper band of muscle possibly representing the part of the cucullaris cervicis
muscle was also labelled (Fig. 4B).
At scapula level a somatopleure transplant derived muscle was identified to reach
dorso-medially beyond the wing anlage. This muscle was found to be discontinuous
with the cucullaris muscle as analysed through serial sections of chimeras (data not
shown). It was identified to belong to the medial/proximal shoulder girdle
musculature, those shorter muscles, which connect the wing to the trunk by attaching
to the vertebral spines and the medial edge of the scapula. Its position between the
latissimus dorsi, which can be categorized into the more superficial muscle of the “InOut” muscle group and the deeper located rhomboideus profundus let us to identify
this muscle as the cranial part of the rhomboideus superficialis.
Assimilating previous results led to conclude that the cucullaris muscle is not only
closely associated with yet unidentified muscle slips possibly connecting the
cucullaris capitis with the cucullaris cervicis muscle, but it also shares the
somatopleural origin with the rhomboid superficialis and might be united also by the
same genetic pathway.
3.3.3 Temporal development of the cucullaris muscle indicates relatedness to head
musculature
Next the temporal expansion of the somatopleure lateral to somites 1-3 known to
include the cucullaris myoblasts was determined. Transplantations were performed in
HH 9. In HH 14 the GFP expressing cells spread within the occipital somatopleure.
The population of transplant derived cells expanded within the somatopleure caudally
as a stripe (Fig. 5A, A’). During HH 18 and HH 20 cells expanded, but stayed
compactly anteriorly to the heart anlage indicating little cellular movement. The
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transplanted tissue had only doubled its size to 6 somite length and reached the base
of the heart anlage by HH 20 (Fig. 5B, B’). During HH 22 and HH 24 the cell
population still did not exceed the space between the branchial arches and the base of
the heart anlage. Extension of the transplanted GFP population took place mainly in
HH 26 to 28, during which stages the compact character of the cells was lost and the
muscle anlage reached, as a band, the anterior limb base (Fig. 5C, C’). A
morphological form resembling the adult muscle was not reached until HH 30 when
transplanted tissue divided into a ventral and dorsal part just anterior to the forelimb
base (Fig. 5D, D’). Sections confirmed that GFP expressing cells of chimeras were
located within the somatopleure (Fig. 5A’-D’).
From a small transplant of 3 somite length, the cucullaris muscle progenitors extended
to reach the final extent to somite 19 (the 19th somite belongs to the somites
contributing to the limb musculature).
3.4 Gene expression analysis
3.4.1 Trunk myogenic programme is not employed in the formation of the cucullaris
muscle
As identified in the study of its anatomy and origin, the cucullaris muscle is a neck
muscle, which develops in trunk territory. In this study we first examined Myf5, Pax7
and Pax3 as marker genes for muscle precursor cells, which predominantly specify
trunk muscles for their expression in the cucullaris muscle.
Myf5 was expressed in the dorsal half of the somites in HH 14 and 16 embryos (Fig.
6A, D). Expression in the first, second and third branchial arches and in an area
caudal to the branchial arches was detected in HH 18 and 20 (Fig. 6G, J). In HH 22,
the limb showed Myf5 expression and the gene was detected in the hypoglossal cord
ventral to the branchial arches (Fig. 6M). Expression in a small area between cranial
somites and branchial arches was detected in HH 24 and stayed clustered in this area
without displaying distinct boundaries during the following stages (Fig.6P). In HH 26
Myf5 expression expanded in all territories. Noteworthy the expression in the somites
was most prominent in the central region of the extending dermomyotomes, while the
expression in ventral part of the cranial five somites seemed to be united (Fig. 6S). In
HH 28 the gene was faintly present in the dorsal edge of the somites, the body wall
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and the limbs. Expression in the cucullaris muscle area was present, but did not
distinctly appear in the muscle (Fig. 6V).
The expression of Pax7 and that of Pax3 were found to overlap considerably between
HH 14 to HH 26. In HH 14 and HH 16 Pax7 was predominantly expressed in the
dorsal neural tube, the somites, the nasal process and a spot-like area ventral of the
first two occipital somites (Fig. 6B, E). In HH 18 the base of the hypoglossal cord had
formed opposite somite 4 and looped around the branchial arches between stages HH
18 and HH 20 (Fig. 6H, K). Between HH 22 and HH 24 the last cells of the
hypoglossal cord were detected to disappear ventral to the branchial arches (Fig. 6N,
Q). In HH 26 embryos expression in the dorsal edge of the somites, the inter-limb
myotomes and the muscle masses of the limb was most prominent (Fig. 6T).
Expression in the cucullaris muscle anlage was first detected in HH 28 (Fig. 6W).
Pax3 expression was detected in the neural tube, the somites, the nasal process and in
an area in the head possibly resembling the extension of a cranial nerve in HH 14
(Fig.6 E). In HH 16 expression in the somites was predominant in the dorso-medial
and ventro-lateral edge of the somites, whereas expression in the ventral edge of the
first occipital somites was not distinct (Fig. 6F). The transcription factor was present
in the extending hypoglossal cord, the limbs and an area close to the eye at the
location of lateral rectus development in HH 18 (Fig. 6I). Expression in HH 20
embryos included the first and second branchial arches (Fig. 6L). Pax3 was expressed
in the hypoglossal cord ventral of the branchial arches in HH 22 (Fig. 6O). In HH 24
inter-limb myotomes expressed the transcription factor (Fig. 6R). Expression was
prominent in the dorso-medial edge of the myotomes by HH 26 (Fig. 6U). In HH 28
expression in the dorso-medial edges of the myotomes was especially distinct at the
level of the occipital somites. Expression in the cucullaris muscle anlage was
superficial and undefined (Fig. 6X).
Despite marking early specification of myoblasts in the trunk and limbs, expression of
Pax3 and Pax7 in the cucullaris area was not detected in stages relevant for muscle
development. The lack of expression of the early specification markers Pax3 and
Pax7 indicates that the cucullaris muscle does not follow the trunk myogenic
programme. Furthermore expression of Myf5 in the cucullaris muscle area stayed
restricted to the presumptive cranial boundary of the muscle and was never distinctly
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expressed in the muscle. It too was expressed in the cucullaris muscle considerably
after its transcription in the trunk, limb and branchial arch muscles.
3.4.2 Late and rapid expression of differentiation markers in the cucullaris muscle
After trunk muscle progenitor markers had failed to label the cucullaris muscle, the
expression of MyoD and muscle structural proteins (Desmin and MyHC) were
investigated. MyoD, a gene expressed at the initiation of myogenesis was detected in
locations of muscle development, in particular in the somites, limbs and the branchial
arches in HH 24. Importantly, no expression was detected in the cucullaris muscle at
this stage (Fig. 7B). MyoD expression expanded into the body wall at inter-limb level
and into the pre-muscular masses of the limbs by HH 26 (Fig. 7F). While cells
comprising the hypoglossal cord were seen to be located ventrally of the branchial
arches being partially covered by the second branchial arch, which was dragged half
way towards the limb base, a band of cells adjacent to the occipital and cervical
somites expressed the transcription factor, presumably comprising the cucullaris
muscle anlage (Fig. 7F). The anlage was seen to be divided into two portions, a
broader band of strong expression lateral to the first 12 somites and a fainter stripe of
expression adjacent to somites 12 to 18 representing the cranial and caudal parts of
the cucullaris muscle (Fig. 7F). Between HH 28 and HH 30 the anlage elongated
along the full extent of the neck becoming broader to cover the entire lateral side of
the neck in HH 30 (Fig. 7J, N). Expression in the cucullaris anlagen was clearly
visible in HH 32 (Fig. 7R).
Desmin was expressed in the somites and the heart and showed faint expression in the
first branchial arch in HH 24 (Fig. 7C). By HH 26 an expansion of desmin expression
in the second and third branchial arches was detected as was a domain in the limbs
(Fig. 7G). Again the expression of this protein was not present in the cucullaris
muscle by the time it was found in the somites, limbs and branchial arches.
Expression in cells comprising the tongue anlage coincided in time with that in the
cucullaris muscle anlage in HH 28 (Fig. 7K). The differentiation of the cranial portion
of the cucullaris muscle marked by desmin in a distinct band preceded the expression
in the caudal part and also seemed to lack a dorso-medial expression compared to the
MyoD expression in the cucullaris muscle (Fig. 7O compare with 7N). In HH 32
desmin expression was clearly visible in a dorsal domain as well as a separate ventral
portion (Fig. 7S).
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MyHC was expressed in the somites and the heart anlage in HH 24 (Fig. 7D). Faint
expression of the protein was detected in the first and third branchial arches and
faintly in the limbs in HH 26 (Fig. 7H). Expression in the branchial arches extended
and was present in the myotomes extending into the somatopleure at inter-limb level
in HH 28 (Fig. 7L). In HH 30 the protein was very faintly expressed along the entire
length of the cucullaris muscle from behind the ear to the forelimb (Fig. 7P). Even by
HH 32 the expression of MyHC was still not robustly evident in the cucullaris anlage
(Fig. 7T).
In summary, the most important aspect of these experiments was having discovered
that the cucullaris muscle differentiation is delayed in comparison to the expression of
differentiation markers in the somites, limbs and branchial arches. The expression of
the differentiation markers shows that the anatomically distinct cranial and caudal
parts of the cucullaris muscle differentiate independently. Furthermore, within the
cranial part the ventral portion seems to differentiate earlier than the dorso-medial
domain. On the whole, the cucullaris muscle differentiation programme is delayed
compared to trunk and head musculature.
3.4.3 Genes of head muscle formation are expressed in the cucullaris muscle
In the trunk muscle developmental programme, genes including Pax3 and Pax7 have
been proposed to support proliferation of precursor cells while preventing
differentiation. However the expression profiling studies presented here shows that
these genes are not expressed in the cucullaris muscle. We propose that precursors of
the cucullaris muscle express other genes that prevent the expression of myogenic
markers. Indeed a number of candidate transcription factors have been proposed to
perform this very function in head development - promoters of cell division and
repressors of differentiation include MyoR, Tbx1 and Pitx2 (Bothe and Dietrich 2006).
Between HH 14 and HH 16 MyoR was expressed in the first, second and third
branchial arches and in an area close to the developing heart outflow tract (Fig. 8A,
E). Expression extended into the more caudal branchial arches, into the developing
limb and the ventral inter-limb region between HH 18 to HH 20 (Fig. 8I, M). In HH
22 expression in the limb was detected in the posterior 1/3 of the limb bud and
seemed to be continuous with the expression in the ventral inter-limb area. Expression
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was also detected in the dorso-medial ridge of the most cranial dermomyotomes. At
the same stage a population of cells dorsal to the branchial arches expressed MyoR
and possibly contributed cells to the superficial cucullaris muscle anlage, while
another population of cells caudally adjacent were located deeper and constituted
presumably the axial muscle anlagen (Fig. 8Q). In HH 24 the expression in the limb
buds could be divided into an anterior and posterior domain. At this time MyoR
expression reached more caudally located dorso-medial ridges of somites (Fig. 8U).
The expression within the cucullaris muscle anlage extended caudally and eventually
covered the expression of deeper MyoR expressing muscle anlagen in HH 26 (Fig.
8Y). Together with the anlage for the tongue musculature the expression in the
muscle formed an arrow shaped domain pointing caudally. Expression in the first and
second branchial arches seemed to gradually be incorporated into the head. Segmental
expression in the dermomyotomes extended laterally and reached, at inter-limb level,
into the ventral body wall (Fig. 8Y). Transverse sections at this stage showed strong
subectodermal expression (Fig. 5E’) in a region coinciding with the position of
somatopleure transplanted cells from the level of somites 1-3 (Fig. 5C’). In HH 28 the
cucullaris muscle covered the entire lateral neck and reached into the back beyond the
base of the forelimb (Fig. 8c).
Tbx1 marked the entire territory of the branchial arches and extended into the
somatopleure lateral to the first somites in HH 14 and HH 16 embryos (Fig. 8B, F).
Expression in HH 18 included the ear anlage and the expression in the occipital
somatopleure extended from this area to the hypaxial domain of somites (Fig. 8J). The
cucullaris anlage expression domain expanded in HH 20 (Fig. 8N) and reached the
anterior forelimb region by HH 22 (Fig. 8R). Also in HH 22, expression was detected
in the cores of the branchial arches (Fig. 8R). By HH 24 expression in the head was
reduced to a faint zone in the first branchial arch and the ear anlage and strong
expression in the second branchial arch (Fig. 8V). A stripe of expression in the area of
cucullaris muscle development was seen along the entire prospective length of the
muscle anlage. The gene was also expressed in the hypaxial domain of adjacent
somites, but not in the ventral part of the occipital somites. The heart outflow tract
strongly expressed Tbx1. Expression in the limb was faint at this stage (Fig. 8V).
Between HH 26 and HH 28 expression in the dorsal neural tube at the occipital level
was detected and gene expression levels in the limbs increased. Expression in the
anterior part of the heart was detected (Fig. 8Z, d). Expression of Tbx1 was
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upregulated in the cucullaris muscle anlagen and extended posterior to the forelimb
(Fig. 8Z, D). Transverse sections at this stage showed strong subectodermal
expression (Fig. 5F’) in a region coinciding with the position of somatopleure
transplanted cells from the level of somites 1-3 (Fig. 5C’).
Capsulin was expressed in the first and second branchial arches and the lateral plate
mesoderm in HH 14 (Fig. 8C). In this stage the gene was clearly evident in the
cucullaris muscle anlagen (Fig. 8C). Expression of the gene caudal to the branchial
arches, close to the heart anlage and in a fine line in the lateral plate mesoderm was
prominent in HH 16. In HH 16 the expression of the gene had expanded (Fig. 8G).
The expression of the gene was lost in the branchial arches in HH 18 and the
cucullaris expression domain had also reduced in an cranio-caudal extent (Fig. 8K).
By HH 20 Capsulin expression caudal to the branchial arches expanded (Fig. 8O).
The gene was present in the heart and the body wall in HH 22 (Fig. 8S). In HH 24
embryos, expression within the cucullaris muscle anlage was more distinct (Fig. 8W)
and became more compact in HH 26 (Fig. 8a). Transverse sections in this stage
showed strong subectodermal expression (Fig. 5G’) in a region coinciding with the
position of somatopleure transplanted cells from the level of somites 1-3 (Fig. 5C’).
At the same stages the dorsal somite ridges expressed Capsulin (Fig. 8a). By HH 28
Capsulin was distinctly expressed in the cucullaris muscle (Fig. 8i).
Pitx2 was expressed in the first branchial arch and in the prospective eye area in HH
14 (Fig. 8D). Between HH 16 and 18 expression was asymmetrically expressed in the
lateral plate area on the left side of the embryo, however deeper more axial expression
in the presumptive neck seemed to be symmetrical. A first sign of cucullaris muscle
anlage was present lateral of the first cranial somites in HH 16 (Fig. 8H, L).
Noteworthy, a symmetrical very fine stripe of expression was also detected to extend
superficially between the hypaxial domain of the somites and the branchial arches in
HH 20. At the same stage hypaxial somites expressed Pitx2 (Fig. 8B). In HH 22 the
gene was expressed throughout the inter-limb body wall and expression in the somites
expanded to the dorso-medial domain (Fig. 8T). The gene started to be expressed in
the limb in HH 24 (Fig. 8X). Expression of Pitx2 was prominent in the ventral domain
of the occipital somites. The transcription factor was distinctly expressed in the limb
in HH 26 and was detected in the cucullaris muscle anlage in HH 26 and HH 28 (Fig.
8b, f). Transverse sections in this stage showed strong subectodermal expression (Fig.
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5H’) in a region coinciding with the position of somatopleure transplanted cells from
the level of somites 1-3 (Fig. 5C’).
In summary MyoR, Tbx1, Capsulin and Pitx2 are expressed in the area of cucullaris
muscle development during early development starting from HH 14. Hence, the
cucullaris muscle seems to more closely follow the head myogenic programme during
its development than the trunk programme.

3.4.4 The accessory nerve reaches the cucullaris target side before HH 22
It is known that nerves follow the myoblasts, during the development of a muscle. To
investigate the early development of the cucullaris myoblasts without depending on
myoblast markers, the accessory nerve was investigated. Neurofilament, a structural
protein of axons was used to visualise axons. Neural crest cells form connective tissue
of head muscles. Therefore a secondary goal was to identify neural crest cells in the
position of the cucullaris muscle, which possibly contribute to the cucullaris
connective tissue. Sox10 and Seraf were used as markers for neural crest.
To aid comparison of the nerve extension and the expansion of myoblasts at distinct
stages, MyoR expression was used as a reference, because the gene was found to mark
the cucullaris myoblasts most clearly. Expression of the gene was detected in the
branchial arches in HH 12 (Fig. 9A). The other MyoR stages have been described in
3.4.3 (Fig.8).
In HH 12 Sox10 was expressed in the dorsal neural tube, the head mesoderm and the
prospective ear anlage. Notably, at this stage very few Sox10 expressing cells were
present lateral to the occipital somites (Fig. 9B). By HH 14 a population of cells was
seen to extend from the postotic rhombomere level caudal towards the prospective
branchial arch area, while segmental expression in the anterior parts of occipital
somites was detected (Fig. 9F). In HH 16 the ear placode and a more cranial domain
extending towards the eye anlage started to express Sox10. The area between the
occipital somites and the branchial arches – referred to as circumpharyngeal ridge expressed the transcription factor at the same stage (Fig. 9J). Between HH 18 and HH
20 expression in the somites extended ventrally. First signs of ganglia were detected
presumably centrally located in the somitic territory (Fig. 9N, R). In HH 18 segmental
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expression of Sox10 in cells traversing the first five occipital somites lessened (Fig.
9N). Sox10 expression was restricted to the neural crest derived component of nerve
tracts by HH 22 (Fig. 9V). At limb level, spinal nerves started to invade the limb. At
occipital level the characteristic arch of the accessory nerve had formed exiting the
neural tube at somite level 5 to extend cranially until it arched ventro-caudally
towards the caudal branchial arch area. In the occipital neural tube level ventrally
exiting nerves represented the hypoglossus axons (Fig. 9V). In HH 24 embryos Sox10
expression was expressed in the Schwann cells of cranial nerves. The expression
reflecting the accessory nerve had reached its presumable target. The vagus nerve,
which shares the accessory nerve route after deviation from the neural tube axis was
detected to extend towards the limb area (Fig. 9Z).
In summary, Sox10 seemed to mark predominantly nerve related neural crest and was
not obviously labelling connective tissue of head musculature. On the basis that the
Sox10 profiling is associated with the differentiating axon, it can be assumed that the
accessory nerve axons reach the cucullaris target region by HH 22.
Expression of Seraf was detected only cranially to the otic anlage in HH 11. There the
gene was expressed in the dorsal neural tube, the head mesoderm and the prospective
ear anlage (Fig. 9C). Expression extended by HH 14 to the postotic area. A stream of
cells expressing Seraf was detected in the postotic area extending towards the caudal
branchial arches. The dorsal part of the first 10 somites expressed the gene in the
same stage (Fig. 9G). By HH 16 Seraf was expressed close to the occipital neural
tube. The gene was present in cells traversing the somites and in the area of the
circumpharyngeal ridge (Fig. 9K). Expression in all areas increased in HH 18 and
extended dorsally along the neural tube (Fig. O). In HH 20 expression was present
between the first 6 somites and the neural tube, while it was lost adjacent to the more
caudal neural tube. Distinct expression in dorsal root ganglia was detected in the same
stage (Fig. 9S). In HH 22 Seraf expression reflected that of motor nerve tracts. Apart
from expression associated with other cranial nerves, the gene was expressed in the
accessory nerve highlighting the nerve’s trajectory similar to the Sox10 staining.
Fibres of the glossopharyngeal nerve were seen to loop ventrally around the branchial
arches and the vagus nerve extended towards the limb anlage, into which spinal
nerves had started to invade. In contrast to the Sox10 expression sensory nerves were
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not labelled by Seraf (Fig. 9W). In HH 24 Seraf expression was expressed more
prominently around the cranial nerves, whereas expression was lost from the
accessory nerve roots. At limb level spinal nerves reached further into the limb (Fig.
9a).
On the whole Seraf expression reflected the expression of Sox10. The gene, however
did not label sensory nerve tracts.
Neurofilment expression was detected in the speckle-like domain in the forebrain, two
bands within the hindbrain presumably in rhombomeres and in a continuous pattern in
the spinal cord. Expression was also found in the developing heart (Fig. 9D).
Neurofilament was present in distinct domains of the neural tube and the heart In HH
14 (Fig. 9H). Detection of this structural protein in the heart cavity was considered to
be non-specific and might have resulted from trapping of antibodies. In subsequent
stages, domains in the neural tube were more pronounced and matched the exit points
of cranial and spinal nerves. During these stages the area caudal around the branchial
arches expressed neurofilament. The accessory nerve trajectories paralleled the
extension of the vagus nerve into the periphery. The nerves were seen to deviate from
the medial axis in HH 16 (Fig. 9L). Between HH 18 to 22 spinal nerves have formed
and all cranial nerves were clearly identifiable and were presumably close to their
target region. In the same stages the ascending part of the accessory nerve was
distinguishable. Axons were seen to exit the neural tube as caudal as the 5th segment
level to ascend along the dorsal neural tube and to loop ventrally between the first
somite and the ear placode then projecting towards an area dorsal of the branchial
arches (Fig. 9P, T, X). In HH 24 the accessory nerve had extended not further than the
hypoglossal axons (Fig. 9b).
Neurofilament is a structural protein present in terminally differentiated axons. The
accessory nerve had reached its target most likely before it became obvious in the
neurofilament staining. MyoR expression in the muscle coincided with neurofilament
expression in the accessory nerve.
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3.5 Genetic evidence for head origin of the cucullaris muscle in mammals
3.5.1 Analysis of the transgenic mice lines Pax3Cre:RosaSTOP/YFP,
Pax3Sp/Sp:Myf5nlacZ/nlacZ, Tbx1-/- and Isl1Cre suggest a head origin of the cucullaris
muscle
Previously it was established that the cucullaris muscle at the head trunk transition
differentiates late reminiscent to head rather than trunk musculature. Furthermore key
genes (Pax3/7), which are normally expressed during trunk muscle development were
not expressed during the myogenesis of the cucullaris muscle. To further explore the
possibility that the cucullaris muscle develops according to a head myogenic
programme, transgenic mouse lines were used. Pax3Cre:RosaSTOP/YFP lines were used
to firmly establish the lack of the involvement of trunk muscle related Pax3 in the
cucullaris muscle development. This line expresses cre-recombinase under the
endogenous Pax3 promotor, which ultimately initiates YFP expression. YFP
fluorescence was expected to include all cells with a past or present history of Pax3
expression. Skeletal muscle in these mice was detected using a MyHC antibody.
MyHC+ sternocleidomastoid myofibres as well as trapezius myofibres were negative
for YFP, while expression was detected between the myofibres (Fig. 10A, a, a’, B, b,
b’). Canonical trunk muscles showed YFP activity throughout the tissue (Fig. 10D, d,
d’), while its activity was absent from myofibres in control head muscles (Fig. 10C, c,
c’). These results confirm the expression profiling data by providing genetic evidence
that the cucullaris muscle develops in a Pax3 independent manner.
In Pax3Sp/Sp:Myf5nlacZ/nlacZ all musculature which develops according to the trunk
principles of myogenesis are missing (Tajbakhsh et al., 1997). Concordant with the
previous results indicating a non-trunk development of the cucullaris muscle, it was
found using MyHC section immunohistochemistry of these mutants that the trapezius
and sternocleidomastoid muscle were present, giving them a head muscle nature (Fig.
10E, F).
Conversely, Tbx1-/- mice have previously been shown to lack all head muscles. In
support of the previous findings examination of the trunk of these animals revealed
the absence of both the trapezius (Fig. 10 G, H, I) and sternocleidomastoid muscles
(data not shown).
Myoblasts of the Isl1 lineage have been shown to contribute to certain branchiomeric
muscles (Nathan et al., 2008). To test for a contribution of Isl1 expressing cells to the
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trapezius muscle, Isl1Cre mice were investigated. It was found that the muscle fibres
were positive in these mice, indicating that the fibres for the trapezius muscle are
derived from the Isl1 lineage (Fig. 10J).
In conclusion, these results show that the trapezius muscle, the homologue to the
cucullaris muscle develops according to the head and not trunk myogenic programme.
3.5.2 Neural crest derived connective tissue supports head origin of the cucullaris
muscle
Neural crest forms connective tissue in the head and branchiomeric musculature, but
not the connective tissue of trunk muscles. Sox10 and Seraf in situ-hybridisation
failed to label neural crest cells in the area of cucullaris development. Wnt1 is a
marker for neural crest cells. Wnt1Cre/R26RlacZ mice were analysed for a contribution
of the Wnt1 lineage to the connective tissue of the mammalian trapezius muscle. It
was found that connective tissue of 13dpc mice was positive for a past or recent
history of Wnt1 expression (Fig. 11A, B).
To further characterize the cucullaris muscle for the involvement of neural crest in its
connective tissue, an experimental approach with the chick as a model was used. For
that dorsal neural tube originating from differing anterior-posterior levels was
transplanted from quail to chick for lineage tracing. The results showed that only
neural tube originating adjacent to somites 1-4 contributed to the cucullaris
connective tissue. In contrast neural tube from anterior and posterior to this region did
not give rise to cucullaris connective tissue (Fig. 11 F-H and Table 6). However
schwann cells are also present throughout the connective tissue. As morphological
analysis had not lead to reliant results and due to the lack of markers for connective
tissue, the indirect method of excluding schwann cells was used. In staining using the
quail cell marker and α-tubulin, only a minor subset of cells assembled around axons,
indicating that only a small proportion of transplanted cells were schwann cells (Fig.
11 H).
In summary, number of schwann cells is well below the number of transplanted
neural crest cells indicting that the majority of labelled cells represent a cell
population which constitutes the connective tissue.
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In conclusion these experiments show that the connective tissue of the cucullaris
muscle in birds and its homologue the trapezius in mouse is derived from the neural
crest lineage.
Table 6. Neural tube transplantations
Neural
tube Neural tube at
anterior to somite 1 somite level 1-4
Total
number 3 (1)
22 (8)
(surviving embryos)
Cucullaris+
0
8
Cucullaris
1
0

Neural tube at
somite level 5-8
5 (1)
0
1

3.5.3 Temporal migration of cucullaris neural crest
Early in this study cucullaris myoblast of somatopleure ventrally adjacent to somite
levels 1-3 were investigated during their temporal expansion and their cranio-caudal
extension. In the last experiment it was shown that neural crest cells of the dorsal
neural tube of the same level form the connective tissue of the muscle. To investigate
the migration of neural crest in the timely movement of myoblasts, GFP/WT chimeras
were created and fixed in HH 12. It was found that a considerable number of neural
crest cells were present in the area of cucullaris muscle development already in HH
12 (Fig. 11E).
These results show that the neural crest migrates into the prospective cucullaris
muscle anlagen very early during development and may actually precede the
formation of the muscle tissue.
3.5.4 Patterning information of the cucullaris muscle is supplied by neural crest cells
To further investigate the notion that the early co-localisation of the cucullaris
myoblasts and the progenitor cells of the prospective connective tissue of the matured
muscle is either coincidental or necessary for the correct patterning of the cucullaris
muscle, ablation experiments were performed. After surgical removal of premigratory neural crest opposite somite levels 1 to 4 in HH 9, manipulated embryos
were re-incubated to HH 27 and subjected to in situ-hybridisation with MyoD. After
neural crest ablation myoblasts were able to initiate myogenesis, however the muscle
expressed reduced levels of MyoD. The expression domain also differed from the
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control side indicating that neural crest cells influence the patterning of the cucullaris
muscle (Fig. 12A, A’, A’’). Since neural crest has great implications on the
architecture of the cardiac outflow tract and on cardiac innervation, it is presumable
that only those embryos survived which were subject to an incomplete neural crest
removal explaining mild phenotypes (Kirkby 1983). Improvement of this experiment
could be achieved by using genetic models such as the ‘Splotch’ mouse, in which
neural crest migration is inhibited.
3.5.5 Misguided accessory axons after neural crest removal and noggin bead
implantation
In this study neural crest has been shown to supply the cucullaris muscle with
connective tissue and possibly also provide patterning information for the muscle.
Nerve and muscle development are associated in that the muscle will become
hypoplastic in absence of an innervating nerve. To test if neural crest affects
accessory axon guidance, dorsal neural tube was surgically ablated at the level of
somites 1 to 4, the embryos were re-incubated until HH 22 and subjected to
neurofilament whole mount fluorescence immunohistochemistry. On the ablated side
the accessory axons were not impeded in exiting the neural tube or in following their
hook-like route, however single fibres deviated from the main trajectory to grow
laterally into somitic territory or to take a short cut to ultimately join the main track
(Fig. 12B’). The ventral turn of the nerve was significantly broader than in the control
side (Fig. 12B). The hypoglossus axons, which traverse the somites at the same level
to fasciculate to form one nerve emerging from ventral to somite 4, did not bunch
together in the manipulated side of the embryo. To inhibit neural crest migration more
locally, Noggin beads were implanted into the neural tube at pre-migratory stages
(HH 9), the embryos were harvested in HH 22 and subjected to neurofilament whole
mount fluorescence immunohistochemistry. Close to the implanted beads, the
accessory axons were detected to extend towards the midline or even cross it. A few
axons were also detected to deviate from their traditional pathway by growing into
somitic territory. Furthermore the ventral trajectory was broadened indicating a lack
of fasciculation (Fig. 12C, D).
In summary the lack of neural crest affects the patterning and differentiation of the
accessory nerve.
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3.6 Conserved mechanism for cucullaris muscle development
The cucullaris muscle is a highly conserved muscle in higher vertebrates. In this study
it has been shown that it not only has a unique origin but also that it develops very
late compared to all other muscle groups. To determine whether the latter feature is
conserved in vertebrates, the temporal development of the cucullaris muscle in the
turtle was studied from stages 15 to 18. In 15 and 16 embryos differentiated muscle
was found in the head, trunk and limbs (Fig. 13A’, A’’, A’’’, B’). Significantly at
these stages the cucullaris muscle did not express MyHC (Fig. 13A’, B’). In contrast
the cucullaris muscle was clearly evident in stage 17 and beyond (Fig. 13C’, C’’, C’’’,
D’). In conclusion differentiation in the turtle cucullaris muscle is delayed compared
to that of head and trunk muscles, a situation reflected in birds.
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4. Discussion
4.1 Cucullaris muscle is derived from somatopleure and not from somites
This study has shown that the cucullaris muscle is non-somitic in origin and is derived
from the somatopleure. The results presented here strongly suggest that the
somatopleure at the occipital level, in contrasts to other regions, possesses the unique
property to form skeletal muscle. The cucullaris muscle that develops from this tissue
covers the neck and extends far into the trunk. This muscle fails to express genes
associated with the trunk myogenic programme, differentiates late during
embryogenesis, and has connective tissue originating from the neural crest. These
findings have lead to the proposal that the cucullaris muscle development is regulated
according to the head myogenic programme.
The origin of the cucullaris muscle and its mammalian homologues the trapezius and
the sternocleidomastoid muscle have been the subject of much debate over the past
100 years. Motor innervation by a cranial nerve lead scientists to propose a head
origin from either head mesoderm or branchial arches (Allis, 1897; Edgeworth, 1911;
Edgeworth, 1926; Fuerbringer, 1897; Gegenbaur, 1898; Lewis, 1910; Luther and
Lubosch, 1938). The existence of cervical innervation from C3 and 4 gave reason to
assume a mixed origin from head and somitic mesoderm or a purely somitic origin
(Addens, 1933; Favaro, 1903; Huang et al., 1997; Huang et al., 2000b; Piekarski and
Olsson, 2007). The contemporary opinion holds that it develops from the occipital
somites (Huang et al., 1997; Huang et al., 2000b).
In this study the origin of the cucullaris muscle was revisited. The anatomical analysis
of the cucullaris muscle revealed that the muscle lacks overt signs of segmentation
during development, while clear units were observed in the more axial musculature
reflecting its somitic origin. Consistent findings from this study showed that
homotopic transplantation of occipital somites fails to label the cucullaris muscle
(Table 5). These results and those claiming the somitic origin of the muscle (Huang et
al., 2000a; Huang et al., 1997) can be reconciled by examining the tissue preparation
protocols used in each study. In the present study the tissue preparation protocol
allowed the isolation of somites free from contaminating adjacent cells, and was
achieved using the proteolytic enzyme Dispase I. The Leu-Phe specific protease derived from Bacillus polymyxa - maintains epithelial structures while dissociating
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mesenchymal tissue. This enzyme has previously been used to prepare clean explants
of neural tube (Liem et al., 1995). Conclusively, the use of Dispase I in the
transplantation protocol used in this study contrast the surgical preparation of somites
used in previous studies (Huang et al., 1997; Huang et al., 2000b). Therefore it is
proposed here that transplanted somites used for fate mapping studies by the authors
of the latter study were contaminated with adherent non-somitic tissues and suggests
that it was probably the adjacent lateral plate mesoderm which gave rise to the
cucullaris muscle.
Based on the finding that the first five somites do not give rise to the cucullaris
muscle it was found that a part of lateral plate mesoderm from this level was able to
generate the cucullaris muscle. Lateral plate mesoderm lies under the ectoderm lateral
to the somites and is separated from them by a thin stripe of intermediate mesoderm.
The lateral plate mesoderm splits along the medio-lateral axis into a dorsal and a
ventral plate. The dorsal plate – the somatic (parietal) mesoderm together with the
ectoderm constitutes the somatopleure, while the ventral plate the splanchnic
(visceral) mesoderm lies over the endoderm and together forms the splanchnopleure.
The splanchnopleure has been suggested to be able to give rise to the striated and
smooth musculature of the oesophagus (Woerl et al., 2005). The results of the present
study indicate that the somatopleure from the occipital level generates the striated
musculature of the cucullaris muscle. The caudal myogenic boundary within this
tissue was identified to lie at the level of somite 3 since transplantation of
somatopleure adjacent to somites 4-5 failed to give rise to the muscle. Transplantation
of a smaller portion of the contributing somatopleure gave rise to myogenic tissue
along the entire length of the cucullaris muscle suggesting that there is little if any
anterior-posterior compartmentalisation within this tissue.
Interestingly, the rhomboid superficialis of the chick, a muscle that stabilises the
wing, was found to originate from the cucullaris somatopleure at the level of somites
1-3. This would imply that it too was innervated by the accessory nerve. However, the
human homologue of the rhomboid superficialis, the rhomboid major, is innervated
by the dorsal scapula nerve (C4-5). This sets up two interesting scenarios. Firstly it is
possible that the human rhomboid major muscle is not the homologue of the chick
rhomboid superficialis or that the human rhomboid major muscle is actually
innvervated by the accessory nerve in both species their by up-holding homology.
Experiments are underway to resolve this important issue.
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Observations from the dissection of a mouse suggest that the rhomboid superficialis
muscle homolog is not present in the rodent, but could be represented by the caudal
part of the trapezius muscle.
These results show for the first time that the occipital somatopleure not only has the
unique potential to form skeletal muscle, but also that skeletal muscle is possibly its
sole derivative. This result raises the issue of how the cucullaris somatopleure gained
myogenic capacity. The paraxial mesoderm of the trunk is initially segmented as
epithelially organised somites, and contrasts the mesenchymal organisation of both
the lateral plate mesoderm and the head mesoderm. Indeed the head mesoderm and
the lateral plate are continuous, and this fact could be incorporated into one of two
simple models to explain the myogenic origin of the cucullaris muscle. One
possibility is that cells of the head mesoderm spread caudally into the area lateral to
the first three somites. Alternatively, the occipital somatopleure could adopt the
molecular myogenic programme due to caudal shift of the head myogenic
programme. Boundary shifts resulting in the acquisition of novel tissue characteristics
are common within the animal kingdom. For instance, in snakes a cranial shift of the
trunk molecular boundary has been proposed to result in the loss of forelimbs and a
development of ribs in the cervical region (Cohn and Tickle, 1999). Boundary shifts
leading to anatomical modifications can be induced relatively easily. For instance,
Hox expression in the hindbrain can be modified by the application of a single
molecule – RA (retinoic acid), which leads ultimately to duplication of the motor
nerves (Marshall et al., 1992). In this case the neural tube had undergone a
posteriorisation. In contrast the extension of a head myogenic programme in the
lateral plate mesoderm would represent an anteriorisation event.
Irrespective of the ontogenic mechanism, the territory of the head programme giving
rise to striated musculature is far more extensive than previously thought.
4.2 The cucullaris muscle originates from a small area, undergoes extensive growth
and differentiates later than both trunk and head musculature
An intriguing feature of the cucullaris muscle and its mammalian homologues is that
it is derived from a small area lateral to the first 3 somites, yet extends over 14
segments in the adult animal. In birds with long necks, e.g. swans it extends at least
over 25 segments, but even in short necked mammals including humans it extends
over 7 segments (Burke et al., 1995). In this study a stage series of GFP/WT chimeras
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were generated to explore the temporal movement of cells contributing to the
cucullaris muscle. It was found that from a limited founder population, the muscle
begins to extend in HH 14, but does not reach its full extent until after HH 34 (day 8).
This extension is unlikely to depend on single cell migration as is known to occur in
migratory limb myoblast translocation in the trunk. Myoblasts of the hypaxial
dermomyotomes at limb level depend on the expression of the transcription factor
Pax3 to induce the expression of the transmembrane receptor tyrosine kinase c-Met.
This permits cells of the dermomyotome to undergo epithelial to mesenchymal
transformation a processed mediated by HGF/scatter factor - which is the ligand for cMet (Epstein et al., 1996). Analysis of transgenic mice harbouring mutations in the
Pax3 gene (Splotch) or lacking its downstream target c-Met revealed that the
trapezius and sternocleidomastoid precursors form in the absence of these factors,
indicating that the cucullaris homologues do not depend on Pax3/c-Met mediated
migration (Prunotto et al., 2004; Tremblay et al., 1998). Similarly it is unlikely is that
the cucullaris muscle or its homologues use epithelial extension for development.
Myoblasts residing in the epaxial domain of the consecutive myotomes fuse and form
muscles spanning over several segments. Prerequisite for this mechanism is the
development from segmental units - the somites. The cucullaris progenitors however
extend far beyond from their point of origin. The cucullaris muscle does therefore not
receive myoblasts from a locally segmented somatopleure, however the somatopleure
adjacent to the somites might extend proportionately in length resulting in some
regionalisation. Due to the same reasons a composite of the two mechanisms which
applies during perineal and pectoral musculature development cannot be employed
during cucullaris muscle development (Evans et al., 2006; Valasek et al., 2005).
During the formation of this musculature Pax3 expressing progenitors migrate from
somites into the limb but then extend back to attach in the trunk.
To reveal the mechanism by which the cucullaris muscle develops to reach over such
a distance in the adult, we investigated cucullaris differentiation as the endpoint of
progenitor proliferation and observed first signs of overt myogenesis did not occur
before day 5. By this stage all other major muscle groups (axial, branchial arch and
limb) were in advanced stages of differentiation. In summary, the myogenic
programme of the cucullaris muscle is delayed compared to that of trunk and head
musculature. The delay in differentiation was found to be evolutionarily conserved
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since we show that the cucullaris of turtles also differentiates after axial, head and
limb muscles (Fig.13).
4.3 Cucullaris muscle connective tissue is derived from the neural crest
In the trunk the connective tissue is either derived locally from the paraxial mesoderm
(for trunk muscles) or from the lateral plate mesoderm (for limb muscles) (Christ et
al., 1974; Christ et al., 1982). In contrast, all head muscle connective tissue originates
from the neural crest (Noden and Francis-West, 2006; Matsuoka et al., 2005; Noden
and Trainor, 2005;). According to Matsuoka et al. (2005) the attachments of the
mouse trapezius at the occipital bone, clavicle, scapula spine and vertebral spinous
processes are derived from neural crest (Matsuoka et al., 2005). It is assumed that the
epimysium, perimysium and endomysium are likewise of neural crest origin (Evans
and Noden, 2006; Noden and Francis-West, 2006; Noden and Trainor, 2005). The
fact that this question has not been investigated in detail is possibly due to the lack of
good fibroblast markers in the chick and due to the fact that the mouse is not
accessible for transplantation studies. Grenier et al. reinvestigated the relationship
between neural crest cells and cranial mesoderm during head muscle development and
found that in contrast to earlier studies, neural crest cells not only envelope a core of
myoblasts within the branchial arches, but rather mix with those cells indicating that
they form the connective tissue of the muscle (Grenier et al., 2009). The results from
this study show that the chick cucullaris connective tissue to the level of the
endomysium derived solely from the occipital neural crest at the level of somites 1-3.
To extend this finding in mammals the Wnt1Cre/R26RlacZ mouse line was analysed to
trace cells of neuroectodermal origin (Jiang et al., 2000). Consistent with our
embryological findings in birds, we found neural crest cells derived from the Wnt1Cre
lineage in the trapezius and sternocleidomastoid muscle connective tissue in mice.
A key question that needs addressing is what the molecular nature of the connective
tissue signalling profile is. This is important, since the connective tissue plays a
fundamental role not only as a physical support for muscle but during its patterning.
At present we have a poor comprehension of the molecules that pattern muscle.
However the Wnt family seems to be involved based on the finding that Wnt
antagonists release myoblasts from the inhibition of differentiation (Tzahor et al.,
2003). The suspected role of head neural crest is here to secrete these Wnt antagonists
and thereby to end a phase of proliferation.
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In the body region a Tcf4 expressing population of cells in the lateral plate mesoderm
has been found to be specific to limb muscle masses and to possibly direct their
patterning. This observation leaves room for further experiments to examine a
potential role for Tcf4 in the cucullaris connective tissue taking its different origins
into account (Kardon et al., 2003). The role of Tcf4 as a patterning molecule
controlling cucullaris development could be relatively easily established, firstly by
determining whether it is ever expressed in tissues juxtaposed to the muscle cells.
Furthermore if it were to play a role in patterning the cucullaris the mis-expression of
the Tcf4 using for example the RCAS retro-virus delivery system should alter the
morphology of the muscle.
4.4 Neural crest and patterning of muscle
To test the potential of neural crest to pattern tissues, its influence on the patterning
on the cucullaris muscle and the accessory nerve was tested by removal of neural
crest at pre-migratory stages. Due to the great regeneration potential of neural crest
after surgical ablation and due to the local perturbations by the insertion of noggin
beads, phenotypes were mild. However, results suggested that neural crest does
pattern the cucullaris muscle and can potentially direct the pathway of the nerve even
if the misguidance of the nerve can also have resulted from a defasciculation due to
the lack of schwann cells. Hence neural crest does convey patterning information to
tissue in the occipital area.
4.5 Cucullaris progenitor proliferation is not controlled by Pax3/7, but by genes
expressed during head progenitor proliferation
The lineage tracing studies in chicks showed that the somatopleure movement starts
in HH 14, but that myogenic differentiation is not initiated until HH 26. It was
considered that the intervening period may be required to generate the number of cells
needed to form a large muscle like the cucullaris muscle. In the trunk, proliferation is
mainly driven by Pax3 and Pax7 while suppressing differentiation (Amthor et al.,
1999; Amthor et al., 1998). However neither of these genes was expressed in the
developing cucullaris muscle. Our molecular analysis was confirmed using a genetic
approach in mice through the deployment of the Pax3Cre:RosaSTOP/YFP (Engleka et al.,
2005). We found that myoblasts of the trapezius and sternocleidomastoid muscles
were negative for a recent or past history for Pax3 expression. At the same time the
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connective tissue between the myofibres was positive and derived from the Pax3
neural lineage, confirming our previous result of the neural crest lineage tracing in the
chick. In Pax3Sp/Sp:Myf5nlacZ/nlacZ double KO mice, in which all trunk muscles are
absent, this study showed that these embryos possessed the trapezius and
sternocleidomastoid muscle group. These results indicate a myogenic programme
which is distinct from the trunk myogenic programme and the one used for the head
musculature development is being deployed. Very few other muscles are present
reaching into the trunk territory in these transgenic mice, an observation which leaves
room for further investigation. Firstly it is important to determine the identity of the
other muscles in the trunk of the Pax3Sp/Sp:Myf5nlacZ/nlacZ line and then establish
whether they had a past or present history for the expression of head muscle genes.
This could be achieved using the Isl1Cre as deployed in the present study. Consistent
with the dispensability of trunk precursor genes, trunk cell markers are not expressed
in the cucullaris muscle at the time of proliferation. In contrast genes thought to carry
out a similar role in the head such as MyoR, Tbx1 and Capsulin were robustly
expressed throughout the development of the muscle (Bothe and Dietrich, 2006).
Furthermore the expression of the head precursor markers matches the observed
movement of the cucullaris anlagen as shown in the temporal lineage tracing of the
cucullaris progenitors. The role of the head muscle programme in the development of
neck muscles was confirmed by examining the trunk of Tbx1-/- mice. These animals
failed to form either the trapezius or the sternocleidomastoid muscle, confirming and
extending the results of Kelly et al. (Kelly et al., 2004). Further confirmation for the
involvement of the head myogenic programme in cucullaris muscle development
came from the analysis of Isl1Cre mice. Isl1 has been shown to be involved in the
development of certain head muscles. Concordantly, the cucullaris muscle in these
transgenic mice showed a developmental history for Isl1.
One additional question that needs to be addressed in the future is that concerning the
origin of the satellite cells of the cucullaris muscle. We propose that these too should
originate from the somatopleure based on the finding of Harel et al. who showed that
Isl1 derived head muscles also formed the satellite cells from the same tissue (Harel et
al., 2009). In conclusion, previous results indicate that the cucullaris muscle and its
mammalian homologues use the same myogenic programme as that employed in the
formation of head musculature.
63

4.6 Cucullaris muscle extension into the trunk might be necessary to maintain a phase
of progenitor proliferation
During cucullaris muscle development an extended period of time for proliferation is
maintained to generate an adequate number of cells to form the muscle. This phase of
proliferation may be especially important for cucullaris muscle development, since
the muscle starts off from a population of very few mesenchymal cells that reside
under the occipital ectoderm. In this study we found that the muscle displays the
exceptional property of employing the head myogenic programme despite the fact that
a considerable part of the muscle lies within the trunk territory.
The development of the cucullaris muscle at the transition of the head trunk territory
has an interesting consequence for its differentiation. The development of muscles in
the trunk and head differ in that they show quite different responses to the same
environmental cues. For example muscle development is supported in the trunk by
either Wnt or Shh. However the same signalling molecule suppresses head muscle
development (Tzahor et al., 2003). Release of the myogenic suppression in the head
has been shown to be lifted by the production of signalling protein antagonists
secreted by the cranial neural crest. Assimilating the results generated in the present
study in consideration of the differences present in the regulation of head versus trunk
myogenic programmes we here propose the following scenario for the development of
the cucullaris muscle: Wnts from the occipital neural tube and ectoderm suppress
myogenesis of myoblasts residing in the occipital somatopleure. Under this influence
they proliferate and express Tbx1, MyoR and Capsulin. As the pool of cucullaris
progenitors expands it extends caudally into the trunk. Here the cucullaris precursors
are in close proximity with progenitor cells of trunk musculature. However these two
myogenic populations respond differentially when exposed to influential signalling
cues. In the presence of Wnts, the trunk precursors initiate differentiation whereas the
cucullaris precursors respond by proliferation. Again similar to the situation in the
head, we suggest that the key to initiating differentiation is to antagonise the action of
the environmental signalling molecules and that this action could be executed by the
neural crest.
4.7 Evolution of the cucullaris muscle
An important paper was published on the evolution of neck muscles by Kuratani
which is highly relevant to this study (Kuratani, 2008). Here the author aimed to
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develop an evolutionary scenario for the development of the vertebrate neck based on
changes in the muscular organisation in this region. The paper elegantly sets out an
argument that the neck should be viewed as an evolutionary novelty that developed
due to a remodelling of the mesenchymal components between the head and the
forelimb. A key driver for the formation of the neck is the cucullaris muscle. Using a
comparative approach, Kuratani identifies the most ancestral pattern of the cucullaris
muscle in chondryichthyes in form of a triangularly shaped muscle at the junction of
the head and trunk (Tanaka, 1988). He claims that the cucullaris muscle is lost from
lamprey and hagfish, but mentions the existence of somite derived head muscles in
cyclostomes, which secondarily move from the post-otic area to cover the head.
Furthermore it is claimed that the Pax3/7 programme could have been used during the
extension of the muscle to the forelimb region. The work in this study provides detail
for the development of the neck. In contrast to the suggestions of Kuratani, the data
here within demonstrates that the cucullaris muscle originated from the somatopleure.
Furthermore the molecular programme used during its formation was not reliant on
the Pax3/7 axis. Instead it used a head muscle programme which would help explain
why the connective tissue of the cucullaris develops from neural crest.
An evolutionary explanation of how the cucullaris muscle was transformed from a
relatively short muscle (in sharks) into an entity stretching into the trunk still remains
unknown. The short cucullaris muscle in the shark moves the gill arches, but also
attaches to the pectoral girdle. Their ancestral crossopterygian relatives, such as the
Eusthenopteron and Sauropterus, possessed a neck girdle, which linked the pectoral
girdle to the base of the skull. The neck girdle was dermal in origin and consisted of
four membranous bones (post-temporal, supracleithrum, cleithrum and clavicle)
(DePalma, 2008). During evolution, the size of the neck girdle components was
reduced or lost and the skull became free of its attachments to the pectoral girdle. The
advantage for animals with this modification was increased mobility of the head,
however at the cost of a destabilized head. According to the results presented in this
study it can be suggested that in the absence of the neck girdle, the cucullaris muscle
expanded caudally, a feature seen during its development in birds, to provide both
stability for the head (similar to that played by postural muscles) while permitting
mobility.
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Figure 1. High resolution imaging of the cucullaris capitis muscle, the adjacent neck
muscles and the nerves.
(A) Confocal analysis of a 10 day chick (HH 39) neck using whole mount
immunofluorescence. Yellow arrows identify the cucullaris muscle. The cucullaris
capitis (c.capitis) muscle originates immediately caudal to the ear anlage.
Longitudinal fibres extend caudally to insert ventral to the wing into the skin.
Constrictor colli muscle fibres extend radially around the neck overlying the
cucullaris capitis muscle fibres are also visible. Four slips of muscle (yellow
arrowheads) extending in a caudo-dorsal to ventro-cranial direction to connect the
cucullaris capitis muscle with a more dorsally located part of the cucullaris muscle.
Grey arrowheads point at deeper more axial musculature of segmental origin.
(B) Analysis of nerve organisation in embryo shown in (A) with neurofilament
antibody. Putative accessory nerve (marked by green arrows) ascends along the dorsal
neural tube from the 8th cervical segment (segments labelled). Cranially the nerve
arcs deeper into the neck.
(C) Composite image showing the organisation of the nerves in relation to skeletal
muscle.
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Figure 2. Comparative analysis of the development of the chick cucullaris muscle and
its mouse homologue – the trapezius muscle.
Skeletal muscle in all embryos identified by in situ-hybridisation with MyoD. The
cucullaris muscle and its mouse homologue indicated by yellow arrows.
(A, C, E, G, I) Chick cucullaris muscle development between HH 25-28 and 30. (B,
D, F, H, J) Mouse trapezius muscle development from 11.5 to 13.5 dpc. (A) A few
cells comprising the cucullaris muscle ventral to the first 5 somites can be seen in HH
25. In contrast note the strong expression of MyoD in the somites, limbs and branchial
arches. (C) By HH 26 the expression of MyoD in the cucullaris muscle extends to 2/3
of the length of the neck. (E) The MyoD expression domain is just anterior to the wing
by HH 27 and reaches it in HH 28 (G). (I) In HH 30 the cucullaris muscle anlage
extends to the posterior aspect of the wing. (B) A few cells ventral to the first 5
somites in 11.5dpc embryo can be seem expressing MyoD in the prospective trapezius
region. Note strong MyoD expression in head, trunk and limb regions. (D) At 12dpc
the mouse muscle anlage extends posteriorly beyond the forelimb. (F) The trapezius
anlage condenses at 12.25dpc. (H) The muscle anlage in the mouse condenses more in
12.5dpc. (J) By 13 dpc the muscle forms two entities: a triangular sheet-the acromiotrapezius and a band-the spinotrapezius muscle. (K) A diagram of cucullaris muscle in
the adult goose (modified after (Nickel et al., 2004). (L) Diagram of the trapezius
muscle of the adult rat. At-Acromiotrapezius, Spt-spino-trapezius, Ct-clavo-trapezius,
Cm-cleidomastoid, Sm-sternomastoid (modified after Fitzgerald et al., 1982).
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Figure 3. Cucullaris muscle is derived from the somatopleure and not somites.
(A-F’) Fate mapping of quail somites homotopically grafted in HH 9 and analysed at
day 7 (HH 32). (A) Scheme for homotopic transplantation of somites in HH 9 from
quail donor (brown) to the chick host (white). (B) Transplantation of somite 1
showing quail cells (QCPN+) in the cranial region of the neck (blue arrowheads) but
not in the cucullaris muscle (black arrows). (B’) Magnification of (B) quail cells are
present considerable distance from the cucullaris muscle (blue arrowheads). (C)
Transplantation of somite 2. (C’) Magnification of C. Transplant derived cells (blue
arrowheads) are present ventral to the cucullaris muscle anlage (black arrows).
Tissues integrated into the host tissue spread within the connective tissue of the host.
(D) Transplantation of somite 3. Section showing the cucullaris muscle (black arrows)
at the upper third of the neck. (D’) Magnification of D. QCPN+ cells were detected in
the tongue muscle anlage (blue arrowhead), but not in the cucullaris muscle (black
arrows). (E) Transplantation of somite 4. Section is derived from the mid-neck level.
(E’) Magnification of (E). Axial muscles show contribution from the quail donor
(blue arrowhead), while the cucullaris muscle does not contain QCPN+ cells (black
arrow). (F) Transplantation of somite 5 and in detail in (F’). QCPN+ cells in axial
muscles (blue arrow), but not in the cucullaris muscle (black arrows). (G) Scheme for
homotopic somatopleure transplantation. A stripe laterally adjacent to somites 1-3
was homotopically explanted from a HH 9 quail embryos (brown) to a chick host
(white). (H) Mid-neck level section showing quail cells in the cucullaris muscle (red
arrows) but not in axial musculature (blue arrows). (H’) Magnification of (H). QCPN+
cells in the cucullaris muscle (green arrowheads).
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Figure 4. Cucullaris muscle develops specifically from somatopleure at level of
somites 1-3.
Homotopic transplantation of GFP expressing chick somatopleure into a wild-type
host were all performed in HH 9 and analysed at day 7-8 (A, magnified in A’).
Somatopleure adjacent to somites 1-2 labels the whole cucullaris muscle. (B,
magnified in B’). Somatopleure adjacent to somites 2-3 labels the whole cucullaris
muscle as well as 6 muscle bands indicated by red arrowheads (also in h). (C,
magnified in C’) Somatopleure adjacent to somites 4-5 gives rise to cells anterior to
the wing base but did not label the cucullaris muscle. (f-i’’) Detailed analysis of
myogenic capacity of occipital somatopleure adjacent to somites 2-3. Cranio-caudal
level of sections indicated in B (yellow arrows). (f-i) GFP transplanted tissue (yellow
arrowheads). (f’-i’) MyHC expression. (f’’-i’’) Overlay of GFP transplanted tissue
and MyHC expression. GFP+/MyHC+ cells appear yellow. (f-f’’) At the cranial level
the muscle originates lateral to the ear anlage as a compact short muscle band. (g-g’’)
At upper neck level the muscle is thin and extends superficially under the skin to
envelope a core of axial muscles and vertebrae. A few even more superficial MyHC+
muscle fibres are not derived from the transplant and represent the constrictor colli
muscle (g’’). (h-h’’) The cucullaris capitis muscle is present in the lower neck
extending just underneath the skin. Three additional axial muscle bands (red
arrowheads) are also derived from the transplant and belong to the previously
identified group of 6 deeper muscle bands (see B). (i-i’’) At limb level a part of the
cucullaris muscle, which lies in between two muscle sheets is labelled (yellow
arrowheads). This part attaches to the medial scapula presumably representing a part
of the cucullaris cervicis muscle.
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Figure 5. Temporal development of the cucullaris muscle reveals late differentiation
of the muscle and its association with head muscle gene expression.
(A-D’) Homotopic transplantation of chick GFP somatopleure adjacent to somites 1-3
into a wild-type host was performed in HH 9. Embryos were analysed stages
indicated. (A-D) whole embryos (red arrows mark the cucullaris muscle and its
anlagen, respectively) and (A’-D’) corresponding sections. (A) In HH 14, the
transplant shows a caudal extension. (A’) Sections of the same embryos indicate that
the transplant has integrated into the host tissue and has started to spread within the
somatopleure. Myosin Heavy Chain (MyHC) expression is evident in myotomes, but
not in the transplanted cells. (B) In HH 20 the cucullaris somatopleure transplant
extends to reach the heart. (B’) The transplant has increased in size but still does not
express MyHC. (C) In HH 26 the transplant loses its compact character and reaches
the base of the wing. (C’) Expression of MyHC is initiated near but not in the
cucullaris muscle anlage. (D) By HH 30 the GFP+ somatopleure resembles the adult
muscle and splits into a dorsal and ventral part anterior of the wing base. (D’) Most
GFP+ cells still do not express MyHC. (E-H) Expression of head muscle genes in HH
26 chick whole mounts analysed by in situ-hybridisation. Yellow arrows indicate
expression in the cucullaris muscle. (E’-H’) Sections through the mid-neck of the
whole mount embryos depicted in E-H. Black arrows indicate expression in the
cucullaris muscle anlage in E’-H’. (E) MyoR expression is distinctly expressed in the
cucullaris muscle and resembles the GFP transplant profile in C. (E’) The dorsal
dermomyotome and the occipital somatopleure expresses MyoR. (F) Tbx1 expression
shows distinct expression mirroring the cucullaris muscle anlage. (F’) In sections,
Tbx1 is expressed in the somatopleure. (G) Capsulin expression corresponds to the
area of cucullaris muscle formation. (G’) The gene is expressed in the dorsal
dermomyotome and the somatopleure. (H) Pitx2 is expressed in the cucullaris muscle.
(H’) The sections show that the expression is present in the dorsal dermomyotome
and the somatopleure.
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Figure 6. Trunk muscle progenitor genes Myf5, Pax3 and Pax7 are not expressed
during early cucullaris muscle development.
Myf5, Pax3 and Pax7 expression profiles determined by in situ-hybridisation in chick
embryos from HH 14 to HH 28. Myf5 expression is displayed in left column, Pax7
expression is depicted in the middle column, and Pax3 in right column.
(A, D) Myf5 is expressed in the somites in HH 14 and 16. (G, J) The expression
appears in HH 18 and HH 20 in the branchial arches. (M, P) Expression of Myf5 is
present in the hypoglossal cord and the limbs in HH 22 and 24. (S) In HH 26
expression is detected in the area of cucullaris muscle development, ventral of the
occipital somites (yellow arrow). (V) In HH 28 Expression is detected in the limbs,
epaxial myotomes, at inter-limb level in myotomes extending into the somatopleure
and faintly present in the cucullaris muscle area (yellow arrow). (B, E) Pax7 is
expressed in the somites, the nasal process and the neural tube in HH 14 and 16 and a
point-like area close to the second occipital somite in HH 14. (H, K) In HH 18 and 20
the expression expands in the hypoglossal cord and the limbs. (N, Q) Expression in
the hypoglossal cord disappears ventral of the branchial arches in HH 22 and 24
embryos. (T, W) In HH 26 and 28 Pax7 is strongly expressed in the dorso-medial part
of the dermomyotomes, in the limbs and in the dermomyotomes extending into the
somatopleure at inter-limb level. In HH 28 the transcription factor is first detected
distinctly in the cucullaris muscle (yellow arrows). (C, F) Pax3 is expressed in the
somites, neural tube, nasal process and an area in the head resembling a cranial nerve
in HH 14 and HH 16 embryos. (I, L) In HH 18 and HH 20 the transcription factor is
additionally expressed in the wing anlage and the hypoglossal cord. (O, R) Pax3
expression is detected in the dermomyotomes extending into the somatopleure at
inter-limb level and in distinct limb muscle groups in HH 22 and 24. (U) In HH 26
embryos, Pax3 expression is confined to distinct muscles and prominent dorso-medial
aspect of the dermomyotomes. (X) The transcription factor shows a prominent
expression in a dorso-medial ridge of the first occipital somites and is expressed
faintly in the cucullaris muscle anlage in HH 28.
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Figure 7. Delayed myogenic differentiation characteristics of the cucullaris muscle.
Yellow arrows mark the cucullaris muscle anlage. (A, E, I, M and Q) MyoR
expression in the cucullaris muscle is used as a reference. (A) MyoR is expressed in
the branchial arches and the cranial area of cucullaris muscle development in HH 24.
(E) Distinct expression in the cucullaris muscle anlage extends caudally towards the
base of the wing in HH 26. (I) MyoR expression has reached the wing base in HH 28.
(M) In HH 30 MyoR expression extends along the entire neck beyond the wing. (Q) In
HH 32 MyoR is expressed in the entire cucullaris muscle. (B, F, J, N and R) MyoD
expression. (B) MyoD is expressed in the branchial arches, the somites and the limbs,
but not in the cucullaris muscle area in HH 24. (F) MyoD is expressed robustly
expressed in the cucullaris muscle almost reaching the wing in HH 26. (J) MyoD
expression in the cucullaris muscle reaches the wing. (N) Expression of MyoD is
present throughout the muscle and covers the lateral neck in HH 30. (R) In HH 32
MyoD is expressed in the entire cucullaris muscle. (C, G, K, O and S) Desmin
expression. (C and G) Desmin is expressed in the somites and the heart anlage in HH
24 and HH 26 and in the branchial arches in HH 26, but is not present in the cucullaris
muscle anlage. (K) Faint expression in the cucullaris muscle anlage is observed in HH
28 in the ventral portion of the muscle. (O and S) Desmin is robustly expressed in HH
30-32 in the cucullaris muscle. (D, H, L, P and T) Myosin Heavy Chain (MyHC)
expression. (D) MyHC is expressed in the somites and the heart in HH 24. (H) In HH
26 MyHC is detected in the second branchial arch and the hypoglossal cord
disappearing ventrally of the branchial arches. (L) MyHC is expressed in the limbs
and the myotomes extending into the somatopleure at inter-limb level in HH 28. (P)
In HH 30 faint expression is detected within the full extend of the cucullaris muscle.
(T) MyHC is expressed in the cucullaris muscle in HH 32.
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Figure 8. Temporal expression of head muscle genes during early cucullaris muscle
development.
Chick whole mount in situ-hybridisation was performed using MyoR (A, E, I, M, Q,
U, Y, c), Tbx1 (B, F, J, N, R, V, Z, d), Capsulin (C, G, K, O, S, W, a, e) and Pitx2 (D,
H, L, P, T, X, b, f). Yellow arrows indicate expression in the area of cucullaris muscle
area. (A, E) In HH 14 and HH16, MyoR expression in the cucullaris muscle area is
restricted to a point-like domain in the lateral occipital somite region. (I, M) MyoR
expression expands in HH 18 and HH 20 to the caudal branchial arches, the cucullaris
anlage and to the wing. (Q) Expression in the cucullaris anlage expands in HH 22.
Dorso-medial ridges of the somites express the gene. In the body the expression
extends into the inter-limb area. (U) In HH 24 MyoR is expressed in cucullaris muscle
in an arrowhead shaped domain. In the limbs expression splits into anterior and
posterior portions. (Y) MyoR expression in the cucullaris muscle reaches down to two
thirds of the neck length. Expression in the limbs, the dorso-medial myotomes and the
myotomes extending ventrally at inter-limb level into the bodywall. (c) In HH 28
MyoR expression in the cucullaris muscle extends to the base of the wing. (B, F) Tbx1
is expressed in a continuous domain from branchial arches to the occipital
somatopleure between HH 14 and HH 16. At these stages the expression of Tbx1
includes the presumptive cucullaris muscle anlage. (J, N) In HH 18 and HH 20 the
Tbx1 expressing territory expands and includes the ear anlage and a more caudal area
of cucullaris development. Expression is detected segmentally in a subset of somitic
cells. (R) With the exception of the ear anlage and the second branchial arch, the
expression of Tbx1 in the head and the branchial arches is detected in the core, but not
superficially in the ectoderm. (V) In HH 24 expression in the head is lost apart from
the expression in the second branchial arch. At the same stage, expression in the
cucullaris muscle anlage is observed along its entire extent from caudal to the ear to
beyond the wing. Except for the occipital somites, the gene is expressed in the ventral
domain of the myotomes along the length of the cucullaris muscle anlage. The heart
outflow tract expresses Tbx1. Faint expression is found in the limbs and the ear
anlage. (Z, d) Expression in the limbs increases. Neural crest opposite the occipital
somites shows prominent expression of Tbx1 in HH 26 and HH 28. (C) Capsulin
expression corresponds to the cucullaris muscle territory in HH 14. (G) In HH 16
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embryos, branchial arches close to the heart anlage and a find line in the lateral plate
mesoderm express the gene prominently. (K, O) In HH 18 and HH 20 the gene
expression is lost in the branchial arches. Capsulin expression caudal to the branchial
arches expands. (S) Expression is present in the heart and the body wall in HH 22.
(W, a) In HH 24 cucullaris expression is distinct and becomes even clearer in HH 26.
At the same stage the dorsal somite ridges express the gene. (e) Capsulin is most
clearly expressed in the cucullaris muscle in HH 28. (D) Pitx2 is expressed in the first
branchial arch and the prospective eye anlage in HH 14. (H) In HH 16 the first sign of
Pitx2 expression in the cucullaris muscle anlage is present. (L and P) Between HH 18
and HH 20 a fine stripe of expression is detected to extend superficially between the
hypaxial domain of the somites and the branchial arches. The somites express Pitx2 at
the same stage. (T) In HH 22 the gene is expressed throughout the inter-limb body
wall and expression in the somites expands to the dorso-medial domain. (X) The gene
is expressed in the limb and most prominently in the ventral domain of the occipital
somites in HH 24. The cucullaris muscle anlage distinctly expresses the transcription
factor in HH 26 (b) and HH 28 (f).
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Figure 9. Development of the accessory nerve in relation to the formation of the
cucullaris muscle.
(A) MyoR expression is detected in the first, second and third branchial arches in HH
12. (E, I) In HH 14 and 16 MyoR expression in the cucullaris muscle area is restricted
to a point-like domain in the occipital region. (M, Q) MyoR expression expands in HH
18 and HH 20 to the caudal branchial arches, the cucullaris anlage and to the limb. (U
and Y) MyoR expression in the cucullaris anlage expands in HH 22 and HH 24. (B)
Sox10 is expressed in the dorsal neural tube, the head mesoderm and the prospective
ear anlage in HH 12. (F) By HH 14 a population of Sox10 expressing cells extends
from the post-otic rhombomere level caudal towards the prospective branchial arch
area. Segmental expression in the anterior parts of occipital somites is detected. (J) In
HH 16 the ear placode and a more cranial domain extending towards the eye anlage
expresses Sox10. The area between the occipital somites and the branchial arches
expresses the transcription factor. (N, R) Between HH 18 and HH 20 expression in
the somites extends ventrally. First signs of ganglia are detected in the somitic
territory. In HH 18 embryos, segmental expression of Sox10 in cells traversing the
first five occipital somites lessens. (V) Sox10 expression is restricted to the neural
crest derived component of nerve tracts by HH 22. At limb level spinal nerves invade
the limb. At occipital level the characteristic arc of the accessory nerve has formed
exiting the neural tube at somite level 5 to extend cranially until it arcs ventrocaudally towards the branchial arch area. At the occipital neural tube level, ventrally
exiting nerves are represented by the hypoglossal axons. (Z) In HH 24 embryos,
Sox10 expression is expressed in the Schwann cells of cranial nerves. The expression
reflecting the accessory nerve reaching its target. The vagus nerve, which is for the
most part indistinguishable from the accessory nerve is detected to extend to the wing
area. (C) Expression of Seraf is detected only cranially to the otic anlage in HH 11
embryos. It is also expressed in the dorsal neural tube, the head mesoderm and the
prospective ear anlage. (G) Expression extends by HH 14 to the post-otic area. A
stream of cells expressing Seraf are present in the post-otic area extending towards the
caudal branchial arches. The dorsal part of the first 10 somites expresses the gene in
the same stage. (K) By HH 16 Seraf is expressed close to the occipital neural tube.
The gene is present in cells traversing the somites and in area of the circumpharyngeal
90

ridge. (O) Expression in all areas increases by HH 18 and extends dorsally along the
neural tube. (S) In HH 20 expression is present between the first 6 somites and the
neural tube, while it is lost adjacent to the more caudal neural tube. Distinct
expression in dorsal root ganglia is detected in the same stage. (W) In HH 22 Seraf
expression reflects that of motor nerve tracts. (a) In HH 24 Seraf expression is more
prominent around the cranial nerves, whereas expression is lost from the accessory
nerve roots. At limb level spinal nerves reaches further into the wing. (D and H)
Neurofilament is present in distinct domains of the neural tube and the heart in HH 12
and HH 14. During these stages the area caudal around the branchial arches expresses
neurofilament. The accessory nerve trajectories parallel the extension of the vagus
nerve into the periphery. (L) The nerves are seen to deviate from the medial axis in
HH 16. (P, T and X) Between HH 18 to HH 22 spinal nerves are formed and all
cranial nerves are readily identifiable. At the same stages the ascending part of the
accessory nerve is distinguishable. (b) In HH 24 axons are seen to exit the neural tube
as caudal as the 5th segment level to ascend along the dorsal neural tube and to loop
ventrally around the first somite and the ear placode then projecting towards an area
dorsal of the branchial arches.
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Figure 10. Genetic evidence for head origin of cucullaris muscle and its mammalian
homologues.
(A-d’) YFP expression controlled by Pax3Cre was used to identify Pax3 lineage cells
(red) and was compared to MyHC expression (green). Yellow arrows in a-d’ point at
the corresponding muscle fibres in the Pax3Cre:RosaSTOP/YFP image and the MyHC
image. (A) The sternocleidomastoid muscle at inner ear level (IE) shows muscle
fibres negative for the reporter gene. (a, a’) High magnification images show YFP
expression between the myofibres. (B, b,b’) The trapezius muscle at scapula level
(SC: scapula) displays a Pax3 negative developmental history. In contrast, connective
tissue between the myofibres is positive. (C, c, c’) The eye muscle is negative for a
Pax3 history in the myofibres but connective tissue is positive for the transcription
factor. (D, d, d’) Limb level (h: humerus) muscle fibres are positive for a
developmental history of Pax3, while the connective tissue is negative. (E-F)
Comparison of MyHC expression in wild-type and Pax3Sp/Sp:Myf5nlacZ/nlacZ at 13.75
dpc. (E) Wild-type shows a trapezius (arrow) at the level of the scapula (SC). (F)
Trapezius is present in Pax3Sp/Sp:Myf5nlacZ/nlacZ (arrow) at the level of the scapula (SC).
(G-H) MyoD expression in a wild-type and Tbx1-/- mouse embryos at 13.5dpc. (G)
wild-type shows acromio-trapezius and spino-trapezius (yellow arrows). (H) acromiotrapezius and spino-tapezius are absent in the Tbx1-/- embryo. (I) Section showing that
the Tbx1-/- lacks the trapezius muscle (arrow) at the level of the scapula (SC). (J) The
trapezius muscle (arrow) is labelled in 13.5dpc Isl1Cre/R26RLacZ mouse (scapula-SC).
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Figure 11. Cucullaris connective tissue is of neural crest origin.
(A) Sections through a 13dpc Wnt1Cre/R26RLacZ mouse. Due to the bending of the
embryo, the upper part of the section is through spinal column, whereas the lower part
is through the head. Dark brown areas mark the tissues derived from the Wnt1 neural
lineage. Most of the connective tissue in the head including the tongue is of neural
crest origin. In the trunk only the dorsal root ganglia and the connective tissue of the
trapezius muscle are derived from the neural lineage (arrow). (B) The magnified
picture of the trapezius area shows that the contribution of neural crest to the muscle
(arrow) adjacent to the scapula (SC). (C) Transplantation of quail neural tube opposite
somites 1-4 results chick embryo with coloured feathers at day 18. (D) Quail neural
tube originating cells located between the myofibres of the 8 day old chick. (E) After
neural tube transplantation opposite somites levels 1-2 in HH 9, a population of
transplant derived cells are found in the occipital somatopleure of the same level in
HH 12. (F) Transplantation of quail neural tube anterior to somite 1 showing lack of
donor cells in the cucullaris muscle in HH 30 (arrows). (G) Transplantation of quail
neural tube posterior to somite 4 showing lack of donor cells in the cucullaris muscle
in HH 30 (arrows). (H) Transplantation of quail neural tube opposite somites 1-4
results in cells dispersed in the cucullaris muscle but rarely around those expressing
-tubulin. (I) Transplantation of quail neural tube opposite somites 1-4 results in cells
closely associated with -tubulin expression in nerves and neural tube.
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Figure 12. Neural crest provides patterning information to cucullaris muscle and the
accessory nerve.
(A’) MyoD in situ-hybridisation of a HH 27 embryo after unilateral neural crest
removal and aluminium foil barrier implantation (*) adjacent to somites 1-3 in HH 9.
Cucullaris expression of MyoD is broader and reduced compared to the control side
(A, arrows). (A’’) Section through the cervical region of the embryo reveals
disorganised expression of MyoD in the cucullaris muscle (arrow).
(B’) Neurofilament expression in HH 22 embryo after dorsal neural tube ablation (red
arrowheads) adjacent to somite level 1-4. Accessory and hypoglossal axons are
disorganised on the manipulated side compared to the control side (B). Accessory
axons deviate from the main track and traverse the area of occipital somites.
Hypoglossal axons fail to fasciculate after crossing occipital somites (white
arrowheads). (C-D) Neurofilament expression of HH 22 embryo after implantation of
Noggin soaked beads (*) into the neural tube in HH 9. Accessory axons grow towards
the noggin bead. Hypoglossal axons fail to fasciculate (white arrowhead) in (D).
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Figure 13. Delayed expression of MyHC in the turtle cucullaris muscle.
(A-D) Normal stages 15 to 18 of turtle embryos. (A’, B’, A’’, A’’’) MyHC is detected
in the axial musculature in stage 15 and 16 and in the limbs and eye muscle in stage
15 (A’’, A’’’). (A’-B’) Notably, the cucullaris muscle does not express MyHC at
stage 15 or 16. (C’-D’) At Stage 17 and 18 MyHC is expressed in the axial muscles
and the cucullaris muscle (yellow arrows). MyHC is also expressed in the limb (C’’)
and the eye musculature (C’’’) at stage 17.
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6. Summary
To date all skeletal muscle of vertebrates were thought to originate from three
sources: somites, head mesoderm and splanchnic mesoderm. This study shows for the
first time that the somatopleure has myogenic capacity and gives rise to large muscles
located in the neck and thorax. The molecular and genetic analysis reveals that these
muscles not only have unique origin, but additionally display distinct temporal
development; forming later than any other muscle group described to date. Using a
combination of molecular profiling techniques and mutant mouse lines it is shown
that these muscles, found in the body of the animal develop like a head musculature
rather than deploying the programme used by the trunk muscles. In concordance with
this conclusion, experimental and genetic evidence demonstrate that their connective
tissue is neural crest in origin. Finally, evidence is provided that the mechanism by
which the neck muscle develops is conserved in vertebrates.
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Abstract

In vertebrates, body and neck musculature originate from somites, while head muscles originate
from the cranial mesoderm. We show for the first time that the somatopleure has myogenic
capacity and gives rise to large muscles located in the neck and thorax. We present molecular
and genetic evidence to show that these muscles not only have a unique origin, but additionally
display a distinct temporal development; forming later than any other muscle group described to
date. We further report that these muscles, found in the body of the animal develop like head
musculature rather than deploying the programme used by the trunk muscles. Using mouse
genetics we reveal that these muscles are formed in trunk muscle mutants but are absent in head
muscle mutants. In concordance with this conclusion, their connective tissue is neural crest in
origin. Finally, we provide evidence that the mechanism by which these neck muscles develop is
conserved in vertebrates.

Introduction

The innovation that permitted free movement of the head independent of the body is considered
to be a landmark adaptation in vertebrates facilitating predatory avoidance and prey capture. Free
movement of the head was achieved by the development of the neck. For this milestone to be
reached the body plan underwent two major modifications: firstly, anterior vertebrae reduced or
lost their ability to form ribs and secondly, new skeletal muscles developed that enabled turning
and bending motion of the head. The muscle that evolved to exert these movements is highly
conserved in jawed vertebrates and is called the cucullaris muscle (Kuratani, 2008). The
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mammalian homologue of the cucullaris muscle is divided dorso-ventrally into the larger
dorsally positioned trapezius and a comparatively smaller portion, the sternocleidomastoid
muscle (Williams, 1995).

The origin of the cucullaris muscle has been the subject of considerable debate (Krammer et al.,
1987). Origins as diverse as the branchial arches, somites and the lateral plate mesoderm have all
been proposed evidenced often on innervation. (Addens, 1933; Allis, 1897; Edgeworth, 1911;
Edgeworth, 1926; Favaro, 1903; Fuerbringer, 1897; Gegenbaur, 1898; Lewis, 1910; Luther and
Lubosch, 1938; Huang et al., 1997; Huang et al., 2000; Piekarski and Olsson, 2007; Noden and
Francis-West, 2006).

The head versus trunk origin of the cucullaris muscle will have considerable bearing on the
molecular mechanism used during its development. The origins of myogenic cells that form head
and trunk muscles differ greatly from each other, as do the source of their connective tissues.
Head muscles develop from unsegmented head mesoderm or the splanchnic mesoderm (Noden
and Francis-West, 2006; Nathan et al., 2008). Neural crest cells form the connective tissue of
these muscles (Noden and Trainor, 2005; Noden and Francis-West, 2006; Matsuoka et al., 2005).
In contrast, trunk muscles are derived from the somites and their connective tissue forms locally
or from lateral plate mesoderm (Christ et al., 1974; Christ et al., 1982).

All trunk muscles, including those of the neck and tongue, are thought to derive exclusively from
the paraxial mesoderm (somites), whereas head muscles have multiple origins such as the
prechordal, paraxial and splanchnic mesoderm, regions, which are all located anterior to the
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somites (Harel et al., 2009). Apart from differences of head and trunk muscle development on a
cellular level, recent publications document that they form according to distinct molecular
programmes (Tzahor et al., 2003; Nathan et al., 2008; Harel et al., 2009; Mootoosamy and
Dietrich, 2002; Sambasivan et al., 2009). Although the molecular end points of both myogenic
programmes are the same, culminating in the expression of muscle structural proteins they differ
significantly during their early phases of development. In the trunk, Pax3 is expressed in
proliferating progenitor cells and is downregulated as MyoD is upregulated (Amthor et al., 1999).
In contrast Pax3 is not expressed in head myogenic precursors, a role enacted by a suite of
transcription factors including Tbx1, MyoR, Pitx2, Isl1 and Capsulin (Hacker and Guthrie, 1998;
Mootoosamy and Dietrich, 2002; Harel et al., 2009; Sambasivan et al., 2009). The head and
trunk myogenic programmes also display distinct outcomes in response to individual signalling
molecules. For example, trunk myogenesis is promoted by the action of Wnt and Shh. In
contrast, Wnts and Shh have been shown to inhibit head myogensis. In the head, the repression
mediated by Wnt molecules (and other molecules) needs to be lifted in order for differentiation
to proceed, a process facilitated by the secretion of signalling molecule antagonists produced by
neural crest cells (Tzahor et al., 2003). In addition these cells provide the support tissue for the
muscle. The timing of muscle differentiation in the head is also distinct, taking place later than in
the trunk counterpart (Noden et al., 1999). Therefore profiling of genes and identifying the
nature of the connective tissues are likely to yield telling clues as to the character of a particular
myogenic programme.

In this study we report that the cucullaris muscle of birds and its mammalian homologues
develop into a neck muscle by deploying the head myogenic programme, a conclusion arrived at
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due to: 1) Its origin being non-somitic; 2) Its molecular profile being similar to that of other head
muscles; 3) Its connective tissue is derived from neural crest. Most significantly, our work has
discovered a new source of skeletal muscle - the somatopleure.

Results

1. Cucullaris muscle is derived from the somatopleure and not somites
The cucullaris muscle in birds has been previously reported to derive from somites (Huang et al.,
1997; Huang et al., 2000). In this study we homotopically transplanted, individually, the first 5
somites from HH 9 quail embryos (prior to neural crest migration) free of contaminating tissues
(facilitated through the use of Dispase I) into chick hosts and found that somitic contribution to
the cucullaris muscle was negligible (Fig. 1A-A’’). Transplantation of first and second somites
gave rise to a population of cells ventral to the cucullaris muscle anlage. The third, forth and fifth
somites contributed to the hypoglossus anlage (data not shown).
We hypothesised that results from previous studies reporting a somitic origin for this muscle
(Huang et al., 1997; Huang et al., 2000) could have been arisen due to contamination by lateral
tissue. To this end we transplanted quail somatopleure adjacent to the occipital somites 1-5 into a
chick host. In contrast to transplantation of somites, we found that quail somatopleure gave rise
to MyHC expressing cells in the cucullaris muscle (Fig. 1B-B’’). Importantly, the somatopleure
transplants did not give rise to any of the tissues that we showed to develop from the somites.
These findings allowed us to conclude that transplanted somatopleure tissue was free of somitic
contamination. These results show for the first time that the somatopleure has myogenic capacity
and is the origin of the cucullaris muscle.
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2. Temporal development of the cucullaris muscle indicates relatedness to head
musculature
Our work suggests that a relatively small population of cells adjacent to somite 1-5 gives rise to
the large cucullaris muscle. We made use of the superficial localisation of the muscle and lineage
tracing properties afforded by the ubiquitously expressing GFP chick line that allows
visualization of the transplanted cells in whole-mount to study the temporal development of this
anlage.
Firstly a detailed contribution of specific regions of the somatopleure to the cucullaris muscle
was determined by transplanting tissue adjacent to somites 1-2, 2-3 and 4-5. Transplants of
somatopleure lateral to somites 1-2 as well as 2-3 gave rise to all parts of the cucullaris muscle
identified through the expression of MyHC (Fig. 1C-i’’). In addition we detected a contribution
to 6 deeper muscle bands, to date not described in literature (Fig. 1D, h-h’’). A labelled deeper
band of muscle possibly representing part of the cucullaris cervicis muscle was also labelled
(Fig. 1i-i’’). In contrast, somatopleure adjacent to somites 4-5 failed to give rise to cells of the
cucullaris muscle but instead formed tissue anterior to the wing (Fig. 1E).
Next we determined the temporal expansion of the somatopleure lateral to somites 1-3.
Transplantations were performed at HH 9. Extension of the transplanted region was detectable
by HH 14 (Fig. 2A). By HH 20, the transplanted tissue had doubled its size to 6 somites in length
and had reached the base of the heart anlage (Fig. 2B). The transplanted GFP population lost its
compact character and reached, as a band, the anterior limb base by HH 26 (Fig. 2C). A
morphological form resembling the adult muscle was not realised until HH 30, when
transplanted tissue divided into a ventral and dorsal part just anterior to the wing base (Fig. 2 D).
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3. Late onset of muscle differentiation in the cucullaris muscle
Having established the temporal development of the cucullaris muscle we next determined the
timing of its differentiation. We started by investigating the appearance of desmin, a marker for
terminal muscle differentiation in the area of cucullaris muscle development. This protein is
robustly expressed in the somites and the heart anlage at HH 20 (Fig. 3I). At HH 26, expression
was also detected in the second and third branchial arch, but not in the cucullaris muscle anlage
(Fig. 3J). At HH 30, muscle differentiation was detected in a distinct muscle band representing
the cranio-ventral portion of the cucullaris muscle (Fig. 3L). Expression of MyHC was also
detected in the cucullaris muscle only after HH 30 in contrast to its prior expression in axial,
limb and head muscle (data not shown).
We next investigated MyoD expression as a marker for committed precursors and found that it
too was similarly delayed in the cucullaris muscle. Robust MyoD expression was detected in the
somites, the branchial arches and the limb by HH 24 (Fig. 3E). The first faint expression of
MyoD in the cucullaris muscle was detected at HH 26 (Fig. 3F). By HH 30 the MyoD expression
in this domain had elongated along the full extent of the neck, and broadened to cover its entire
lateral side (Fig. 3H). In summary, the onset of cucullaris muscle differentiation is initiated later
than in the somites, branchial arches and limbs.

4. The trunk myogenic programme is not employed in the formation of the cucullaris
muscle
As the cucullaris muscle develops adjacent to the somites and reaches far into the body, we
investigated the expression of Pax3, Pax7 and Myf5 as evidence for the involvement of the trunk
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myogenic programme during its formation. Pax3 was readily detectable in the dermomyotomes
(HH 14), limb muscle precursors (HH 20 onwards) and the hypoglossal cord (HH 20).
Importantly we never detected the expression of Pax3 in the cucullaris muscle up to HH 28
(Supplementary Figure 1). Likewise, Pax7 was not found during early cucullaris development
but was faintly expressed at HH 28 (Supplementary Figure 1I-L). Similarly, Myf5 expression
was initiated late in the cucullaris muscle (HH 26) compared to somites, branchial arches and the
limbs (Supplementary Figure 1C). The lack of the early specification markers Pax3, Pax7 and
Myf5 indicates that the cucullaris muscle develops out of phase with the trunk myogenic
programme.

5. Genes regulating head muscle formation are expressed in the cucullaris muscle
The late expression of differentiation markers and the absence of genes which are involved in
trunk myogenesis raised the possibility that the cucullaris muscle develops according to a head
muscle programme. MyoR, Tbx1 and Capsulin were used to mark early head muscle precursors.
In contrast to the lack of early trunk muscle markers, MyoR was expressed in a small spot-like
area of the cranial cucullaris muscle anlage at HH 14 (Fig. 2E). By HH 26 robust MyoR
expression in the superficial cucullaris muscle anlage was clearly evident (Fig. 2G) and mirrored
the lineage tracing profiles from the GFP experiments (Fig. 2C). At HH 30 MyoR expression in
the cucullaris muscle covered the entire lateral neck and reached into the back beyond the base of
the limb (Fig. 2H). The expression of Tbx1 was found to mark the cucullaris muscle from the
time of its early anlage to the fully formed muscle; initiated at HH 14 in a territory both of the
muscle cells and in a prospective caudal region (Fig. 2I). By HH 20 the expression of Tbx1 had
co-localised with the muscle cells (Fig. 2J). At HH 26 the Tbx1 expression mirrored the
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cucullaris muscle anlage (Fig. 2K). Capsulin was expressed in the area of cucullaris muscle
development at HH 14 (Fig. 2M). At HH 26 the gene was distinctly expressed in the cucullaris
muscle (Fig. 2O).
In summary head muscle related genes, such as MyoR, Tbx1 and Capsulin are expressed in the
cucullaris muscle from its earliest time of development.

6. Genetic evidence for a head origin of the cucullaris muscle
We have so far established that the cucullaris muscle is late to differentiate, reminiscent to head
rather than trunk musculature. Furthermore key genes (Pax3/7), which are normally expressed
during trunk muscle development, were not expressed during myogenesis of the cucullaris
muscle. To firmly establish the lack of the involvement of Pax3 in cucullaris muscle
development and homologise between birds and mammals, we examined Pax3Cre:RosaSTOP/YFP
mice. This line expresses Cre-recombinase under the endogenous Pax3 promotor, which
ultimately initiates YFP expression from a floxed Rosa allele. YFP fluorescence marks all cells
with a past or present history of Pax3 expression. Skeletal muscle in these mice was detected
using a MyHC antibody. MyHC+ sternocleidomastoid myofibers, as well as trapezius myofibers
were negative for YFP, while expression was detected between the myofibres (Fig. 4A and 4B,
respectively). Canonical trunk muscles showed YFP activity throughout the tissue (Fig. 4D),
while its activity was absent from myofibers in head muscles (Fig. 4C). These results confirm the
expression profiling data by providing genetic evidence that the cucullaris muscle develops in a
Pax3 independent manner. The independence of the cucullaris muscle group from the trunk
myogenic programme was established by examining myogenesis in the Pax3Sp/Sp:Myf5nlacZ/nlacZ.
This double knock-out lacks all trunk and limb muscles (Tajbakhsh et al., 1997). Remarkably,
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both the trapezius (Fig. 4F) and sternocleidomastoid (data not shown) were present in the double
mutant.

Our expression data suggest that the mechanism regulating the cucullaris homologues resembles
that of the head musculature. Recent work has shown that a subset of head muscles develop
through a programme requiring the transcription factor Isl1 (Nathan et al., 2008). We
investigated whether the trapezius and the sternocleidomastoid muscles had a developmental
history for the expression of this gene. We were able to show indeed that both the trapezius and
the sternocleidomastoid muscles expressed this transcription factor (Supplementary Figure 2A,
A’). Furthermore we examined the Tbx1-/- mice that have previously been shown to be severely
deficient in head muscles (Kelly et al., 2004). Examination of the trunk of these animals revealed
the absence of both the trapezius and sternocleidomastoid muscles (Supplementary Figure 2
confirming the results of Kelly et al. (2004).
In conclusion, these results suggest that the cucullaris muscle develops according to the head and
not the trunk myogenic programme.

7. Neural crest transplantation indicates that neural crest gives rise to cucullaris muscle
connective tissue
The cucullaris muscle did not express Pax3 during its development and its mammalian
homologues were shown to be negative for a history of Pax3 expression. However we found
Pax3 lineage derived expression in between the myofibers, indicating a somitic or neural crest
derived connective tissue. Connective tissue of head muscles is known to be derived from neural
crest, while connective tissue of trunk muscles is derived from local mesoderm (Noden and
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Trainor, 2005; Noden and Francis-West, 2006; Matsuoka et al., 2005). To determine whether
neural crest contributes to connective tissue of the cucullaris muscle homologues in mammals,
we investigated Wnt1Cre/R26RLacZ mice. This reporter line marks neural crest cells, but is not
expressed in somite derived cells (Jiang et al., 2000). Sections of 13.5 dpc mice showed that the
connective tissue of the trapezius muscle is derived from the Wnt1 lineage, indicating that it is
neural crest origin (Fig. 4G-H).
We established the origin of the connective tissue for the cucullaris muscle by homotopically
transplanting quail dorsal neural tube at the level of somites 1-3 into chick hosts.
Immunohistochemistry on day 8 chimeras showed that cells expressing the nuclear antigen
QCPN were found between MyHC+ myofibres (Fig. 4I).
We conclude that neural crest cells contribute to the connective tissue of cucullaris muscle and
its mammalian homologues.

8. Conserved mechanism for cucullaris muscle development
The cucullaris muscle is a highly conserved muscle in higher vertebrates. We have shown that it
not only has a unique origin but also develops very late compared to all other muscle groups. To
determine whether the latter feature is conserved in vertebrates, we explored the temporal
development of the cucullaris muscle in the turtle. At stage 15 we found differentiated muscle in
the head, trunk and limb. Significantly at this stage, the cucullaris muscle did not express MyHC
(Fig. 5 A-A’).

In contrast the cucullaris muscle was clearly evident at stage 17 (Fig. 5 B-B’).

We conclude that the differentiation of the turtle cucullaris muscle is delayed compared to that of
head and trunk muscles, a situation similar to that in birds.
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Discussion

1. The somatopleure has myogenic properties
In this study we have shown for the first time that the somatopleure has myogenic properties and
is the source of the cucullaris muscle. We postulate that the occipital somatopleure in contrast to
other regions possesses the unique property to form skeletal muscle. The cucullaris muscle and
its mammalian homologues extend from the neck reaching far into the trunk. In the chicke this
muscle fails to express genes associated with the trunk myogenic programme, differentiates late
during embryogenesis, and has connective tissue originating from the neural crest. These
findings led us to propose that the cucullaris muscle development is regulated according to the
head myogenic programme.

Although the origin of the cucullaris muscle and its mammalian homologues - the trapezius and
the sternocleidomastoid muscle - have been the subject of much debate over the past 100 years,
the contemporary opinion holds that it develops from the occipital somites (Huang et al., 1997;
Huang et al., 2000). Our study settles this debate by showing that the cucullaris muscle actually
develops from the somatopleure, a region of the embryo that was thought to possess no
myogenic potential. The caudal myogenic boundary within this tissue lies at the level of somite 3
since transplantation of somatopleure adjacent to somites 4-5 failed to give rise to the muscle.
Transplantation of a smaller portion of the contributing somatopleure gave rise to myogenic
tissue along the entire length of the cucullaris muscle suggesting that there is little if any
anterior-posterior compartmentalisation.
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Our results show for the first time that the occipital somatopleure has the unique potential to
form skeletal muscle. As intriguingly, our work shows also that this region of the embryo forms
predominantly skeletal muscle. This finding raises the issue of how the cucullaris somatopleure
gained myogenic capacity. The paraxial mesoderm of the trunk is initially segmented as
epithelial somites, and contrasts the mesenchymal organisation of both the lateral plate and head
mesoderm (Christ and Ordahl, 1995). Indeed the head mesoderm and the lateral plate are
continuous, and this observation could be incorporated into one of two simple models to explain
the myogenic origin of the cucullaris muscle. One possibilty is that cells of the head mesoderm
spread caudally into the area lateral to the first three somites. Alternatively, the occipital
somatopleure could adopt the molecular myogenic programme due to caudal shift of the head
myogenic programme. Boundary shifts resulting in the acquisition of novel tissue characteristics
are common within the animal kingdom. For instance, in snakes a cranial shift of the trunk
molecular boundary has been proposed to result in the loss of forelimbs and a development of
ribs in the cervical region (Cohn and Tickle, 1999).

Connective tissue is either derived locally from the mesoderm (for trunk muscles) or from the
lateral plate mesoderm (for limb muscles) (Christ et al., 1974; Christ et al., 1982). In contrast, all
head muscle connective tissue originates from the neural crest (Noden and Trainor, 2005; Noden
and Francis-West, 2006; Matsuoka et al., 2005). In this study we found that the connective tissue
of the cucullaris muscle group of both birds and mammals originates from the neuroectoderm.
Summarising the data regarding the origin of the myogenic and connective tissue components of
the cucullaris muscle we show that the head muscle programme is far more extensively deployed
than previously thought.
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2. Cucullaris progenitor proliferation is not controlled by Pax3/7, but by genes expressed
during head progenitor proliferation
Our lineage tracing studies in chicks showed that the somatopleure movement starts at HH 14,
but that myogenic differentiation is not initiated until HH 26. We considered that the intervening
period may be required to generate the number of cells needed to form a large muscle like the
cucullaris muscle. In the trunk, proliferation is mainly driven by Pax3 and Pax7 while
suppressing differentiation (Amthor et al., 1999; Amthor et al., 1998). However neither of these
genes was expressed in the developing cucullaris muscle. Our molecular analysis was confirmed
using a genetic approach in mice through the deployment of the Pax3Cre:RosaSTOP/YFP and the
Pax3Sp/Sp:Myf5nlacZ/nlacZ lines (Engleka et al., 2005). We found that myoblasts of the trapezius and
sternocleidomastoid muscles were negative for a recent or past history for Pax3 expression.
These results are in keeping with our lineage tracing experiments involving somite
tramsplantations. Indeed these results offer a mechanistic explanation of the presence of the large
muscles found in the forelimb region of the Pax3Sp/Sp:Myf5nlacZ/nlacZ (see Figure 2H in (Tajbakhsh
et al., 1997). We show that the trapezius and sternocleidomastoid muscles (which develop
through a head myogenic programme) are present in the Pax3Sp/Sp:Myf5nlacZ/nlacZ, which lacks all
trunk and limb muscles. This is concordant with our findings that connective tissue between the
myofibers was positive and derived from the Pax3 neural lineage, confirming our previous result
of the neural crest lineage tracing in the chick.

In contrast to finding that the trunk precursor cell markers are not expressed in the cucullaris
muscle at the time of proliferation, we found that genes thought to carry out a similar role in the
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head such as MyoR, Tbx1 and Capsulin were robustly expressed throughout the development of
the muscle (Bothe and Dietrich, 2006). Furthermore the expression of the head precursor
markers matches the movement of the cucullaris anlage as shown in the temporal lineage tracing
studies. The role of the head muscle programme in the development of neck muscles was
confirmed by examining the trunk of Tbx1-/- mice. These animals failed to form either the
trapezius or the sternocleidomastoid muscle (see Supplementary Figure 2) confirming and
extending the results of Kelly et al. (Kelly et al., 2004). In addition we found that the trapezius
also displayed a molecular history for the expression of Isl1, a gene recently implicated in the
ontogeny of specific head muscles (see Supplementary Figure 2; Nathan et al., 2008). We
concluded that the cucullaris muscle and its mammalian homologues use the same myogenic
programme as that employed in the formation of head musculature.

3. Cucullaris muscle extension into the trunk might be necessary to maintain a phase of
progenitor proliferation
An intriguing feature of the cucullaris muscle and its mammalian homologues is that it is derived
from a small area lateral to the first 3 somites, yet eventually it extends over 14 segments, a
process that is not completed until relatively late during embryogenesis (day 8 in chick). By this
stage all other major muscle groups (axial, branchial arch and limb muscles) are at an advanced
stage of differentiation. This delay in differentiation was found to be evolutionarily conserved
since we show that the cucullaris of turtles also differentiates after axial, head and limb muscles.

During cucullaris muscle development an extended period of time for proliferation may be
required to generate an adequate number of cells to form the muscle. This phase of proliferation
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may be especially important for cucullaris muscle development, since the muscle starts off from
a small population of mesenchymal cells that reside under the occipital ectoderm.

In this study we found that the cucullaris muscle displays the exceptional property of employing
the head myogenic programme despite the fact that a considerable part of the muscle lies within
the trunk territory. The development of the cucullaris muscle at the transition of the head trunk
territory has an interesting consequence for its differentiation. The development of muscles in the
trunk and head differ in that they show quite different responses to the same environmental cues.
For example, muscle development is supported in the trunk by either Wnt or Shh. However the
same signalling molecule suppresses head muscle development (Tzahor et al., 2003). Release of
the myogenic suppression in the head has been shown to be due to the production of signalling
protein antagonists secreted by the cranial neural crest. Assimilating the results generated in the
present study in consideration of the differences apparent in the regulation of head versus trunk
myogenic programmes we propose the following scenario for the development of the cucullaris
muscle: Wnts from the occipital neural tube and ectoderm suppress myogenesis of cells residing
in the occipital somatopleure. Under this influence they proliferate and express Tbx1, MyoR and
Capsulin. As the pool of cucullaris progenitors expands it extends caudally into the trunk. Here
the cucullaris precursors are in close proximity with progenitor cells of trunk musculature.
However these two myogenic populations respond differentially when exposed to influential
signalling cues. In the presence of Wnts, the trunk precursors initiate differentiation whereas the
cucullaris precursors respond by proliferating. Again similar to the situation in the head, we
suggest that the key to initiating differentiation is to antagonise the action of the environmental
signalling molecules and that this action could be executed by the neural crest.
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4. Evolution of the cucullaris muscle
An evolutionary explanation of how the cucullaris muscle was transformed from a relatively
short muscle (in sharks) into an entity stretching into the trunk still remains unknown. The short
cucullaris muscle in the shark moves the gill arches, but also attaches to the pectoral girdle. Their
ancestral crossopterygian relatives, such as the Eusthenopteron and Sauropterus, possessed a
neckgirdle, which linked the pectoral girdle to the base of the skull. The neckgirdle was dermal
in origin and consisted of four membranous bones (posttemporal, supracleithrum, cleithrum and
clavicle) (DePalma, 2008). During evolution, the size of the neckgirdle components was reduced
or lost and the skull became free of its attachments to the pectoral girdle. The advantage for
animals with this modification was increased mobility of the head, however at the cost of a
destabilized head. We suggest that in the absence of the neck girdle, the cucullaris muscle
expanded caudally, a feature seen during its development in birds, to provide both stability for
the head (similar to that played by postural muscles) while permitting mobility. The unique
developmental origin of this muscle will be valuable in order to identify its precise homologues
in lower vertebrates, a prerequesite towards gaining a fuller understanding into the evolution of
the neck (Kuratani, 2008).

Experimental procedures

Preparation of embryos
All experiments were performed on Gallus gallus domesticus chicken embryos unless stated
otherwise. Lineage tracing experiments were performed with either quail (Coturnix coturnix
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japonica) or transgenic chick embryos expressing GFP cytoplasmatically under control of the
beta-actin promotor (Dr. H. Sang, Roslin Institute). Eggs were incubated at 38 ºC and 80%
humidity.

Grafting procedure
Donor material was prepared using the Chapman easy culture method to isolate embryos from
the eggshell (Chapman et al., 2001). The grafting was performed according to a modified
protocol of Huang et al. 1997 (Huang et al., 1997), but with the omission of subendodermal ink
injection. Somites were prepared for isolation by a brief incubation in Dispase I (Sigma, 1U/ml).
For somatopleure transplantation, a 1.5 somite-wide strip of somatopleure from GFP+ embryos
was transplanted homotopically into the wildtype hosts.

Immunohistochemistry
Paraffin embedded tissue for myosin heavy chain (MyHC) expression (antibody MF20,
Developmental Studies Hybridoma Bank- DSHB) was subjected to antigen retrieval by boiling
in citrate buffer (0.1M, pH 6) for 10 minutes. Non-specific binding was blocked in 10% Foetal
Calf Serum (FCS).
Quail/chick chimeras were fixed overnight in Serra’s fixative (10% acetic acid, 30%
formaldehyde, 60% ethanol) the grafted material was detected in sections using QCPN antibody
(DSHB), which was visualised with anti-mouse AP antibody. Sections were counterstaining with
Kernechtrot (0.1% Kernechtrot in 5% Aluminium sulphate solution).
Chimeras after somatopleure transplantation were fixed in 4% PFA/PBS and processed in
paraffin. The sections (10 µm) were incubated with QCPN and MF20 and were detected with
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subtype

specific

(IgG1

or

IgG2b)

goat-anti-mouse

DyLight

antibodies

(JacksonImmunoResearch). Paraffin sections (10 µm) of GFP/WT chimeras, fixed for 2 hours in
4% PFA/PBS, were subjected to immunohistochemistry using MF20, and the anti-GFP rabbit
polyclonal antibody (Torrey Pines Biolabs) and detected using anti-mouse IgG 594 and goat-anti
rabbit 488 antibodies (JacksonImmunoResearch).
Pax3Cre:RosaSTOP/YFP embryos were harvested at 15.5 dpc, fixed in 4% PFA/PBS for 2 hours and
processed for paraffin sectioning (7 µm). Immunohistochemistry was performed using MF20 and
biotinylated anti-GFP antibody (Abcam, UK). Secondary detection was performed using goatanti-mouse IgG 488 and streptavidin 594 antibodies (JacksonImmunoResearch).
Pax3Sp/Sp:Myf5nlacZ/nlacZ embryos were harvested at 13.75 dpc, fixed for 1 hour in 4% PFA/PBS
and then kept in 1%PFA until processing for paraffin sectioning (7 µm). MF20 antibodies was
used for primary detection. Secondary antibody conjugated with horseradish peroxidase (1:200,
Sigma) was applied for 1.5 hours at room temperature. The immunoreaction was visualized by
chromogenic reaction with DAB. Sections were counterstained with haematoxylin.
Wnt1Cre/R26RLacZ embryos were harvested 13.5 dpc and processed as described in (Valasek et
al., 2010). Turtle (Trachemys scripta) embryos were fixed in 4%PFA/PBS, processed for
paraffin sectioning (10µm) and subjected to MyHC immunohistochemistry using MF20 and antimouse IgG 594 (JacksonImmunoResearch). Images were captured using a Zeiss fluorescence
microscope.

Whole mount in-situ hybridisation
Whole mount in situ hybridisation was performed according to Nieto et al. (Nieto et al., 1996).
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Figure Legends

Figure 1 Cucullaris Muscle develops from occipital somatopleure and not the somites.

(A) Schematic representation of homotopic somite graft at HH 9. (A’A’’) Homotopic
transplantation of quail somite 1 into chick host at HH 9 and processed at day 8. (A’) Low
magnification image shows cucullaris free of quail cells (QCPN+-red arrows). (A’’) High
magnification of somite 1 transplantation and the absence of quail cells (blue arrowheads) in the
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cucullaris muscle (red arrows). (B) Schematic representation of homotopic somatopleure graft at
HH 9. (B’) Homotopic transplantation of somatopleure at somite level 1-3 into chick host at HH
9 and processed at day 8 at low magnification image shows QCPN+ - only in the cucullaris (red
arrows) and not in axial muscles (blue arrows). (B’’) High magnification image shows QCPN+ tightly associated with MyHC+ fibers within the cucullaris muscle (green arrowheads), but
absent in the surrounding connective tissue. (C-i’’) Homotopical transplantation of GFP chick
somatopleure into a wildtype host were all performed at HH 9 and analysed at day 7-8. (C)
Somatopleure adjacent to somites 1-2 labels the whole cucullaris muscle. (D) Somatopleure
adjacent to somites 2-3 labels the whole cucullaris muscle as well as 6 muscle bands (red
arrowheads). (E) Somatopleure adjacent to somites 4-5 gives rise to cells anterior to the forelimb
base, but does not label the cucullaris muscle. (f-i’’) Detailed analysis of myogenic capacity of
occipital somatopleure adjacent to somites 2-3 at levels shown in (D) - yellow arrows. (f-i) GFP
transplanted tissue. (f’-i’) MyHC expression. (f’’-i’’) Overlay of GFP transplanted tissue and
MyHC expression. (f-f’’) The cucullaris muscle originates lateral to the ear anlage as a compact
short muscle band (yellow arrowheads). (g-g’’) The cucullaris muscle at upper neck level
(yellow arrowheads). (h-h’’) The cucullaris capitis muscle is present directly under the skin
(yellow arrowheads). 3 of the 6 deeper muscle bands are also visible (red arrowheads). (i-i’’) At
limb level a part of the cucullaris muscle lies in between two muscle sheets (yellow arrowheads).

Figure 2 Temporal development of the cucullaris muscle and its association with head muscle
gene expression
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(A-D) Homotopic transplantation of chick GFP somatopleure adjacent to somites 1-3 into a
wildtype host at HH 9. Embryos were analysed at times indicated. Red arrows mark the
cucullaris muscle. (A) By HH 14 the transplant shows a caudally directed extension. (B) At HH
20 the cucullaris somatopleure transplant extends to the heart. (C) By HH 26 the transplant loses
its compact character and reaches the base of the wing. (D) By HH 30 the GFP somatopleure
resembles the adult muscle and splits into a dorsal and ventral part anterior of the wing base. (EP) Temporal expression of genes expressed during early head myogenesis: MyoR (E-H), Tbx1 (IL) and Capsulin (M-P). Yellow arrows indicate expression in the area of cucullaris muscle
development. (E-F) At HH 14 MyoR expression in the cucullaris muscle area is restricted to a
point-like expression within the occipital lateral plate which expands slightly caudally by HH 20.
(G) At HH 26 MyoR expression is distinctly expressed in the cucullaris muscle and resembles the
GFP transplant profile in (C). (H) MyoR expression extends to the base of the wing. (I) Tbx1 is
expressed in a continuous domain from branchial arches to the occipital somatopleure at HH 14.
(J) At HH 20 the Tbx1 expressing territory expands and includes the area of cucullaris
development. (K-L) Between HH 26 and HH 30 Tbx1 expression shows distinct expression
mirroring the cucullaris muscle anlage. (M-N) Capsulin expression corresponds to the cucullaris
muscle territory in HH 14 and HH 20 and is expressed in the muscle during the following stages
to HH 28 (O-P).

Figure 3 Delayed myogenic differentiation characteristics of the cucullaris muscle

Yellow arrows mark the cucullaris muscle anlage. (A-D) MyoR expression in the cucullaris
muscle is used as a reference. (A) MyoR is expressed in the branchial arches and the cranial area
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of cucullaris muscle development in HH 24. (B) Distinct expression in the cucullaris muscle
anlage extends caudally towards the base of the wing at HH 26. (C) MyoR expression has
reached the wing base at HH 28. (D) MyoR is expressed along the entire length of the cucullaris
muscle from just caudal to the ear anlage beyond the limb at HH 30. (E) MyoD is expressed in
the branchial arches, the somites and the limbs, but is not detected in the cucullaris muscle area
in HH 24. (F) MyoD is expressed in the cucullaris muscle anlagen at HH 26 and reaches the
forelimb at HH 26. (G) MyoD expression in the cucullaris muscle is upregulated at HH 28. (H)
Expression of MyoD is present throughout the muscle and covers the lateral neck at HH 30. (I-J)
Desmin is expressed in the somites and the heart anlage in HH 24 and 26 and in the branchial
arches in HH 26, but is not present in the cucullaris muscle anlage. (K) Faint expression in the
cucullaris muscle anlage is observed at HH 28 in the ventral portion of the muscle. (L) Robust
expression is detected at the cranial portion of the muscle at HH 30.

Figure 4 Mammalian trapezius and sternocleidomastoid muscles development is Pax3
independent and its connective tissue is derived from neural crest

(A-d’) YFP expression controlled by Pax3Cre was used to identify Pax3 linage cells (red) and
was compared to MyHC expression (green). Yellow arrows in a-d’ point at the corresponding
muscle fibers in the Pax3Cre:RosaSTOP/YFP image and the MyHC image. (A) The
sternocleidomastoid muscle at inner ear level (IE) shows muscle fibers negative for the reporter
gene. (a, a’) High magnification images show YFP expression between the myofibers but not in
muscle (yellow arrow). (B-b’) The trapezius muscle at scapula level (SC: scapula) displays a
Pax3 negative developmental history (yellow arrow). In contrast, connective tissue between the
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myofibers is positive. (C, c, c’) The eye muscle is negative for a Pax3 history (yellow arrow) in
the myofibers but connective tissue is positive for the transcription factor. (D, d, d’) Limb level
(h: humerus) muscle fibers are positive for a developmental history of Pax3 (yellow arrows),
while the connective tissue is negative. (E-F) Comparison of MyHC expression in wildtype and
Pax3Sp/Sp:Myf5nlacZ/nlacZ at 13.75 dpc. (E) Wildtype shows a trapezius (arrow) at the level of the
scapula (SC). (F) Trapezius is present in Pax3Sp/Sp:Myf5nlacZ/nlacZ (arrow) at the level of the
scapula (SC). (G-H) Wnt1Cre/R26RLacZ mice were analysed for a contribution of neural crest to
the cucullaris muscle homologues at 13.5 dpc. (G) Robust Cre activity was detected throughout
head tissues. (H) Strong Cre activity is present in the trapezius muscle (black arrows) at scapula
level (SC). (I) Chick/quail chimera of neural tube transplant at somite level 1-3. Cells of quail
origin are located throughout the cucullaris connective tissue.

Figure 5 Conserved mechanism of cucullaris development in the turtle

MyHC expression in the turtle at stages 15 and 17. Yellow arrows point at the cucullaris muscle.
Whole mounts (A-B) and sections (A’-B’) show MyHC expression (red) and the nuclear stain
DAPI (blue). (A’) At stage 15 differentiated axial muscles are present but the cucullaris is not
detected. (B’) The cucullaris muscle expresses MyHC at stage 17.

Supplementary Figure 1

Expression of trunk muscle progenitor genes during cucullaris muscle development.
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(A-D) Myf5 expression is not present in cucullaris muscle anlagen until HH 26 (yellow arrow).
(E-H) Pax3 is never detected in cucullaris muscle anlagen. (I-L) Pax7 expression is detected in
the cucullaris muscle only at HH 28.

Supplementary Figure 2

The involvement of head muscle associated genes in the development of the trapezius. (A) Both
the cranial and the caudal part of the trapezius muscle are labelled in the Isl1Cre;R26R mouse.
Arrows indicate AT: acromio-trapezius; SP: spino-trapezius. (A’) In sections of the Isl1Cre;R26R
mouse the trapezius muscle overlying the scapula (SC: scapula) shows beta-galactosidase
activity (arrow). (B) The entire trapezius muscle is absent in the Tbx1-/- (arrow). The surrounding
trunk musculature is unaffected. (B’) Section showing absence of the trapezius muscle overlying
the scapula (SC: scapula) in the Tbx1-/- animals (arrow).

Appendix 2: Somitic origin of the medial border of the
mammalian scapula and its homology to the avian scapula blade
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Abstract
The scapula is the main skeletal element of the pectoral girdle allowing muscular fixation of the forelimb to the
axial skeleton. The vertebrate limb skeleton has traditionally been considered to develop from the lateral plate
mesoderm, whereas the musculature originates from the axial somites. However, in birds, the scapular blade has
been shown to develop from the somites. We investigated whether a somitic contribution was also present in
the mammalian scapula. Using genetic lineage-tracing techniques, we show that the medial border of the mammalian scapula develops from somitic cells. The medial scapula border serves as the attachment site of girdle
muscles (serratus anterior, rhomboidei and levator scapulae). We show that the development of these muscles is
independent of the mechanism that controls the formation of all other limb muscles. We suggest that these muscles be specifically referred to as medial girdle muscles. Our results establish the avian scapular blade and medial
border of the mammalian scapula as homologous structures as they share the same developmental origin.
Key words avian; embryo; mouse; Pax3; scapula medial border; somite; Wnt1.

Introduction
The pectoral girdle, which in humans is composed of the
scapula (shoulder blade) and clavicle (collar bone), attaches
the upper limb to the body. The clavicle connects the upper
limb to the sternum (breast bone) by a joint, whereas the
scapula is attached to the thoracic cage only by skeletal
muscles. This organization allows the shoulder girdle a
great degree of mobility especially in comparison to the
pelvic girdle. In some mammalian species (including the
horse and dog), the pectoral girdle lacks the clavicle and
therefore there are no joints between the upper limb and
thorax. The forelimbs of such species are thus stabilized
solely by scapular muscles, an arrangement that is termed
synsarcosis. The mammalian scapula is a large triangular flat
bone that lies over the dorsolateral region of the thorax.
The medial ⁄ vertebral border of the human scapula is the
longest of the three borders and serves as the insertion

Correspondence
Petr Valasek, School of Biological Sciences, University of Reading,
Reading, UK. E: valasekpetr@hotmail.com
Accepted for publication 9 December 2009

point for four muscles connecting the scapula to the axial
skeleton: one connects it to the costal surface (serratus
anterior) and three to the medial ⁄ cranial aspect (major and
minor rhomboids, and levator scapulae).
The scapula is of great importance in an evolutionary
context not only within the class Mammalia but also for all
tetrapods. Its morphology in non-mammalian animals varies
considerably (Romer & Parsons, 1986, page 204). For example, in birds, rather than being triangular, the scapula is a
long slender bone. There is considerable debate regarding
the ontogeny of the scapula as it is traditionally held that
all axial ⁄ trunk skeleton develops from the somites, whereas
limb and limb girdle skeleton originates from lateral plate
mesoderm (Chevallier, 1977; Christ & Ordahl, 1995). However, our work (Huang et al. 2000) has shown that this is
only partially true for the avian scapula. Using lineage-tracing methods, we have demonstrated that only the head
and collum of the avian scapula develop from lateral plate
mesoderm. The major part of the avian scapula (the blade)
develops from the axial somites. Most remarkably, we were
able to show that the blade develops from the dermamyotomal portion of the somite – a compartment that had previously been shown to give rise only to the skeletal muscle
and dermis (Christ & Ordahl, 1995). Despite the differences
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in shape of the avian and mammalian scapulae, we could
propose that the blade of the avian scapula and the medial
border of the mammalian scapula are homologous structures, based on their muscle attachments. However, for a
true homology to be established, the same developmental
processes need to be shared during ontogeny.
Unlike the developing chick embryo, the mouse embryo
is not readily amenable to traditional lineage-tracing protocols and only the advent of molecular biology and transgenesis permits us to study fate maps and therefore the
developmental origin of tissues. In this study we have used
Pax3-Cre (Engleka et al. 2005), a genetic manipulation that
allows us to follow the distribution of all cells that are
expressing or have ever expressed Pax3, a gene found in
the dermamyotomal compartment of the somite. We have
previously shown (Huang et al. 2000) that the dorsolateral
portion of the chick dermamyotome undergoes a molecular
and cellular transition in the scapula-forming region. Cells
expressing Pax3 in the epithelial layer of the dermamyotome switch off this gene and break away to become mesenchymal in organization and reside under the ectoderm.
Simultaneously they initiate the expression of Pax1 as a prelude to the cartilage differentiation programme. Pax3 is,
however, also expressed in the dorsal neural tube and the
neural crest during embryogenesis. We therefore also utilized Wnt1-Cre, which marks the neural crest derivatives
(Jiang et al. 2000; Matsuoka et al. 2005). Subtraction of the
Pax3 and Wnt1 lineage derivatives thus allows us to identify
tissues that are of somitic origin in the mouse model.
Using this model we show that the medial border of the
mammalian scapula develops from somitic cells. Moreover,
our fate map studies establish that the avian scapula blade
and the medial border of the mammalian scapula are
homologous structures.

Materials and methods
Production of transgenic embryos Pax3-Cre, Wnt1Cre and met-null
The following mice were crossed: (i) Pax3-Cre (Engleka et al.
2005) with R26R-stop-YFP yellow fluorescent protein (Srinivas
et al. 2001), (ii) Wnt1-Cre (Danielian et al. 1998) with R26RLacZ
(Soriano, 1999) and (iii) met-null (Valasek et al. 2005). All animal
experiments were approved by the local animal ethical committees (Weizmann Institue of Science, Rehovot; Charles University,
Prague; Developmental Biology Institute of Marseille-Luminy).

Processing of embryos

citrate, pH 6.0. Following blocking with 10% goat serum in PBS,
anti-GreenFluorescentProtein-biotin (Abcam, ab6658, 1 : 50) was
used overnight. Streptavidin-AlexaFluor 594 (Invitrogen S-11227,
1 : 200) mediated visualization.
The Wnt1-Cre ⁄ R26RLacZ embryos were harvested at 13.5 dpc,
fixed for 3 h in 4% PFA in PBS, washed in PBS, cryopreserved with
sucrose and embedded in O.C.T. compound (Sakura Finetek USA
Inc., CA, USA). Sections (7 lm) were washed in PBS, endogenous
peroxidase was blocked by 0.6% H2O2 in PBS for 30 min and
non-specific antibody binding was blocked by 10% normal goat
serum in PBS for 1 h. Rabbit polyclonal anti-beta-galactosidase
antibody (1 : 800, kindly provided by Dr Joshua Sanes, Harvard
University, Cambridge, MA, USA) was used overnight at 4 !C. Secondary goat anti-rabbit antibody conjugated with horseradish
peroxidase (1 : 200, Sigma) was applied for 1.5 h at 22 !C. The
immunoreaction was visualized by chromogenic reaction with
diaminobenzidine (DAB; Vector Laboratories, Burlingame, CA,
USA). Sections were counterstained with haematoxylin.
The Met-null and wild-type 15.0 dpc embryos were cryoembedded, sectioned transversally at 16 lm, rehydrated in PBS,
fixed in 4% PFA ⁄ PBS for 3 min, rinsed in PBS and preblocked in
10% heat-inactivated goat serum in PBS. Sections were incubated for 2 h with biotinylated mouse monoclonal antibody
against myosin heavy chain (DSHB A41025, 1 : 1000), which was
developed with ABC streptavidin ⁄ peroxidase kit and DAB staining (Vector Laboratories). Sections were counterstained with
haematoxylin and alcian blue (0.5% in 0.5% glacial acetic acid).

Skeletal staining
One 4-week-old mouse was killed, skinned, eviscerated, fixed in
95% ethanol and stained with 0.03% alcian blue and 0.01%
alizarin red in 1% glacial acetic acid and 95% ethanol. Clearing
was performed in 1% KOH for 5 days followed by increasing
concentrations of glycerol and finally stored in 100% glycerol.
An 8-month-old mouse scapula was dissected, fixed in 4%
PFA ⁄ PBS and stained for 2 h in alcian blue ⁄ glacial acetic acid
(0.5% ⁄ 0.5%) in water. Alternatively, an 8-month-old hemi-thorax
was fixed for 2 h in 4% PFA ⁄ PBS, rinsed in water, decalcified for
4 days in 4% formic ⁄ 4% hydrochloric (orig. 35%) acids, rinsed in
water, cryoembedded in TissueTek (Leica), cut at 15 lm and
stained with alcian blue ⁄ acetic acid (0.5% ⁄ 0.5%) for 10 min and
eosin for 10 s. Dehydration was followed by mounting.

Anatomical terminology and photography
Anatomical terms were used according to Greene (1935). Photographs were taken on a stereomicroscope Nikon SMZ1500 with
a digital camera Nikon Coolpix E990. Photographs of sections
were taken on a Zeiss Axioskop 2 with AxioCam and an Olympus BX51 microscope with an Olympus DP71 camera. Image processing was carried out using Adobe Photoshop 5.0LE.

Results

The Pax3-Cre ⁄ R26RYFP embryos [15.5 days post coitum (dpc)]
were harvested, fixed overnight in 4% paraformaldehyde (PFA),
washed in phosphate-buffered saline (PBS) and gradually transferred and stored in 70% ethanol. Ethanol, xylene and paraplast
were used for paraffin embedding (1 h per step). Sections
(10 lm) on polylysine slides were boiled for 10 min in 10 mM

Medial border of the mammalian scapula develops
from a Pax3-expressing cell population
To follow all cells that had ever expressed Pax3, we crossed
Pax3-Cre with Rosa-YFP reporter mouse lines and examined
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Fig. 1 Somitic derivatives in the shoulder region. (A) Sectioning planes in B–E through a scheme of the scapula. (B) Transverse cryosection of the
shoulder region of a 13.5 dpc Wnt1-Cre ⁄ R26R-LacZ mouse embryo shows the absence of neural crest derivatives in the medial scapular cartilage,
whereas they are present in adjacent nerves and connective tissue of the trapezius muscle. Therefore, the Pax3-Cre activity in the scapular
cartilage is due to somitic cells and not due to neural crest cells. (C–F) Transverse paraffin sections through the shoulder region of 15.5 dpc Pax3Cre ⁄ R26R-YFP mouse embryo stained with anti-GFP ⁄ AlexaFluor 594. Insets are shown at higher magnification in C¢–F¢ and demonstrate the
cranio-caudally increasing contribution of YFP-positive cells to the medial ⁄ vertebral (dorsal-most) scapular border. The medial girdle muscles
attaching to the medial margin of the scapula are more strongly YFP-positive than other muscles, suggesting that their connective tissue is also
somitic in origin. Ossifying regions of scapular cartilage seem falsely positive (spina scapulae in C, centre of scapula in D). Scale bar, 1 mm.
Orientation: dorsal to the left, left side to the top. SC, scapula; isp, infraspinatus; ssp, supraspinatus; ssc, subscapularis; sa, serratus anterior; rh,
rhomboid major; tr, trapezius muscles.

the scapula for the presence of YFP-positive cells. Sections
from cranial to caudal regions of the scapula revealed YFPpositive cells selectively in the medial border (Fig. 1C–F). In
contrast, no YFP expression was found in the body of the

scapula. Interestingly, the number of YFP-positive cells
within the medial border of the scapula increased in a cranial to caudal direction. Furthermore, the developing tendon tissue joining the YFP-positive medial border cartilage
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to the inserting muscles was also positive for YFP (Fig. 1D¢),
indicating that the tendon cells had also expressed Pax3 at
some stage in their development. As expected, all skeletal
muscle was also positive for YFP.
These results suggest that the medial scapular border
does not develop from the lateral plate mesoderm and indicate its possible somitic origin.

Medial border of the mammalian scapula is somitic
in origin
As mentioned above, Pax3 is expressed not only in the
somitic dermamyotome but also in the neural crest. We
therefore wanted to examine whether the cells in the
medial border of the scapula derived from the somites
rather than from the neural crest. To this end we used
the Wnt1-Cre line crossed with the Rosa-LacZ strain
(Danielian et al. 1998; Soriano, 1999), which allowed us
to label all cells originating from the neural crest. We
found that the scapular cartilage was devoid of LacZ-positive cells, although present in the scapular region (e.g.
connective tissue of the trapezius muscle in Fig. 1B).
These results suggest that neural crest cells do not contribute to the medial border of the mammalian scapula.
Assimilating results of both Pax3-Cre and Wnt1-Cre
mouse lines we conclude that the medial border of the
scapula develops from somitic cells.

Development of the medial scapular border and its
differentiation
We have previously shown that the development of migratory muscles in the body of vertebrates is under the control
of Pax3 (Franz et al.1993), which induces the expression of
c-Met (Epstein et al. 1996) – a transmembrane receptor
tyrosine kinase that permits the cells of the dermamyotome
to undergo an epithelial to mesenchymal transition, which
is required for their migration from the somites to the limbs

A

(Bladt et al. 1995; Maina et al. 1996). We therefore examined whether the development of the medial border of the
mammalian scapula was dependent on this regulatory cascade. Examination of the Met signalling mutant embryos
(Maina et al. 1996) (hereafter, met-null) revealed a normal
scapula (Fig. 2). Moreover, the associated muscles (serratus
anterior, rhomboidei and levator scapulae) appeared unaffected, in contrast to the limb regions lacking all skeletal
muscle (Fig. 2) (Prunotto et al. 2004; Bladt et al. 1995; Maina et al. 1996). These results indicate that, although the medial border of the scapula is formed by cells of somitic origin
that expressed Pax3 at some stage of its development, these
scapular precursor cells are not reliant on the migratory programme triggered by Met to break away from the dermamyotome. Moreover, the development of the associated
muscles does not depend on Met signaling.
Lastly, we sought to establish the process of differentiation of the scapula in adult animals. The scapula undergoes differing degrees of ossification in a species-specific
manner. In humans, the entire scapula ossifies, although
some parts only after puberty with the medial border
being the last region to do so (Williams et al. 1995, illustration 6.203). We found that, in the mouse, the medial
border also remains cartilaginous for a long time
(Fig. 3A–C). In particular, the cartilaginous medial border
found in 4-week-old mice increased in size in a craniocaudal direction (Fig. 3A). This margin remained cartilaginous even in 8-month-old mice, although it gradually
ossified from the existing bone of the scapular body
(Fig. 3B). Moreover, we found that the cartilaginous parts
still served as the attachment of the medial girdle muscles (Fig. 3C), although the serratus anterior muscle then
attaches to already ossified tissue (Fig. 3B,C).
Altogether, these results indicate that the somite-derived
medial border of the scapula shows delayed ossification
and that its development, together with that of its associated muscles, is independent of the migratory mechanism
regulated by the Pax3-Met axis.

B

Fig. 2 Medial girdle muscles do not migrate using cMet. (A) Transverse cryosection through shoulder region of 15.0 dpc met-null embryo shows
normal skeletal elements, scapula (s) and humerus (h), and the following muscles: trapezius (tr), serratus anterior (sa), rhomboidei (rh) and levator
scapulae (ls). (B) Wild-type (wt) littermate shows the presence of normal scapular elements, medial girdle muscles and limb muscles demonstrating
that neither the medial scapular border nor its medial girdle muscles require cMet ⁄ SF(HGF) for their development. Scale bar, 1 mm.
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A

B

C

Fig. 3 Medial girdle muscles attach in the cartilaginous medial scapular margin. (A) Alizarin red and weak alcian blue staining delineate the
ossified and cartilaginous parts of a 4-week-old mouse right scapula. The cartilaginous portion increases in size in a cranio-caudal direction.
(B) This margin remains cartilaginous even in 8-month-old mice. (C) Transverse cryosection stained with eosin and alcian blue following
demineralization showing the medial margin (circle) serving as the attachment of the medial girdle muscles. Orientation: dorsal to the left, cranial
or left side at the top. SC, scapula medial girdle muscles; rhs and rhp, rhomboideus superficialis and profundus; sa, serratus anterior; ls, levator
scapulae; isp, infraspinatus; ssc, subscapularis.

Discussion
Primaxial somitic origin of the medial girdle
The skeletal elements of the forelimb and its girdle are traditionally thought to develop from the lateral plate mesoderm, whereas all of the musculature and axial skeleton
arise from the axial somites. We show that the medial-most
part of the mammalian scapula also develops from somites
by subtracting the fate maps of Pax3-Cre and Wnt1-Cre
mouse lines. This part of the scapula has a delayed ossification in the mouse and in the human it has its own ossification centre, being the last to ossify (Williams et al. 1995,
illustration 6.203). Furthermore, it serves as an attachment
of four hypaxial muscles (serratus anterior, rhomboideus
maior and minor and levator scapulae), which are not
migratory as they are not affected in the met-null embryos
(our data and Prunotto et al. 2004). These muscles have
been described as developing directly from the dermamyotomes (Starck, 1982). This is in contrast to the other forelimb
muscles, which develop by single cell migration from the
somites, a process that requires Met signalling. We therefore propose to refer to this part of the pectoral girdle as
the medial girdle and its associated four muscles as medial
girdle muscles.
Our results complement the findings of Durland et al.
(2008) who have recently used a Prx1-Cre transgenic
approach to identify all tissues that originate from the
lateral plate mesoderm during mouse embryogenesis.
They showed that most portions of the forelimb skeleton
develop from the lateral plate. However, their lateral
plate mesoderm identification system did not mark the
medial border of the scapula, leading them to propose
that it is somitic in origin and primaxial in its classification.

The innervation of medial girdle muscles is distinct
from that of the limb muscles
Our data show that the medial scapular border with its medial girdle muscles has a separate developmental programme
compared with the rest of the limb. This is also reflected by
the innervation whereby the limb muscles are innervated
from the brachial plexus, whereas the nerves for the medial
girdle muscles branch directly off the cervical spinal nerves.

Homology of the mammalian medial scapular border
with the avian scapular blade
Our previous work has shown that the scapular blade of
the avian pectoral girdle originates from the dermamyotomal compartment of somites (Huang et al. 2000; Ehehalt
et al. 2004) and not the lateral plate mesoderm like the rest
of the limb skeleton (Christ & Ordahl, 1995). Furthermore,
we showed that the blade was segmental in origin. The
skeletal muscle and its connective tissues inserting onto the
blade were also derived from the dermamyotome and,
moreover, from the same segmental level. This is in keeping
with the concept of the syndetome (Brent et al. 2003)
where a somite gives rise to tendons from its primaxial compartment. The girdle muscles attaching to the blade are
medially the rhomboideus superficialis and profundus, and
ventrolaterally the serratus superficialis and profundus. The
chick does not have a levator scapulae muscle, and thus for
comparative studies the term levator scapulae-rhomboid
complex is preferred (Nagashima et al. 2009).
We conclude that the medial border of mouse scapula is
homologous to the avian scapular blade. Our finding
that the connective tissue of the inserting muscles is also
of somitic origin is another feature conserved between
mammals and birds.
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Model of scapula development
We propose a simple model for the formation of the scapula during vertebrate development. Firstly, the limb field
somatopleura adjacent to the cervical ⁄ thoracic somites
induces migration of the myogenic cells into the forming
limb bud. Secondly, the somatopleura together with the
ectoderm overlying the somites (Ehehalt et al. 2004) induce
the dorsolateral somite quarter, the future ventrolateral
dermamyotome (Wang et al. 2005), to form the medial border of the scapula (blade in birds) with its associated medial
girdle muscles. Finally, the lateral dermamyotomal material
grows laterally (and ventrally) into the final position of the
medial scapular border. It is then adjacent to the lateral
plate mesoderm, from which the rest of the scapula forms.
Curiously, the basic relationships between the scapula, its
medial girdle muscles and vertebrae are preserved to a
large extent even in turtle where, however, the whole scapula during its descent translocates ventrally before the
growth of the ribs to take up a position inside the thorax
(Nagashima et al. 2009).
Apart from the lateral plate mesoderm and the somites
there is also a third source of cells for the scapula – from
the neural crest. These cells are scattered in the surface of
scapular spine, the acromion and coracoid in the mouse
where the trapezius muscle attaches as part of its intramuscular connective tissue, which is itself of neural crest origin
(Matsuoka et al. 2005).
The model for scapular development is not only of interest to developmental and evolutionary biologists but may
also have clinical relevance. Sprengel’s deformity is a rare
congenital disorder presenting as failure of the scapula to
descend to its correct position from the neck to the thorax.
Abnormal ossifying connections with the spine and aberrant development of muscles associated with the scapula
are frequently reported. Some of these malformations arise
in the trapezius muscle whose connective tissue is of neural
crest origin (Matsuoka et al. 2005), whereas others (Baulot
et al. 1998) develop in the rhomboid and levator scapulae
whose connective tissue is of somitic origin.

Conclusion
Our somitic fate map in mouse showed that somites give
rise to the medial scapular border. This confirms the homology of this part of scapula with the avian scapular blade.
Furthermore, medial girdle muscles attaching to the medial
scapula are non-migratory hypaxial muscles.
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