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Abstract

The vertebrate head is a complex structure derived from all three embryonic germ
layers. Cranial mesoderm forms most of the neurocranium, cardiovascular tissues and
voluntary muscles required for intake of food and oxygenated fluid. Despite its essential role
in shaping cranial and neck anatomy, long-term fate maps of cranial mesoderm are known only
from the mouse and chicken, as effective labeling techniques for use in other species have
been developed only recently. Data from additional species are needed to determine the
embryonic origin of features absent in amniotes but present in other vertebrates and to
evaluate the extent of conservation in the development of homologous structures. This
dissertation examines the role of cranial mesoderm as well as its interactions with neural crest
in shaping the tetrapod craniofacial and neck region, focusing on the skull and head muscles in
the axolotl, Awbystoma mexicanum. 1 demonstrate a dual embryonic origin of the pharyngeal
skeleton, including derivation of basibranchial 2 from mesoderm closely associated with the
second heart field. Additionally, heterotopic transplantation experiments reveal lineage
restriction of mesodermal cells that contribute to pharyngeal cartilage. The entire parietal bone
is derived from mesoderm. Several structures arise from both mesoderm and cranial neural
crest, including the squamosal, parasphenoid and stapes. The mesodermal contribution to the
dorsal portion of the squamosal bone supports the homology of the corresponding dorsal
ossification center, which fuses to the ventral center eatly in development, to the

supratemporal, a bone lost repeatedly in tetrapods. I locate the posterior limit of myogenic

iii



cranial mesoderm, extending the head-trunk boundary to the axial level of the third somite.
Using fate mapping, gene expression and comparative anatomy, I provide evidence that the
cucullaris muscle, a homologue of the mammalian trapezius, is a cranial muscle allied with the
gill levators of anamniotes. Finally, I generate two novel transgenic lines of Xenopus tropicalis
that will be used to fate map neural crest and mesoderm. Taken together, these results add to
our understanding of cranial homologies and point to a larger role for cranial mesoderm in the

evolution of a mobile neck.
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Chapter 1

Introduction

There are concepts of such centrality, that their origin, change and disintigration, in short,
their history captures the development of the science they are part of. Homology is such a

concept for comparative anatomy. - Hans Spemann, 1915

The capacity to move the head independently of the body is a landmark anatomical
adaptation associated with the evolution of tetrapods (Daeschler et al. 2006; Shubin et
al. 2015). This innovation required the elaboration of the cucullaris muscle to stabilize
the head while enabling turning and the loss of dermal elements attaching the head to the
pectoral girdle. Loss of dermal elements in the skull is a recurring trend in tetrapod lineages
(Janvier 1996), although the developmental basis of these losses is relatively unexplored.
In the following dissertation, lineage tracing, gene expression analysis and comparative
morphology will be used to investigate development and homology of cranial features in the

axolotl.
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1.1 The role of embryology as a guide for homology

Traits are considered homologous when their similarity in different species results from
common ancestry. According to Etienne Geoffroy Saint-Hilaire, homologous features are
identified based on a shared relationship to surrounding anatomical structures (Geoffroy
Saint-Hilaire 1818). The first clear definition of a homologue was formulated by Richard
Owen prior to Darwinian evolution and did not depend on community of descent: “the same
organ in different animals under every variety of form and function” (Owen 1843). Following
the publication of On the Origin of Species (Darwin 1859), the definition of homology was
revised to focus on the importance of common ancestry, to the extent that homology cannot

be independent of a phylogenetic hypothesis (Patterson 1982; Wake 1999).

While homology is recognized as a “central concept for all of biology” (Wake 1994), the
nature of correspondence (or ’sameness’) has been frought with challenges, especially in
relating cell-type homologies to organs (Wagner 2014). Various criteria have been proposed
to identify homologous structures. Adolf Remane suggested homology should be based on
positional identity, a shared distinct morphological feature, and continuity in transitional
forms, either through developmental stages or presence in closely related species (Remane
1952). Van Valen emphasized the ’continuity of information’ as the cause of resemblance
in homology (Van Valen 1982). The type of information is not restricted to genetic sources

and might extend to culture, for example.

Developmental processes can provide insights on homologus traits. Gunter Wagner pro-
poses that homology is tied to gene regulatory networks, termed Character Identity Net-
works (Wagner 2007; Wagner 2014). Character Identity Networks allow for differential gene
expression and translate positional information into the activation of a trait-specific de-
velopmental program (Wagner 2014). Individual genes can be co-opted for divergent, non-
homologous traits, such as the gene Distal-less and its ortholog (Diz) in butterfly eyespots
(Carroll et al. 1994) as well as vertebrate and arthropod appendage development (Pangani-
ban et al. 1997; Cohen et al. 1989). The co-option of an entire network is less probable.

However, Shubin et al. suggest that a gene regulatory network might have been established
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in the common ancestor of vertebrates and arthropods that was independently deployed in
novel appendages (Shubin et al. 1997). Genetic evidence also suggests pre-existing regula-
tory networks involved in limb outgrowth were co-opted in the evolution of beetle horns
(Emlen et al. 2007). Thus, at least partial gene regulatory networks may be deployed in

novel structures.

What role does embryonic derivation play in determining homology? For Carl Gegenbaur,
homology was “the relationship between two organs that share common origin (ancestry)
and therefore were derived from the same anlagen” (Gegenbaur 1870; quote translated by
Hall 2003). Homologous characters generally derive from homologous embryonic sources.
This has given rise to the germ layer theory where each structure is derived from the same
typical cell layer in the embryo (Hall 1999). Although embryonic origin is often conserved
between homologous structures, developmental processes evolve. A classic example involves
the regeneration of the lens. When the lens is surgically removed in the axolotl Ambystoma
mezicanum, it regenerates from cells in the iris (Wolff 1895). While the process of lens
regneration is also present in the frogs Xenopus laevis and X. tropicalis, the regenerating cells
are derived from a different source: the cornea (Freeman 1963; Henry and Elkins 2001). E.B.
Wilson forcefully argued embryological methods should not be the predominant evidence in
the field of morphology (Wilson 1894). There are numerous cases where homologous features
have divergent developmental underpinnings (Spemann 1915; de Beer 1971; Northcutt 1990;
Striedter and Northcutt 1991; Hall 1995; Bolker 1992; Hall 1994; Minsuk and Keller 1996;
Hall 2003; Piekarski et al. 2014).

Developmental timing may be a significant factor in these differences. Willi Hennig in-
troduced the concept of a semaphoront, where the individual organism bears the characters
in a particular time-span of its life (Hennig 1966). During this potentially very small period
of time, the organism itself does not change. The semaphoront can be used to describe
similarity at earlier stages in ontogeny as well as subsequent divergent development giving
rise to non-homologous structures (Havstad et al. 2015). It is complementary to von Baer’s
Laws of development, wherein more general features of embryos appear prior to specialized

characters (von Baer 1828), although these laws have been revised to reflect differences
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divergence in bilaterian embryos prior to mid-gastrulation (Abzhanov 2013).

Laubichler argues that no developmental process can have a set a priori relationship
to homology (Laubichler 2000). Rather, evolution and development are reference processes
required to interpret homology (Laubichler 2013). The appropriate level of description must
ultimately be determined empirically (Wagner and Laubichler 2000). In this dissertation,
I empirically evaluate the extent to which the embryonic origin of the skull and cranial
musculature is conserved in the axolotl Ambystoma mexicanum. How flexible are the fates
of embryonic tissues in development and evolution of the head and neck? How reliably can
embryonic origin be used in assessing homologous relationships in the skull? To address
these questions, it is essential to first establish which cells in the embryo directly contribute
to adult structures in a range of extant vertebrate groups. Fate-maps address this aim
by illustrating the long-term derivatives of embryonic tissues. Comparing fate-maps across
species may offer insight into how species-specific morphologies are derived from the same
embryonic tissues (Rudel and Sommer 2003). A detailed fate map will also play a vital
role in understanding the genetic and morphological interactions needed to form complex

structures (Clarke and Tickle 1999).

1.2 Mesoderm in Cranial Development and Evolution

Changes in cranial and neck anatomy have accompanied major adaptive transitions in ver-
tebrate evolution (Hanken 1993). Two mesenchymal populations, the paraxial and lateral
plate mesoderm, generate all volunatary muscles in the head, heart and portions of the skull
(Gans and Northcutt 1983). Studies in the chicken and mouse have revealed differences in
the contribution of mesoderm and neural crest to the bony skull, including derivation of
the skull vault (Noden 1983a; Couly et al. 1993; Jiang et al. 2002; McBratney-Owen et al.
2008). Further examination of cranial mesoderm is required to determine the extent of these
differences across tetrapods. The dermal skull of early tetrapods was comprised of numerous
elements, but the number of bones has been significantly reduced in extant lineages (Jan-

vier 1996). Developmental and paleontological evidence indicates that remaining elements
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have conserved their position and growth trajectory through evolutionary transformations
(Schoch 2006; Koyabu et al. 2012). Documenting how these bones were lost or fused remains

an ongoing question in tetrapod evolution.

Decades of molecular and fate mapping studies have determined the patterning and
derivatives of the overtly segmented paraxial mesoderm. In the trunk, paraxial mesoderm
cyclically forms a series of epithelial somites on either side of the neural tube. Somite for-
mation is characterized by opposing anterior to posterior gradients of fibroblast growth
factors (FGFs)/Wnts and retinoic acid (RA) to determine the wavefront (reviewed by De-
quéant and Pourquié 2008). Additionally, the segmentation clock utilizes periodic expression
of Notch and Wnt pathway genes; the timing of these oscillations correspond to the time
required to form one somite, which follows a clock-and-wave-front model of segmentation
(Cooke and Zeeman 1976). By contrast, cranial mesoderm remains mesenchymal. However,
cranial mesoderm undergoes two distinct pulses of cyclical gene expression, leading to the

hypothesis that two regionalized domains exist (Jouve et al. 2002).

The topic of head segmentation is highly contentious (Neal 1918; Romer 1949; Olsson
et al. 2005). Early models of head segmentation proposed that cranial mesoderm forms
metameric units, similar to the brain. These units align with a segmental series of motor
nerves that emerge starting at the midbrain and continue caudally (Romer 1949). The
morphological presence of segments in cranial mesoderm was suggested based on scanning
electron microscopy (SEM) of the superficial surface. Filopodial and lamellipodial processes
were aligned in concentric arrays around a central position, which corresponded to a single
"somitomere” (Meier 1979). Somitomeres have been described in numerous species (Meier
and Tam 1982; Jacobson and Meier 1984; Meier and Packard 1984; Martindale et al. 1987);
however, recent attempts have been unable to confirm the presence of somitomeres (Freund
et al. 1996). Furthermore, lineage tracing using fluorescent dies in the mouse found no

lineage restriction within somitomeres, as is present in somites (Trainor et al. 1994).

Fate-mapping studies in the chicken, mouse and zebrafish have determined the migratory
pathways used by cranial mesoderm cells to populate the myogenic core of the branchial

arches (Noden 1983a; Couly et al. 1993; Schilling and Kimmel 1994; Trainor et al. 1994;
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Hacker and Guthrie 1998). The head muscle precursors leave their initial locations in cra-
nial mesoderm and move into branchial and periocular locations surrounded by connective
tissue-forming neural crest. Cranial mesoderm and somites generate the same cell types,
although the timing and proportion of cell types vary. Cranial mesoderm forms smooth and
skeletal muscle cells, loose and dense connective tissues, angioblasts and hemangioblasts.
The locations where skeletal muscles, cartilages and bone originate in the chicken and mouse

are illustrated in Figure 1.
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Figure 1.1 | Meosdermal derivation of the skull and cranial muscles in the
chicken.. (A) Summary fate map in the chicken embryo illustrating sites of skeletal muscle
origin (right side) and bone/cartilage elements (left side). Schematic chicken (B) and mouse
(C) skulls indicating the contributions of neural crest, paraxial mesoderm and lateral meso-
derm. One study has indicated an entirely neural crest origin to the frontal bones in chicken
(Couly, 1993). (Schematics from Noden and Trainor 2005). Abbreviations: Bs, basisphe-
noid; Eth, ethmoid; Lac, lacrimal; Ls, laterosphenoid; Nc, nasal capsule; Os, orbitosphenoid;
Pfr, prefrontal; Po, postorbital; Ps, presphenoid; Ptr, pterygoid; Qju, quadratojugal; Sqm,
squamosal.

Cranial mesoderm forms voluntary muscles in the head (Noden 1983a; Couly et al. 1992).
Craniofacial skeletal muscles are distinct from body musculature both in function and devel-
opment. They participate in feeding, breathing and facial expression, but are not required
for locomotion (Kelly 2010). Craniofacial muscles can be broadly divided into three groups:
1) six extraocular muscles (EOM), which move and rotate the eye; 2) muscles involved in

moving the neck and forming the tongue, which are derived from the trunk (somites); 3)
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muscles controlling the jaw, facial expression, pharyngeal and laryngeal function (Romer,
1949; Grifone and Kelly, 2007). Prechordal mesoderm as well as cranial paraxial mesoderm
contribute to the EOMs (Evans and Noden, 2006; Lescroart et al., 2010). Mesoderm from
the first arch forms the adductor musculature; second arch muscle forms the mandibular
depressor, facial expression muscles in mammals and hyobranchial muscles (Noden, 1983a;
Couly et al., 1993). Striated muscles of the esophagus, which are not present in amphibians,

are also derived from cranial mesoderm in mice (Gopalakrishnan et al. 2015).

Cranial mesoderm later forms cartilaginous and bony elements of the neurocranium.
In the mouse, the frontal is derived from neural crest and the parietal from mesoderm
(Figure 1; Jiang et al., 2000). In the chicken, conflicting results from different groups have
been reported for the neural crest-mesoderm boundary in the skull vault. In one case, the
frontal and parietal have been reported to derive exclusively neural crest (Couly et al.
1993). Contrasting results indicate that the frontal has a dual origin from mesoderm and
neural crest and an exclusively mesodermal origin of the parietal (Noden, 1983a; Evans and
Noden, 2006). In either case, differing embryonic populations give rise to the same calvarial
bone in chickens as compared to mice. In frogs, cranial neural crest streams contribute
to the entire length of the fronto-parietal, although a contribution from cranial mesoderm
cannot be excluded (Gross and Hanken 2005; Piekarski et al. 2014). Fate-mapping of cranial
mesoderm into the bony skull has not been performed in an amphibian, nor any vertebrate
other than the mouse and chicken, due in part to technical challenges associated with
embryonic tranplantation of cranial mesoderm and the dearth of transgenic tools available,

until recently, for non-murine vertebrate models.

In the axolotl, neural crest is not required for the start of muscle differentiation at the site
of origin, but neural crest is necessary for head muscle morphogenesis and extension toward
their insertions (Ericsson et al. 2004). Neural crest plays a key role in patterning the head
muscles during embryogenesis (Olsson et al. 2001; Ericsson et al. 2004; von Scheven et al.
2006). Neural crest cells can reorganize skeletal and muscle patterns when grafted to different
anteroposterior levels (Horstadius 1946); Noden, 1983b). Additionally, interspecific neural

crest transplantations between quail and duck show muscle-patterning characteristic of the
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donor; this is correlated with spatiotemporal changes in gene expression in the skeletal and
muscular connective tissue (Tokita and Schneider 2009). Cranial mesoderm is also capable
of patterning neural crest; when small numbers of neural crest cells are transplanted to
ectopic regions of the hindbrain, cranial mesoderm is the source of permissive signals needed

to maintain Hoz expression patterns (Trainor and Krumlauf 2000).

The flexibility of patterning between several different tissue types has been examined by
transplanting cells into a new location in the embryo, termed heterotopic transplantation.
Somitic mesoderm transplanted to regions of cranial mesoderm is able to migrate into core
of the pharyngeal arches and downregulate Paz3 expression; conversely, cranial mesoderm
can incorporate into somites and upregulate Paz3 expression upon transplantation (Hacker
and Guthrie, 1998). Segmental plate mesoderm does not have the capacity to migrate into
developing branchial arches (Hacker and Guthrie 1998). Neural crest is able to form head
mesoderm structures when expanded by transplantation into regions of cranial mesoderm,
including the lateral wall of the braincase (Schneider 1999). The entire length of the cranial
mesoderm has equivalent myogenic potential, as revealed by heterotopic transplantation

studies in the chicken (von Scheven et al. 2006).

Long-term lineage tracing of cranial mesoderm has been performed in the mouse and
chicken (Noden 1988; Couly et al. 1993; Evans and Noden 2006; McBratney-Owen et al.
2008; Yoshida et al. 2008); as the lineage tracing in the mouse was performed by genetic
labeling of mesoderm, it does not distinguish between somitic mesoderm and regions of the
cranial mesoderm. Although extirpation studies of cranial mesoderm have been performed
in A. mexicanum (Piatt 1938), long-term labeling of cranial mesoderm in an anamniote
will provide valuable information about the evolution of this important tissue, especially in

regards to the bony skull and cranial muscles.

1.3 Genetic regulation of cranial mesoderm

While relatively little is known about the molecular organization of cranial mesoderm as

compared to somites, several studies have described gene expression patterns and function
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within cranial mesoderm, primarily in the chicken. These have shown distinct patterning
mechanisms between somites and cranial mesoderm (Hacker and Guthrie 1998; Mootoosamy
and Dietrich 2002; Bothe and Dietrich 2006; reviewed by Noden and Francis-West 2006). In
particular, the head mesoderm has been considered a zone with reduced retinoic acid (RA)
signaling as compared to the trunk, as RA initiates the Hox system to confer trunk identities
(Burke 2000; Kmita and Duboule 2003). The expression of a RA degrading enzyme Cyp26c1

has been recorded in cranial mesoderm (Bothe and Dietrich 2006).

No evidence for molecular segmentation of cranial mesoderm has been found, although
markers indicate regionalization of cranial mesoderm. Two somitic markers, Paraxis and
Paz3 are not expressed segmentally in cranial mesoderm and taper from the somitic region
into the posterior cranial mesoderm (Bothe and Dietrich 2006; Mootoosamy and Dietrich
2002; Hacker and Guthrie 1998). Paraxis is also expressed in lateral rectus precursors (Borue
and Noden 2004; Mootoosamy and Dietrich 2002). Hoxb-1 is briefly expressed in cranial
mesoderm up to the level where rhombomeres 2 and 3 will later develop (Frohman et al.
1990). Expression analysis demonstrates two regions of molecular patterning: Pitx2, Alx4
and MyoR label cranial mesoderm from the diencephalon to the metancephalon; Tbhz! and
Twist mark cranial mesoderm at the level of the hindbrain, with region overlap adjacent to

the metencephalon (Bothe and Dietrich 2006).

Myogenic regulatory factors of the MyoD family are required for all skeletal muscle
formation; loss of MRFs results in cells adopting different identities (Buckingham 2006).
The genetic hierarchies that converge on MRF expression differ in somites and cranial
mesoderm (Summerbell et al. 2000; Hacker and Guthrie 1998; Mootoosamy and Dietrich
2002). The neural tube secretes canonical Wnt signaling molecules and bone morphogenetic
protein (BMP) to repress skeletal muscle formation. In the trunk, by contrast, Wnt ligands
stimulate myogenesis. Cranial neural crest cells secrete Wnt inhibitors such as Frzb and
BMP inhibitors including Noggin and Gremlin, which in vitro promote myogenesis of cranial

mesoderm (Tzahor et al. 2003).

In Pax3Myf5 double mutant embryos, trunk muscle development fails, while head muscle

development is unaffected. Pax3 is required for Myf5 to independently activate MyoD in
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muscles derived from somites (Figure 1.2; Tajbakhsh et al. 1997). In branchiomeric muscu-
lature Myf5 and MyoD are together required for myogenesis within core arch mesoderm,
while Mrf4 can rescue trunk muscle development in the absence of Myf5 and MyoD (Kassar-
Duchossoy et al. 2004). Multiple discrete enhancers dispersed over a large regulatory region
drive Myfb expression; Myf5 enhancers operate in specific arches and muscle precursors
(Summerbell et al. 2000; Carvajal et al. 2001; Miller et al. 2004). In the anterior cranial
mesoderm, FGF8 promotes branchiomeric muscle over extraocular fates in the chicken and

zebrafish (von Scheven et al. 2006; Knight et al. 2008).

Genetic experiments in mice have revealed craniofacial muscle identity is controlled by
at least four transcription factors that are distinct from somitic muscle. Instead of the
Pax3 driven activation of Myf5 present in somites, Capsulin (Tcf21) and MyoR, bHLH
transcriptional repressors, are required to drive expression of Myf5 in the mandibular arch;
adductor musculature does not form in their absence (Lu et al. 2002). The homeobox
transcription factor Pitx2 is necessary for extraocular muscle idntity in prechordal mesoderm
as well as the differentiation and survival of myogenic precursors in the mandibular arch
(Shih et al. 2007; Dong et al. 2006; Zacharias et al. 2011). Thx1 regulates the activation of
Myf5 and MyoD in all branchiomeric muscles, including laryngeal muscles and the cervical
portion of the trapezius muscle (Kelly et al. 2004; Grifone et al. 2008; Dastjerdi et al.
2007). The LIM domain-containing Lhx2 is down stream of Tbx1 and required for myogenic
specification through the early activation of Myf5 in the pharyngeal arches (Harel et al.
2012).

Fate mapping of splanchinic mesoderm cells in the chicken has revealed contributions to
the distal core of the mandibular arch, while cranial paraxial mesoderm contributes to the
proximal core (Nathan et al. 2008). Proximal myoblasts of the first branchial arch then give
rise to the mandibular adductors and the splanchnic mesoderm-derived arch myoblasts give
rise to more ventral muscles, such as the intermandibular (Marcucio and Noden 1999; Noden
et al. 1999; Nathan et al. 2008). Lineage tracing in the chicken and mouse has demonstrated
Isll-positive splanchnic mesoderm cells contribute to a set of branchiomeric muscles in both

the first and second branchial arches, though not the extraocular muscles (Nathan et al.
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2008). Isl1 is expressed in both cardiac and head muscle progenitors (Bothe and Dietrich

2006; Nathan et al. 2008; Tirosh-Finkel et al. 2006).

Mouse Cardiac muscle
N5 Isll Toxl Pib2 Gata Extraocular muscles
“~ VY Y Pite2
Contractile genes
MRFs
Mastication muscles

Capsulin MyoR Thx1 Pitx2

Nt S

MRFs
Lower mandibular muscles
! \ Nix25 sl Thxl
Trunk muscles \?l /
Pad Myfs Mif4 MRFs
N/
MRFs

Figure 1.2 | Genetic lineage analysis and knockdown in mice indicates cranial
muscle development varies between muscle groups.. Unlike the trunk, cranial muscle
development is not dependent on Pax3. There are cellular and genetic links between cranial
and cardiac muscle development. From Tzahor (2009).

Clonal analysis in the mouse has indicated that a single progenitor cell gives rise to
both heart and head muscles (Lescroart et al. 2010). Two distinct lineages of branchiomeric
muscles segregate: the anterior contributes to the adductor complex, extraocular muscles
and the myocardium of the right ventricle; the posterior contributes to the second arch
derived muscles and the outflow tract of the heart (Lescroart et al. 2010). The progenitor
cells of the branchiomeric musculature share the same genetic signature as an adjacent
group of pharyngeal mesodermal cells that form part of the myocardium at the extremities
of the heart tube during cardiac looping (Figure 1.2; Grifone and Kelly 2007; Tzahor 2009).
The overlapping fates have demonstrated a cardiocraniofacial field that is the source for
head and heart development (Hutson and Kirby 2007; Diogo et al. 2015). In the tunicate

Ciona, heart precursors also form the atrial siphon muscles, expressing Islet and Tbx1
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(Stolfi et al. 2010). This suggests the presence of a cardiopharyngeal field in the last common
ancestor of tunicates and vertebrates. Gene expression patterns of cranial mesoderm markers
in amphioxus suggests vertebrate embryos have reorganized head mesoderm into a novel

structure with antero-posterior polarity (Onai et al. 2015).

1.4 Connecting the Head and Shoulder

The vertebrate neck spans the region of cucullaris and hyobranchial muscle attachments
to the pectoral girdle (Kuratani 1997; Kuratani 2008a). The cucullaris is a gnathostome
muscle that is homologous to the mammalian sternocleidomastoid and trapezius muscles;
the cucullaris split into two parts during the evolution of amniotes (Lubosch 1938). The
expansion of the neck in amniotes involved infolding of the body wall to separate the
shoulder musculature from the diaphragm (Hirasawa et al. in press).The cucullaris binds the
neurocranium, pharynx and pectoral girdle (Kuratani 2008b). Fate-mapping experiments in
the chicken indicate that it is derived from rostral somites (Noden 1983a). The connective
tissue of the neck region in chickens is reported from cephalic neural crest cells (Le Lievre
and Le Douarin 1975). Neural crest-derived connective tissue is characteristic of extraocular
and pharyngeal arch muscles derived from cranial mesoderm. Additionally, neural crest cells
are involved in patterning the cucullaris and hyobranchial musculature (Noden 1983b; Evans
and Noden 2006; Ericsson et al. 2004). The cucullaris, with its muscle fibers derived from
the most anterior somites and its connective tissue from neural crest, has been proposed as
the interface between the head and the trunk (Kuratani 1997; Kuratani 2008a; Ericsson et

al. 2013).

Muscles of the fin/limb as well as hypobranchial and cucullaris muscles share molecular
markers of migrating myoblasts. They require Paxz3 expression to upregulate Lbx1, which
permits continued migration (Dietrich 1999; Gross et al. 2000; Birchmeier and Brohmann
2000). This implies a developmental and evolutionary link between the acquisition of fins
and the cucullaris (Kuratani 2008a). In the agnathan lamprey, topographical position and

the expression of Paz3 and Lbx suggest the infraoptic muscle, a circumpharyngeal muscle
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derived from anterior somites, represents the homologue of the cucullaris (Kusakabe et al.

2011).

With the exception of the shoulder girdle, the axial skeleton is derived from somites and
the appendicular skeleton from lateral plate mesoderm. Detailed lineage-tracing studies
utilizing transplantation and/or vital-dye labeling have revealed a somitic contribution to
the scapula and cucullaris/trapezius muscles in chicken, mouse and axolotl (Chevallier 1977;
Noden 1983a; Huang et al. 2000a; Huang et al. 2000b; Valasek et al. 2010; Piekarski and
Olsson 2011). Lateral plate mesoderm gives rise to the anterior head and neck of the scapula
blade in the chicken (Huang et al., 2000). Piekarski and Olsson have proposed a model in
which the embryonic contribution of somitic vs. lateral plate mesoderm to the scapula is
dependent upon its position in the developing embryo relative to these tissues (2011). An
understanding of the genetic basis of neck and shoulder development is in an early phase.
Studies primarily focus on the scapula in the chicken and mouse (Timmons et al. 1994;
Pellegrini et al. 2001; Prols et al. 2004; Kuijper et al. 2005; Huang et al. 2006; Capellini et

al. 2010).

Genetic lineage tracing in the mouse has revealed that part of the scapular spine is derived
from neural crest (Matsuoka et al. 2005). This neural crest-derived population is interpreted
as the “ghost” of the cleithrum, wherein the embryonic origin of muscle connective tissue and
its skeletal attachment region form a highly conserved skeletomuscular connectivity code
(Matsuoka et al. 2005; Kontges and Lumsden 1996). This hypothesis received significant
criticism, however, as it does not take into account the fossil record showing the gradual
reduction and loss of the cleithrum in synapsids (Sanchez-Villagra and Maier 2006) and the
neomorphic rise of the scapular spine in therian mammals, given its absence in cynodonts
and stem-group mammals (Jenkins 1979). Neural crest does not contribute to the axolotl

shoulder girdle, providing evidence against the connectivity code (Epperlein et al. 2012).

The cleithrum forms a major component of the shoulder girdle in early tetrapods such
as Acanthostega and Tulerpeton. It was eventually lost independently in amphibian and
amniote lineages, as the endochondral elements proceeded to form the bulk of the shoulder

girdle (reviewed by McGonnell 2001).
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1.5 An unexpected source of neck musculature?

Until five years ago, lateral plate mesoderm was not known to make structural contri-
butions, other than cardiovascular tissues, anterior to the laryngeal region. Theis et al.
(2010) have proposed the chicken cucullaris is derived primarily from lateral plate meso-
derm, which was interpreted as a novel embryonic source of neck musculature. Previous
work has demonstrated a somitic contribution to the trapezius/cucullaris (Huang, 2000;
Piekarski and Olsson, 2007) via transplantation experiments. Theis et al. repeated somite
transplantation in the chicken, but used Dispase to remove any lateral plate cells that might
"contaminate" the somite. Using this method, the trapezius was shown to have a dual origin

from somites and lateral plate mesoderm.

Additional support comes from molecular profiling of the trapezius in mice, which indi-
cates greater similarity with the head molecular program than with the trunk myogenesis,
including the expression of Isletl. In mice, the trapezius is still present following knock-
down of Pax3, while all somite-derived trunk muscles are affected. Intriguing similarities in
gene expression have been reported in occipital lateral plate mesoderm and head mesoderm,
such as MyoR, Capsulin and Tbx1 (Pu et al. 2015). In mice, non-somitic neck musculature
and the heart myocardium are clonally related (Lescroart et al. 2015). The lateral plate
mesoderm adjacent to anterior somites sets a trajectory for the migration of tongue muscle
progenitors (Lours-Calet et al. 2014). It is unclear, however, if the myogenic capacity of
lateral plate mesoderm arose from a posterior expansion of the molecular boundary that

patterns muscle or if instead it represents true cranial mesoderm.

1.6 Thesis summary and outline

While branchial skeletal features are available in fossil data, the record for most structures
derived from cranial mesoderm is incomplete. Lineage-tracing studies are required to iden-
tify the embryonic and possibly phylogenetic precursors (Noden and Trainor 2005). The

addition of long-term fate maps of cranial mesoderm in a broader phylogenetic framework
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will determine if patterns of mesodermal contribution to the muscles and bones of the skull

are conserved across vertebrates or more labile.

Lissamphibians occupy a phylogenetically important position between aquatic verte-
brates (including fishes) and amniotes (including reptiles and mammals). They may shed
light on the ancestral pattern of cranial development of early tetrapods as well as the evolu-
tion of derived patterns seen in amniotes. In particular, they possess external gills and their
associated musculature, features likely present in larval Paleozoic amphibians (Schoch and
Witzmann 2011). Growing understanding of the molecular underpinnings of cranial muscle
development makes this an opportune time to examine head mesoderm development and

evolution in amphibians.

In this thesis, I construct a fate map of cranial mesoderm in the axolotl Amybstoma
mezicanum. I demonstrate contributions of cranial mesoderm to the pharyngeal skeleton,
skull and cranial musculature. Mesodermal contribution to the otherwise neural-crest de-
rived squamosal sheds light on potential homology with bones in the temporal series lost in
tetrapod evolution. Moreoever, I define the posterior limit of myogenic unsegmented meso-
derm, which pushes back the posterior boundary of cranial mesoderm to the axial level of
somite 3. In my final chapter, I generate two transgenic lines of Xenopus tropicalis that can
aid in determining the neural crest-mesoderm boundary in the dermal shoulder girdle of

amphibians.

These three projects investigate musculoskeletal evolution in the head and neck of am-
phibians and will add to our knowledge of how different embryonic tissue layers interact to

generate complex structures.
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Figure 1.3 | Relative contribution of lateral plate mesoderm vs. somitic meso-
derm to the chicken cucullaris.. (A) Schematic of somite transplantation at HH 9. (A’
A”) Transplantation of quail somite 1 into a chick host in transverse section at HH 34. (A,
A”) Low-magnification image with quail cells primarily in the skin and skull cartilage. White
arrows are QCPN+- cells and red arrows indicate the cucullaris muscle. (A”) Higher magnifi-
cation of the cucullaris muscle following transplantation of somite 1. The cucullaris muscle is
sparsely labeled (green arrowheads). (B) Schematic of lateral plate mesoderm transplanta-
tion at HH9. (B’) Low magnification of cucullaris muscle showing a large number of QCPN+
cells in the cucullaris muscle (red arrows), but not present in axial muscles (blue arrows).
(B”) High-magnification image with extensive labeling of the cucullaris muscle following
lateral plate mesoderm transplantation (green arrows). From Theis et al. (2010).
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Dual embryonic origin and patterning of
the pharyngeal skeleton in the axolotl
(Ambystoma mexicanum)

Elizabeth M. Sefton, Nadine Piekarski, James Hanken

Abstract

The impressive morphological diversification of vertebrates was achieved in part by in-
novation and modification of the pharyngeal skeleton. Extensive fate mapping in amniote
models has revealed a primarily cranial neural crest derivation of the pharyngeal skeleton.
Although comparable fate maps of amphibians produced over several decades have failed to
document a neural crest derivation of ventromedial elements in these vertebrates, a recent
report provides evidence of a mesodermal origin of one of these elements, basibranchial 2,
in the axolotl. We used a transgenic labeling protocol and grafts of labeled cells between

GFP+ and white embryos to derive a fate map that describes contributions of both cranial

This chapter has been adapted from the following manuscript: Sefton, E. M.,
Piekarski, N. and Hanken, J. Dual embryonic origin and patterning of the pharyngeal
skeleton in the axolotl (Ambystoma mezicanum). Evol Dev 17: 175-184
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neural crest and mesoderm to the axolotl pharyngeal skeleton, and we conducted addi-
tional experiments that probe the mechanisms that underlie mesodermal patterning. Our
map confirms a dual embryonic origin of the pharyngeal skeleton in urodeles, including
derivation of basibranchial 2 from mesoderm closely associated with the second heart field.
Additionally, heterotopic transplantation experiments reveal lineage restriction of mesoder-
mal cells that contribute to pharyngeal cartilage. The mesoderm-derived component of the
pharyngeal skeleton appears to be particularly sensitive to retinoic acid (RA): administra-
tion of exogenous RA leads to loss of the second basibranchial, but not the first. Neural
crest was undoubtedly critical in the evolution of the vertebrate pharyngeal skeleton, but
mesoderm may have played a central role in forming ventromedial elements, in particular.
When and how many times during vertebrate phylogeny a mesodermal contribution to the

pharyngeal skeleton evolved remain to be resolved.

2.1 Introduction

The pharyngeal skeleton, an autapomorphy of gnathostomes, has undergone dramatic mor-
phological change across the vertebrate clade (Lauder 1982; Mallatt 1996). In extant fishes
and larval amphibians it supports the gills, tongue and muscles of the pharynx, whereas
in adult tetrapods it surrounds the larynx and trachea and contributes to the middle ear.
Despite its morphological diversity in gnathostomes, the pharyngeal skeleton is believed to
have a highly conserved embryonic origin from cranial neural crest (Creuzet et al. 2005;
Knight and Schilling 2006). Indeed, the extensive contribution of neural crest to the pha-
ryngeal skeleton and other cranial tissues (Platt 1893; Le Lievre and Le Douarin 1975; Tan
and Morriss-Kay 1986; Langille and Hall 1987; Couly et al. 1993; Kontges and Lumsden
1996; Mongera et al. 2013) is a primary feature of the "New Head" hypothesis, wherein
neural crest functions in the head, similar to mesoderm in the trunk, to generate novel
structures associated with a predatory lifestyle (Gans and Northcutt 1983). Moreover, neu-
ral crest is a source of interspecific variation in craniofacial morphology, capable of carrying

out autonomous developmental programs (Schneider and Helms 2003).
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Fate-mapping studies of amphibians, however, have failed to document a neural crest
origin of some midline pharyngeal cartilages. In neural crest extirpation experiments in
the spotted salamander, Ambystoma maculatum, basibranchial 2, a ventromedial element,
formed in the absence of neural crest cells (Stone 1926; Supplemental Figure 1). In frogs,
neural crest does not contribute to either the basihyal or basibranchial 2, two ventromedial
cartilages in tadpoles (Stone 1929; Sadaghiani and Thiébaud 1987; Olsson and Hanken
1996). It is unknown whether the absence of a neural crest contribution to midline cartilages
represents a derived trait within amphibians or instead represents a character that is more

widely distributed among gnathostomes.

Much less is known regarding the long-term lineage of cranial mesoderm in comparison to
cranial neural crest, although fate maps of cranial mesoderm have been produced for mouse
and chicken (Noden 1988; Couly et al. 1992, 1993; Evans and Noden 2006; McBratney-Owen
2008; Yoshida et al. 2008). Mammals, however, have a highly modified pharyngeal skele-
ton and lack basibranchials, whereas in the chicken, the basihyal and single basibranchial
are derived exclusively from neural crest (Le Lievre 1978). This begs the question of the
embryonic origin of homologous elements in species, such as salamanders, that retain an
evolutionarily more ancestral condition of the pharyngeal skeleton. Such information may
provide important insight into the plesiomorphic pattern of development in tetrapods, or
even bony fishes. Previous mesodermal fate-mapping studies of the salamander head have
described the skeletal and muscular derivatives of individual somites (Piekarski and Olsson
2007), and a recent study reported a mesodermal origin of basibranchial 2 in the axolotl,

Ambystoma mexicanum (Davidian and Malashichev 2013).

Here, we examine mechanisms that mediate pharyngeal skeletal patterning in the ax-
olotl, with particular focus on mesodermal derivatives. To fate map contributions of neural
crest and cranial mesoderm to the pharyngeal skeleton, cells are grafted orthotopically
from GFP+ transgenic donor embryos into white mutant (dd) hosts (Sobkow et al. 2006).
In addition, we evaluate the cell potency of cranial mesoderm through heterotopic trans-
plantations. Finally, we evaluate the role of retinoic acid in regulating development of the

pharyngeal skeleton during embryogenesis. We discuss our results in a broader context of
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the evolution of the pharyngeal skeleton.

2.2 Materials and Methods

Ambystoma mexicanum embryos

White mutant (dd), GFP+ white mutant and albino (aa) embryos of the Mexican axolotl
(Ambystoma mexicanum) were obtained from the Ambystoma Genetic Stock Center at the
University of Kentucky and from our laboratory breeding colony. Before grafting, embryos
were decapsulated manually by using watchmaker forceps. They were staged according to

Bordzilovskaya et al. (1989).
Grafting procedure

In all transplantation experiments, labeled cells were grafted from GFP+ white mutant
donor embryos into white mutant (dd) hosts. The donor embryos ubiquitously express GFP
under the control of the CAGGS promoter (Sobkow et al. 2006). After dejellying, embryos
were transferred into agar-coated dishes (2% agar in 20% Holtfreter solution) containing
sterile 100% Holtfreter solution. Operations were carried out with tungsten needles on the
left side of the embryo. Explants of individual cranial neural crest streams (stages 15—17)
or cranial mesoderm (stages 19—23) from donor embryos were grafted unilaterally into
stage-matched hosts whose comparable regions had been extirpated. Donors and hosts were
of equivalent size and form. Explants were kept in place with a glass coverslip for the
first several minutes to promote healing. Cranial mesoderm has no obvious morphological
segments or boundaries; we differentiated graft regions based on the morphology of the
overlying neural tube. There is undoubtedly a small amount of overlap between adjacent
sections, whose borders are approximate. To avoid contamination with neural crest, cranial
mesoderm transplants were carried out before migrating neural crest cells had reached the

level of paraxial mesoderm (Piekarski 2009).

Cranial mesoderm cells were grafted heterotopically from GFP+ white mutant donor
embryos into stage-matched white mutant (dd) hosts. Transplantations were performed

between stages 19 and 22. Host embryos were prepared through a cut into the overlying
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ectoderm with tungsten needles. Cranial mesoderm cells from region 1 and 4 of hosts were
extirpated. After removal of overlying donor ectoderm, GFP+ cranial mesoderm cells from

regions 5 and 6 were transplanted into regions 1 and 4 of the host.
Immunohistochemistry

Chimeric embryos were anaesthetized in tricaine methane-sulfonate (MS-222; Sigma, St.
Louis, MO) and fixed in 4% paraformaldehyde in phosphate-buffered saline (PFA/PBS)
overnight at 4°C . After washing in PBS, specimens were transferred to 15% sucrose for
several hours, followed by 30% sucrose overnight. Specimens were soaked in a 1:1 solution
of 30% sucrose and Tissue Tek OCT Embedding Compound (Electron Microscopy Sci-
ences, Hatfield, PA) for several hours. Specimens were embedded in OCT and sectioned
at 12—16 pM thickness. Sections were incubated with rabbit polyclonal anti-GFP ab290
(1:2000; Abcam, Cambridge, MA), followed by AlexaFluor-488 goat anti-rabbit (1:500; Life
Technologies, Carlsbad, CA). Sections were also stained with DAPI (0.1—1 pg/ml in PBS)
to label cell nuclei. Some sections were stained with the skeletal muscle marker 12/101

monoclonal antibody (1:100; Developmental Studies Hybridoma Bank, Iowa City, TA).
Retinoic acid treatments

Stock solutions (10 mM) of all-trans retinoic acid (RA; Sigma R2625) were prepared in
dimethyl sulfoxide (DMSO). White (dd) axolotls were incubated in the dark with final con-
centrations of 0.01-0.1 uM RA at indicated stages. Control embryos were incubated in 0.1%
DMSO. Whole-mount clearing and staining followed the standard protocol by Klymkowsky
and Hanken (1991).

RNA in situ hybridization

Albino (aa) embryos were used for in situ hybridization. Antisense riboprobes were
synthesized from the cloned fragment (DIG RNA labeling kit; Roche Diagnostics, Indi-
anapolis, IN). In situ hybridization was performed as previously described (Henrique et
al. 1995), with the addition of an MAB-T wash overnight at 4°C (100 mM maleic acid,
150 mM NaCl, pH 7.5, 0.1% Tween 20). Hybridization was performed at 65°C . The
cyp26b1 forward primer sequence is 5-CATTCACCGCAACAAGAGAA-3’; the reverse
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primer is 5-TTGAGCTCTTGCATGGTCAG-3". Forward and reverse primers for islet1
are 5’-CACACCCAACAGCATGGTAG-3" and 5-TGCTACAGGAGACCCAGCTT-3’, re-

spectively.

2.3 Results

2.3.1 Embryonic derivation of the pharyngeal skeleton

To determine the contributions of both cranial mesoderm and cranial neural crest to the
pharyngeal skeleton, we used transgenic axolotls that ubiquitously express GFP under the
control of the CAGGS promoter (Sobkow et al. 2006). Fate-mapping individual cranial
neural crest streams revealed contributions to all cartilage elements except basibranchial
2 (Figure 2.1A—C, L). The mandibular stream forms Meckel’s cartilage of the lower jaw
(as well as the palatoquadrate cartilage and the anterior portion of the trabecula cranii).
The hyoid stream forms elements of the hyoid arch, including the ceratohyal and the an-
terior portion of basibranchial 1. The branchial streams contribute to the posterior half of

basibranchial 1 and to the cerato- and hypobranchials.

We performed orthotopic transplantations of six different regions of cranial mesoderm
between GFP+ and white (dd) embryos (Figure 2.1K). Cells from regions 5 and 6 con-
tribute to basibranchial 2 (n = 17; Figure 2.1F —H), corroborating recent fate-mapping
results in the axolotl, which show that lateral plate mesoderm gives rise to basibranchial 2
and the heart (Davidian and Malashichev 2013). Cells from regions 5 and 6 overlap with
those forming ventral craniofacial muscle in most explants (n = 11/17). Regions 5 and 6
likely include lateral splanchnic mesoderm (SpM), a population of cells that, in mouse and
chicken, is adjacent to cranial paraxial mesoderm (CPM) and includes precursors of both
head musculature and the second heart field (Nathan et al. 2008). The boundary between
CPM and SpM is defined by gene expression, including Nkz2.5, Isll and Fgf10 in SpM,
and Cyp26c1 in CPM (Bothe and Dietrich 2006; Nathan et al. 2008). In the chicken, the
boundary between CPM and SpM mesoderm cannot be identified morphologically, as CPM

is continuous and indistinguishable from SpM mesoderm (Noden and Francis-West 2006).
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Similarly, hyoid and branchial arch paraxial mesoderm is continuous with lateral plate meso-
derm in the axolotl. In the chicken, SpM contributes to the distal myogenic core of the first
branchial arch, which forms the ventral intermandibular muscle (Marcucio and Noden 1999;
Noden et al. 1999; Nathan et al. 2008). Formation of the intermandibularis muscle in region
5 and 6 transplants in the axolotl is consistent with labeling of SpM that contributes to
the distal cores of the branchial arches. The labeling of basibranchial 2 without labeling
of cranial muscle indicates that at least a portion of basibranchial 2 progenitors is distinct

from intermandibularis muscle progenitors.

Our results suggest a link between pharyngeal skeleton and second heart field develop-
ment: in every specimen in which basibranchial 2 is labeled, the heart is also labeled. In
most cases (n = 15/17), heart labeling is present in the outflow tract, which is formed
by the second heart field (Figure 2.1H; Lee and Saint-Jeannet 2011). In the mouse, cells
from the second heart field form the outflow tract myocardium and contribute to the right
ventricle and the venous pole of the heart (Cai et al. 2003), and clonal analysis indicates
common lineage relationships between cranial muscles and second heart field derivatives
(Lescroart et al. 2010). The second heart field also contributes to the growth of the cardiac
tube (Buckingham et al. 2005). In the chicken, neural crest contributes to the septation of

the outflow tract (Kuratani and Kirby 1991).
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Figure 2.1 | Fate of cranial neural crest and contribution of cranial mesoderm
to the pharyngeal skeleton and heart. (A—B) Transverse sections following hyoid and
branchial neural crest stream transplantations. (A) Basibranchial 1 (bb1) and the ceratohyal
(ch) are labeled following a hyoid stream transplant. (B) Hypobranchials 1 and 2 (hb1, hb2)
are labeled following a branchial stream transplant. (C) Ventral view of a branchial stream
transplant; anterior is at the top. Labeling is present in the hypobranchial region and the
gills. (D) Region 5 mesoderm graft (arrowhead) in a stage-32 embryo after transplantation
at stage 19. (E) Region 6 mesoderm graft (arrowhead) in a stage-36 embryo.
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Figure 2.1 | Continued. (F) Transverse section of a region 5-labeled specimen at stage
55. GFP-labeled cells are present in basibranchial 2 (bb2). Muscle (red) is labeled with the
12/101 antibody; nuclei (blue) are stained with DAPI. (G) Dissected pharyngeal skeleton of
a stage-46 larva shows labeling of basibranchial 2. Ventral view, anterior is at the top; lateral
cartilages have been removed from the right side. (H) Regions 5 and 6 graft in a stage-52
larva. Labeling is visible in the outflow tract (oft) of the heart. Additional heart regions: sv,
sinus venosus; vent, ventricle. Ventral view, anterior is at the top. (I—K) islet! expression.
At stage 17, islet] is expressed in the anteriormost region of the embryo, including the
cardiac crescent (arrow in I). Anterior view, dorsal is at the top. At stage 24, a parasagittal
section shows expression in ventral cranial mesendoderm (arrow in J). Anterior is to the left,
dorsal to the top. At stage 28, islet! is expressed in the hyoid (h) and branchial (b) arches,
with additional strong expression ventral to the arches in the proposed second heart field
(shf) region. Asterisk indicates the ventral region of the embryo where islet! expression is
minimal. Lateral view, anterior is to the left. (L) Scanning electron micrograph of a stage-21
embryo. Overlying ectoderm has been removed from the left side, revealing the mandibular
(light blue), hyoid (blue) and branchial (purple) cranial neural crest migratory streams and
mesoderm (red). (M) Derivation of the pharyngeal skeleton; ventral view, anterior is at the
top. Additional abbreviations: gh, geniohyoideus muscle; m, mandibular arch; nt, neural
tube; rc, rectus cervicis muscle. Scale bar: 500 M.

The LIM-homeodomain transcription factor isletl is expressed in the second heart field
in amphibians as well as amniotes (Brade et al. 2007; Cai et al. 2003). In Xenopus, nkz2.5
is expressed in a broad domain, including both first and second heart fields, whereas islet!
is restricted to an anterior and more dorsal region in the heart field beginning at stage 28
(Brade et al. 2007; Gessert and Kiihl 2009). To determine the location of the second heart
field in the axolotl, we examined expression of islet! (Figure 2.11, J). islet! is expressed
at stage 17 in the anterior region of the embryo, which includes the heart field. At stage
28, islet! is strongly expressed in the ventral hyoid and branchial arches in addition to
the more dorsal branchial arches. Based on our fate-mapping data, ventral expression of
islet] appears to closely overlap the region expected to form both basibranchial 2 and
the outflow tract. Pharyngeal mesoderm cells give rise to both cranial muscle and cardiac
progenitors (Tirosh-Finkel et al. 2006). The axolotl mesodermal cardiocraniofacial field thus
encompasses a portion of the pharyngeal skeleton in addition to the heart and branchiomeric

muscles.
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2.3.2 Heterotopic transplantation of basibranchial 2-forming cells

We performed heterotopic transplantations to evaluate the degree of lineage restriction of
cranial mesoderm at early tailbud stages. Cells that contribute to basibranchial 2 (including
the posterior portion of region 5 and the anterior part of region 6) were moved anteriorly
into regions 1 and 4, which normally do not contribute to the pharyngeal arch skeleton but

typically form mandibular arch musculature (Figure 2.2A).

Stage 45

Figure 2.2 | Heterotopic grafting of cranial mesoderm. (A) Drawing of stage-19
embryos illustrating the grafting protocol. Regions 1 and 4 were extirpated from white (dd)
hosts and replaced with regions 5 and/or 6 from GFP+ donors. (B) Region 6 graft at stage
53 shows labeling of basibranchial 2 (arrowhead). Ventral view, anterior is at the top. (C)
Regions 5 and 6 graft at stage 44 shows labeling of the mandibular levator adductor muscle
(add). Lateral view, anterior is to the left. (D) Transverse section of a regions 5 and 6
graft at stage 45 shows labeling of basibranchial 2. Muscle (red) is labeled with the 12/101
antibody; nuclei (blue) are stained with DAPI. (E) Regions 5 and 6 graft at stage 44 shows
labeling of basibranchial 2 and the intermandibularis muscle (im). Scale bars: B, C and
E-500 pM; D-100 pM.

Heterotopically transplanted cells form anterior musculature, including jaw adductors
and the intermandibularis muscle (Figure 2.2C, E). Muscles form in most cases (n = 9/12),

but transplanted cells also form basibranchial 2 as well as the heart in its normal location
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(Figure 2.2B, D—E; n = 8/12). No heterotopically transplanted cells contribute to anterior
pharyngeal arch structures, such as Meckel’s cartilage, which suggests cranial mesoderm
cannot replace neural crest as a source of pharyngeal arch skeleton. We cannot rule out
a community effect, however, wherein smaller groups of individual basibranchial 2-forming
cells are more responsive to cues from the host environment, as can occur following trans-
plantation of coherent groups of neural crest cells (Trainor and Krumlauf 2000). Stone
(1932) performed heterotopic transplantations of cranial mesoderm (with the surrounding
ectoderm and endoderm) into locations in the trunk in the axolotl. These experiments re-
sulted in the formation of ectopic gills, heart and a small rod of cartilage presumed to be
basibranchial 2. Development of the ectopic basibranchial 2 was always accompanied by
formation of the heart. The lack of positional restriction in the ability of cranial mesoderm
to form head muscles by stage 21 in the axolotl agrees with results from comparable studies
in mouse: cells transplanted across the anteroposterior axis of CPM generate structures

typical of their host location (Trainor et al. 1994).

2.3.3 Retinoic acid-treated embryos lack basibranchial 2

Proper levels of retinoic acid (RA), a derivative of vitamin A, are required for multiple as-
pects of craniofacial development (Lohnes et al. 1994; Niederreither and Dollé 2008). To test
the role of RA in patterning the axolotl pharyngeal skeleton, we treated embryos with all-
trans RA. In zebrafish, excess RA inhibits formation of the posterior basibranchials (Laue
et al. 2008). Strikingly, treatment of white (dd) axolotl embryos with 0.05 uM RA results
in the absence of basibranchial 2 but not basibranchial 1 (n = 31/33; Figure 2.3B). Fur-
thermore, all six arches are present with normal anteroposterior patterning (Figure 2.3B).
Basibranchial 1 remains intact at higher doses (n = 6/6; Figure 2.3C), whereas even at the
lowest dose, 0.01 uM, basibranchial 2, while still present, is less robust than in controls (n

= 9/9; Supplemental Figure 3). This implies that RA restricts basibranchial 2 progenitors.
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Figure 2.3 | Exogenous retinoic acid (RA) disrupts the mesoderm-derived pha-
ryngeal skeleton. (A—C) Alcian-blue staining of craniofacial cartilages at stage 45 follow-
ing treatment with 0.1% DMSO (A, control), 0.05 uM RA (B), and 0.1 uM RA (C). Ventral
views, anterior is at the top. Brackets depict positions of basibranchials 1 and 2. Asterisks
in B and C indicate normal position of missing basibranchial 2. (D—E) Transverse section
of a stage-44 cyp26b1 in situ hybridization. Dashed rectangle in D is enlarged in E. (F)
Frequency of basibranchial 2 in control group (0.1% DMSO) and following treatment with
0.05 uM RA. The p-value is based on a 2-sample t-test.

In zebrafish, RA does not have a posteriorizing influence in the location of myocardial
progenitors, but instead controls progenitor density (Keegan et al. 2005). Xenopus embryos
exposed to increased RA before cardiac differentiation have reduced levels of Nkz2.5 (Jiang
et al. 1999). At the low concentrations used in our RA experiments, RA does not appear
to have a posteriorizing effect on the pharyngeal skeleton, but instead it has a potent
repressive function in the mesoderm-derived component of the axolotl pharyngeal skeleton.
The Cyp26 cytochrome P450 enzymes degrade RA, acting to control RA levels in cells and
tissues (reviewed by Blomhoff and Blomhoff 2006). We examined the expression of both
cyp26b1 and cyp26¢1. Although no significant expression of cyp26¢1 is found in the midline
where basibranchial 2 forms (data not shown), cyp26b1 is expressed in the ventral midline

of larvae (Figure 2.3D—E). This is consistent with the presence of an RA gradient in the
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head, with concentration increasing from medial to lateral positions (Laue et al. 2008).

2.4 Discussion

2.4.1 Neural crest-mesoderm boundary in the pharyngeal skeleton

The embryonic derivation of the cranium has significant implications regarding vertebrate
origins and relationships (including assessments of skull bone homologies), the flexibility of
developmental programs, and the diagnosis and treatment of craniofacial anomalies (Cerny
et al. 2006; Darwin 1859; Kimmel et al. 2001; Kuratani 1997; Kuratani et al. 1997; Matsuoka
et al. 2005; Schneider 1999; Trainor and Krumlauf 2000). The dual embryonic origin of the
skull from both neural crest and mesoderm has been well documented in two widely used
amniote models, chicken and mouse. The corresponding pharyngeal skeletons, however, are
derived largely from neural crest, and this pattern has generally been extrapolated to all ver-
tebrates. Yet, the pharyngeal skeleton has changed dramatically in the course of vertebrate
evolution in relation to feeding, respiration, vocalization and hearing, and amniotes account
for only a small portion of that diversity. Fate mapping in multiple lineages is needed to
determine the degree to which the neural crest-mesoderm boundary is evolutionarily conser-
vative or labile (Piekarski et al. 2014). Whereas fate mapping and genetic analysis of neural
crest has yielded insight into the degree of conservation of embryonic origin and the neural
crest-mesoderm boundary in anamniotes (Epperlein et al. 2000; Ericsson et al. 2008; Olsson
et al. 2001; Olsson and Hanken 1996; Falck et al. 2002; Horigome et al. 1999; Kague et al.
2012; Mongera et al. 2013; McCauley and Bronner-Fraser 2003; Ota et al. 2007; Schmidt et
al. 2011), fate mapping of cranial mesoderm has received far less attention (Kuratani et al.
2004; Davidian and Malashichev 2013; Schilling and Kimmel 1994). Cranial mesoderm fate
maps are particularly important for structures of dual origin, such as the otic capsule and

stapes (Noden 1982; Thompson et al. 2012).

The dual embryonic origin of the pharyngeal skeleton in the axolotl provides an additional
morphological frontier to study the boundary between neural crest and mesoderm. If the

pharyngeal skeleton is defined to include laryngeal cartilages, then the boundary appears to
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vary even among amniotes. In the chicken, cricoid and arytenoid cartilages are derived from
lateral mesoderm at the level of the otic placode and first somite, as inferred from quail-
chick chimaeras (Noden 1986, 1988) and more recently from retroviral labeling (Evans and
Noden 2006). In contrast, genetic fate-mapping in the mouse indicates a neural crest origin
of cricoid, arytenoid and thyroid cartilages (Matsuoka et al. 2005), although aspects of
these findings are controversial (Sdnchez-Villagra and Maier 2006). Notwithstanding these
interspecific differences in its exact location, the neural crest-mesoderm boundary in the
pharyngeal skeleton of ammniotes is typically placed in the laryngeal cartilages. Our fate
mapping in the axolotl, however, shifts the boundary anteriorly to include basibranchial 2, a
prominent element in many fishes and amphibians that is absent or significantly transformed

in the reduced pharyngeal skeleton of amniotes.

Our heterotopic transplantations suggest that mesoderm that forms basibranchial 2 and
the heart is specified earlier in development than mesoderm that forms skeletal muscle. The
neural crest-mesoderm boundary remains stable when cartilage-forming mesoderm cells are
moved into the mandibular arch; basibranchial 2-forming cells appear unable to form neural-
crest derived cartilages following such experimental treatment. And while chondrogenic
progenitors maintain their "normal” fate at late-neurula stages, skeletal muscle progenitors
demonstrate equivalent potential along the anteroposterior axis. The earlier specification
of basibranchial 2 progenitors in the heart field and negative regulation by retinoic acid
(RA) offers a potential explanation for the curious absence of neural crest cells from the
ventromedial pharyngeal skeleton. Future studies, including clonal analysis, are needed to
determine the precise relationship between the second heart field, including the outflow

tract, and the formation of basibranchial 2.

2.4.2 Evolution of basibranchial 2 and the urohyal

Our fate-mapping results confirm the recent report of a mesodermal derivation of basi-
branchial 2 in the axolot]l (Davidian and Malashichev 2013). We further show that cranial
mesoderm that forms this cartilage cannot substitute for neural crest in forming other car-

tilages of the pharyngeal skeleton, and that basibranchial 2 differs from the rest of the
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pharyngeal skeleton in its response to exogenous RA. These distinctive features of basi-
branchial 2 are consistent with the hypothesis that this element both develops and evolved
independently from the remainder of the pharyngeal skeleton. Jarvik (1963) proposed that
basibranchial 2 is not derived from neural crest, but instead forms as a developmental unit
with the somite-derived tongue musculature. If this hypothesis is true, then the mesoder-
mal origin of basibranchial 2 and its differential sensitivity to RA may be linked to the
somitic signalling environment provided by the surrounding tongue musculature. According
to Jarvik, basibranchial 2 in urodeles is the homolog of the urohyal of piscine sarcoptery-
gians, including the basal taxon Eusthenopteron. The urohyal is an unpaired median skeletal

element in bony fishes that lies caudal to the basibranchial (Figure 2.4).

Like basibranchial 2, the urohyal in sarcopterygians forms first as cartilage, which then os-
sifies endochondrally (Arratia and Schultze 1990). A bony urohyal is also present in teleosts,
although it typically forms by intramembranous ossification. In bichirs (Polypterus spp.),
which are neither teleosts nor sarcopterygians, the urohyal appears to ossify as three distinct
ventral tendon bones, although relatively little is known regarding pharyngeal ossification
in this evolutionarily conservative sister taxon to all other actinopterygians (Arratia and
Schultze 1990). Recent fate-mapping studies demonstrate a neural-crest contribution to the
entire pharyngeal skeleton in the zebrafish, including the urohyal (Kague et al. 2012). This
result is consistent with the claim that the teleost urohyal, which forms as an ossification
of the sternohyoideus tendon, is not homologous to the urohyal of piscine sarcopterygians
(Arratia and Schultze 1990). If the zebrafish urohyal is homologous to basibranchial 2 of the
axolotl, then developmental system drift (True and Haag 2001) may offer an explanation
for the differing germ-layer origin and mode of ossification between these two elements.
Given this complex phylogenetic distribution of alternate developmental trajectories and
unresolved homologies, we can propose at least three possible scenarios for the evolution of
the mesodermal derivation of basibranchial 2 and, possibly, the urohyal (Figure 2.4). First,
it evolved in basal osteichthyans but later was lost independently in at least some teleosts
and amniotes (hypothesis 1). Alternatively, it originated coincident with evolution of endo-

chondral ossification of the urohyal of sarcopterygians and later was lost in at least some
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amniotes (hypothesis 2). Finally, mesodermal derivation of basibranchial 2 may simply be a
synapomorphy unique to urodeles, and possibly other amphibians (hypothesis 3). Parallel,
independent evolution of this feature also remains a possibility, if it is present, for example,

in piscine sarcopterygians.

Osteichthyes
Lobe-finned fishes
Tetrapods
Bichir bb1 Zebrafish Coelacanth bb1 Axolotl bh Fire-bellied Toad Chicken
ur \ beNr/zNur kta)t';1
N R %
? .
<——Tendon bone ur

<€—— Endochondral ur/bb2

Wcranial nc
Emesoderm

Figure 2.4 | Evolution of pharyngeal skeleton origins. Simplified osteichthyan
phylogeny depicting cranial neural crest and cranial mesoderm contributions
to the hyoid and branchial arches. The mesodermal contributions to coelacanth (mod-
ified from Forey, 1998), toad and bichir (modified from Arratia and Schultze, 1990) are
hypothesized (question marks). Red circles represent gain of mesodermal contribution to
the pharyngeal skeleton in three alternate hypotheses. Blue bars indicate loss of mesodermal
contribution according to hypothesis 1 or 2. The urohyal in teleosts and bichirs, which forms
by intramembranous ossification within tendon (“Tendon bone ur”), may not be homolo-
gous to the urohyal in sarcopterygians, which ossifies endochondrally within cartilage (“
Endochondral ur/bb2”). In hypothesis 1, derivation of bb2/ur from cranial mesoderm is an
osteichthyan synapomorphy, which later was lost independently in teleosts (e.g., zebrafish)
and amniotes (chicken). In hypothesis 2, mesodermal contribution to the pharyngeal skele-
ton is a sarcopterygian synapomorphy, which later was lost in amniotes. In hypothesis 3,
mesodermal contribution to the pharyngeal skeleton is an amphibian synapomorphy.
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Homology of basibranchial 2 and the urohyal, at least across sarcopterygians, is further
supported by their strikingly similar morphology. Both basibranchial 2 of the axolotl and the
urohyal of the coelacanth are elongate bones that articulate anteriorly with basibranchial 1
and expand caudally to terminate in a bifid tip. Each element also serves as an attachment
site for ventral branchial musculature, although the muscle origins and insertions may vary,
especially among salamanders (Kleinteich and Haas 2011). For example, the sternohyoideus
muscle inserts on the dorsal surface of the urohyal in the coelacanth (Millot and Anthony
1958) and on the dorsal side of basibranchial 2 in the axolotl (Piekarski and Olsson 2007).
In the absence of lineage-tracing data from piscine sarcopterygians, hypotheses 2 and 3
are equally parsimonious. Nevertheless, we favor hypothesis 2, primarily because it asso-
ciates two developmental innovations at the origin of sarcopterygians: mesodermal origin
of median elements of the pharyngeal skeleton, and endochondral ossification of the uro-
hyal/basibranchial 2. If this hypothesis is correct, then these features represent the ancestral
condition for lobe-finned fishes. A specific prediction that follows is the mesodermal deriva-
tion of the urohyal in piscine sarcopterygians. If the urohyal of teleosts is not homologous
to the urohyal of sarcopterygians (Arratia and Schultz 1990), then such a distinctive mode
of development of the urohyal of sarcopterygians and the basibranchial 2 of urodeles would
not require an evolutionary change in the embryonic derivation of homologous elements.
Rather, the urohyal preformed in cartilage would represent a neomorphic element unique
to sarcopterygians that evolved by incorporating cranial mesoderm closely associated with

the heart field.

Neural crest has played a critical role in vertebrate craniofacial development and evolu-
tion (Northcutt 2005; Abitua et al. 2012). According to the "New Head” hypothesis, the
origin of the head during the transition of vertebrates to active predation from a more
passive protochordate ancestor involved morphological innovations derived from the neural
crest and epidermal placodes, as well as muscularization of lateral plate mesoderm (Gans
and Northcutt 1983). Neural crest derivation of the pharyngeal skeleton in general has been
known for well over a century (Platt 1893). Basibranchial 2 of the axolotl, however, is a

surprising example of a functional component of the pharyngeal feeding apparatus that
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originates instead from cranial mesoderm. In aquatic feeding salamanders, basibranchial 2
is the attachment site of muscles that pull the center of the hyobranchial apparatus forward
and open the mouth (Deban and Wake 2000). It is an interesting exception to the more
typical association of neural crest with skeletal structures involved in feeding. Tracing its
origin and phylogenetic diversity sheds light on whether basibranchial 2 was always linked
to the neural crest-derived pharyngeal skeleton, or, if it was not, on how this element came

to be integrated with the pharyngeal skeleton following its initial evolution.

Contributions: E. Sefton performed cranial mesoderm transplantations, retinoic acid

treatments and in situ hybridizations. N. Piekarski conducted neural crest transplantations.
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Evolution of cheek bones in amphibians
and reptiles: insights from lineage tracing
in the axolotl (Ambystoma mexicanum)

Abstract

TThe vertebrate skull is a complex structure that arises from three embryonic sources—
cranial mesoderm, neural crest and somitic mesoderm. The contribution of cranial mesoderm
to the bony skull has been documented in two amniote models, the mouse and the chicken.
The dominant bone of the cheek, the squamosal, is derived from neural crest in both species.
In the chicken, however, a postero-dorsal component of the squamosal receives an additional
contribution from cranial mesoderm. Additional data from an anamniote model permits
comparisons in a wider phylogenetic context and provides evidence regarding the extent
of evolutionary conservation in the embryonic derivation of the skull during vertebrate
history. To delineate the extent of cranial mesoderm derivation of the skull in Ambystoma

mexicanum, we utilize GFP-transgenic axolotls, which permit long-term fate mapping. Our

Contributions: E. Sefton performed cranial mesoderm transplantations, cryosec-
tions and antibody stains. Victoria Lellis assisted in cryosections and antibody stains.
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3.1. INTRODUCTION

results provide the first fate map of osteogenic cranial mesoderm in an anamniote. We
show the postero-dorsal squamosal bone in the axolotl is derived from cranial mesoderm,
as in the chicken. This lends support to the hypothesis that the batrachian squamosal is a
compound bone. The neural crest-derived squamosal is fused to a mesoderm-derived bone,
likely either the tabular or supratemporal. We propose that this fusion evolved convergently
in archosaurs and amphibians. In mice, it has previously been proposed that the tabular
bones fuse to the postparietals during development. Distinct patterns of fusion could thus
explains the incongruent origin of the squamosal between mouse and chicken/axolotl: in
mammals, the tabulars fused to the medial postparietal bone, while in amphibians and

reptiles, the supratemporals/tabulars fused to the laterally adjacent squamosal.

3.1 Introduction

In vertebrates, cranial mesoderm is an unsegmented mesenchymal cell population adjacent
to the neural tube that fills the core of each pharyngeal arch following the migration of
cranial neural crest (reviewed by Noden and Francis-West 2006; Noden and Trainor 2005).
Cranial mesoderm contributes to head and heart musculature as well as cartilage and bone of
the skull. The resulting interface between mesoderm- and neural crest-derived components

bears developmental, clinical and evolutionary significance (Gross and Hanken 2008).

Mesodermal contribution to the bony skull has been documented in the chicken through
quail-chick chimeras and retroviral labeling (Evans and Noden 2006; Noden 1988; Couly
et al. 1993). Transgenic lines, including Mesp1-Cre/R26R and Myf5-Cre/R26R, have been
used to examine mesodermal derivation of the mouse skull (Yoshida et al. 2008; Hosokawa et
al. 2007; McBratney-Owen et al. 2008). There are no published reports that directly address
the contributions of cranial mesoderm to the adult bony skull of actinopterygians, although
a transgenic paraxial mesoderm line was recently produced for the zebrafish (Mongera and
NAijsslein-Volhard 2013). In the chicken, the posterior portion of the frontal bone and the
entire parietal bone, which together comprise the cranial vault, are derived from cranial

mesoderm (Evans and Noden 2006; although see Couly et al. 1993 for an alternative claim).
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In the mouse, however, the neural crest-mesoderm interface is largely between frontal and
parietal bones (Jiang et al. 2002; Yoshida et al. 2008), although a few mesoderm cells are

found in the otherwise neural crest-derived frontal (Deckelbaum et al. 2012).

The fate maps of chicken and mouse also differ in the derivation of the squamosal,
a prominent part of the temporal series of bones that form the "cheek." In the chicken,
cranial mesoderm forms a postero-dorsal portion of the squamosal (Evans and Noden 2006),
whereas in mice the squamosal is derived solely from neural crest (Jiang et al. 2002) (Fig.
3.1). While differing fate maps in the skull vault have garnered much attention (Noden and
Trainor 2005; Gross and Hanken 2008; Noden and Schneider 2006; Gross and Hanken 2005;
Hanken and Gross 2005), the contrasting derivation of the squamosal between mouse and

chicken has received little attention.

Chicken

[C] Neural crest [ Mesoderm

Figure 3.1 | Differing derivation of the squamosal in chicken and mouse. In the
mouse, the squamosal is derived entirely from neural crest. In the chicken, the squamosal
receives a contribution from cranial mesoderm in the postero-dorsal region (arrow). F,
frontal; P, parietal; Sq, squamosal. Mouse fate map based on refs. 7 and 11. Chicken fate
map from ref. 4.

The homology and evolutionary history of the squamosal has been contentious (Alcalde
and Basso 2013; Huxley 1864; Gaupp 1895; Thyng 1906; Schoch 2014). In addition to
the cheek bones, early tetrapods possessed a temporal series including the intertemporal,
supratemporal and tabular, with the tabular forming the lateral occiput of the skull (Romer

1949). The tendency towards simplification of the dermal tetrapod skull is a repeated trend
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in vertebrate evolution (Esteve-Altava et al. 2012; Gregory 1935). Lissamphibian skulls
have lost of numerous bones in comparison to the heavily ossified skulls of temnospondyls,
which often overshadows other characters in phylogenetic analyses of lissamphibian origins
(Schoch and Milner 2004). The loss of bones in batrachians (a clade that includes frogs and
salamanders), including the tabular, supratemporal, postfrontal and jugal, has been asso-
ciated with their paedomorphic morphology (Milner 1988; Rocek and Rage 2000; Smirnov
1995). Although initially without developmental evidence, it was proposed that the tetra-
pod squamosal bone resulted from the fusion of two independent bones (Allis 1919; Biitschli
1910). Embryonic studies subsequently documented that the squamosal in numerous anu-
rans and salamanders develops from two or three distinct centers of ossification (Reinbach
1939; Lebedkina 1979; Sedra 1949; Wiens 1989; Griffiths 1954a). The arrangement of ossifi-
cation centers led to the hypothesis that the anuran and urodele squamosal is the product
of fusion to a dorsal bone in the temporal series overlying the otic capsule (Reinbach 1939;
Lebedkina 1979; Griffiths 1954a). Fused bones, however, do not necessarily present more
than one ossification center during ontogeny, as the original ossification centers may have

fused over evolutionary time (Lebedkina 1979; Griffiths 1954b; Rocek 1988).

A similar instance of fusion has been documented in a group of Paleozoic amphibians: in
the lepospondyl order Adelospondyli, just one bone is located where the squamosal, tabular,
supratemporal and intertemporal bones are typically found (Andrews and Carroll 1991).
This bone is termed the tabular-squamosal, although it is not possible to determine from
existing data if the tabular and/or the supratemporal are involved in the fusion (Andrews

and Carroll 1991; Carroll 2009).

The existence of structures derived from both cranial mesoderm and neural crest, such
as the axolot] viscerocranium (Davidian and Malashichev 2013; Sefton et al. 2015) and the
chicken frontal bone (Deckelbaum et al. 2012), demonstrates the necessity of fate-mapping
cranial mesoderm to more completely characterize the neural crest-mesoderm boundary.
Here, we use the axolotl, Ambystoma mexicanum, to fate-map cranial mesoderm to the
bony skull in a urodele amphibian. The neural crest contribution to the skull in the axolotl

is highly similar to that in amniotes (Piekarski et al. 2014), but the nature and extent
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of mesodermal contributions are yet to be described in this species or any other living
amphibian. We find a cranial mesoderm contribution to the dorsal squamosal; comparisons
with chicken fate mapping shed light on the convergence of bone fusion in amphibians and

archosaurs.

3.2 Materials and Methods

Axolotl husbandry and embryos

Green fluorescent protein (GFP) transgenic (Sobkow et al. 2006) and white mutant (dd)
embryos were acquired from the Ambystoma Genetic Stock Center at the University of
Kentucky or from the colony in the Hanken laboratory at the Museum of Comparative
Zoology. Animals were staged (Bordzilovskaya et al. 1989; Nye et al. 2003) and reared in

20% Holtfreter solution.
Embryonic Grafting of cranial mesoderm

Prior to grafting, watchmakers forceps were used to manually remove the jelly coat.
Transplantations were performed in sterile 100% Holtfreter solution on 2% agar-coated
dishes as previously described (Sefton et al. 2015). Tungsten needles were used to transplant
segments of cranial mesoderm from GFP-positive white mutant donor embryos into stage-
matched white mutant hosts. Transplantations were unilateral and performed during stages
16-22. Cranial mesoderm was artificially divided into six regions (Fig. 3.2A). Following
extirpation of a region of host mesoderm, GFP-positive donor mesoderm of similar size was
grafted in its place. To avoid contamination with neural crest, transplantations were carried
out before ventrally migrating cranial neural crest cells had reached the level of paraxial
mesoderm. Chimeras were raised up to 6 months; animals younger than stage 53 were not
used to analyze bone derivation. Animals were anesthetized in tricaine methanesulfonate
(MS-222; Sigma-Aldrich, St. Louis, MO) and then fixed in 4% paraformaldehyde at 4 °C for
48 h.

Sectioning and Immunohistochemistry
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Animals were rinsed in PBS and transferred to 15% sucrose for several hours, then
30% sucrose overnight, and finally a 1:1 solution of 30% sucrose and Optimal Cutting
Temperature compound (OCT; Electron Microscopy Sciences, Hatfield, PA). They were
then transferred to pure OCT and embedded in plastic molds in OCT utilizing a dry-ice
ethanol bath and stored at -80 °C. 12-16 pm transverse serial cryosections were made on a

Leica CM 3050S cryostat.

Sections were blocked with 5% normal goat serum in PBT for 2 hr at room temperature
and then incubated with rabbit polyclonal anti-GFP ab 290 (1:3000; Abcam, Cambridge,
MA) overnight at 4 °C. AlexaFluor-488 goat anti-rabbit was used as a secondary antibody
(1:1000; Life Technologies, Carlsbad, CA). Sections were stained with 0.5% alizarin red for
3 min, rinsed in PBS and stained with DAPI (0.1-1 pg/ml in PBS) to label cell nuclei.

12/101 skeletal muscle marker was applied to some sections (1:100; Developmental Stud-
ies Hybridoma Bank, Iowa City, IA), followed by AlexaFlour 568 goat anti-mouse secondary
(1:500; Life Technologies, Carlsbad, CA).

3.3 Results and Discussion

We use a GFP transgenic strain of the Mexican axolotl (Sobkow et al. 2006) to map deriva-
tives of embryonic cranial mesoderm to bone and cartilage in the axolotl skull. Cranial
mesoderm was divided into six regions (Fig. 3.2A). Five of the six regions were skeletogenic
in at least one transplant, although many of the transplants from these regions only gave
rise to muscle (Table 3.1). Region 1 contributed to the crista trabeculae (not shown) (orbital
cartilage—(de Beer 1937; Goodrich 1958). We have previously shown that two lateral regions,
5 and 6, give rise to the endochondral basibranchial 2, or urohyal, of the viscerocranium
(Davidian and Malashichev 2013; Sefton et al. 2015) but do not contribute to either the

dermatocranium or the neurocranium.

Regions 2 and 3 both contribute to the otic capsule and to cells at the base of the stapes
(Fig. 3.2B—C). In the axolotl, the developing stapedial cartilage is initially continuous with

the periotic cartilage, but these two elements later separate (Parker and Bettany 1877). It
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Figure 3.2 | Transplantation strategy and cranial mesoderm derivation of the
cartilaginous skull. (A) Schematic of transplant regions (1-6) in a GFP+ stage-21 embryo
and a stage-matched white (d/d) host (drawn with the epidermis removed). (B, C) The otic
capsule and a few cells at the base of the stapes (arrow) are derived from cells in region
3. Transverse sections through the otic region. nc, neural crest; nt, neural tube; s, somite.
Scale bar: 100 pm.

is possible that some of the mesodermally derived otic cartilage is retained at the edges of
the base of the stapes as separation occurs. A partially mesodermal origin of the columella,
a homologue of the stapes, is reported in chicken (Smith 1904; Noden 1986), although other
studies in chicken claim the stapes is entirely neural-crest derived (Le Liévre 1978; Couly et
al. 1993). Based on genetic lineage tracing, the footplate of the stapes is partially derived
from mesoderm in mouse (Thompson et al. 2012). Otic capsule ablation in the spotted
salamander, Ambystoma maculatum, results in defects in the base and shaft of the stapes,
although in these experiments the otic capsule was interpreted as the signaling center for
stapes development rather than the source of the stapes itself (Toerien 1963). Our results
suggest that the defects in the stapes that follow otic capsule ablation are due, at least in

part, to the mesodermal origin of the base of the stapes.

Cranial mesoderm from all three paraxial regions contributes to the parietal bone (Fig.
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Table 3.1 | Surgeries in Ambystoma: labelled bones and cartilages following
cranial mesoderm transplantation.

Skeletal elements

Transplant type? No. Survived® par sq ps os¢ oc st¢ bb2 cm

Region 1 13 4 1 5 13
Region 2 14 2 2 4 3 2 14
Region 3 18 4 9 M 16 3 14
Region 4

Region 5 8 2
Region 6

Region 5 + 6 15 13 10

aSee Figure 1A for regions

bto stage 53 or later (up to 6 months)
¢ posterior os

dbase of stapes

Abbreviations: par, parietal; sq, squamosal; ps, parasphenoid; os, orbitosphenoid;
oc, otic capsule; st, stapes; bb2, basibranchial 2; cm, cranial muscle

3.3A-C); regions 1 and 3 form rostral and caudal portions of the parietal, respectively.
Overall, the derivation of the cranial vault in the axolotl closely resembles that in the
mouse, with the neural crest-mesoderm boundary primarily between the frontal and parietal.
Chicken fate maps by different research groups have reported conflicting locations of the
neural crest-mesoderm interface in the skull vault: either in the mid-frontal (Noden 1978;
Le Lievre 1978) or between the parietal and supraoccipital (Couly et al. 1993). Both of
these locations differ from the location in axolotl and mouse, where the parietal is entirely
mesoderm derived and neural crest contributes to the full length of the frontal. Using
developmental origin as one criterion for homology, these results raise the possibility that
the chicken ’frontal’ might instead be considered a ’frontoparietal’, as previously suggested
(Noden and Trainor 2005; Noden and Schneider 2006). In the palate, we also found the the

posterior parasphenoid is derived from cranial mesoderm (Fig. 3.3E, F).

Posterior cranial paraxial mesoderm contributes to the dorsalmost portion of the squamosal
bone in the axolotl, as it does in chicken (Fig. 3.4; Evans and Noden 2006). The rest of the
squamosal in axolotl and chicken is derived from neural crest, which is the source of the

entire squamosal in mouse (Le Liévre 1978; Noden 1978; Couly et al. 1993; Kontges and
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parasphenoid

Figure 3.3 | Contribution of cranial mesoderm to the skull roof and palate.. (A)
Stage-40 embryo that received a unilateral (left) graft from region 1 at stage 19. Lateral
view, anterior to the top. (B) Recipient in (A) at stage 54. Extraocular muscle (eom), the
levator mandibulae anterior muscle (Ima) and the parietal bone are labeled. The retinal
pigmented epithelium of the eye (ey) is autofluorescent, not GFP labeled. (C) The perios-
teum surrounding the parietal bone is GFP-labeled in transverse section at stage 56. Cross
section through the eye (ey) region. (D) Stage-57 juvenile that received a graft from region
2 at stage 21. Labeling is present in the depressor mandibulae (dm), which opens the jaw,
the cartilaginous otic capsule (oc) and the parasphenoid bone (visible in cross section).
(E-F) The parasphenoid bone is labeled in transverse sections of juvenile axolotls. Boxed
area in left panel is shown at higher magnification on the right. Cross section through the
otic region. Scale bar: A, C, E and F-100 pum; B, D-500 pm.

Lumsden 1996; Morriss-Kay 2001; Jiang et al. 2002). The squamosal in Xenopus is derived
from neural crest, although fate maps of cranial mesoderm have not been produced (Gross

and Hanken 2004; Piekarski et al. 2014).

In zebrafish, neural crest does not contribute to the supratemporal, which suggests a
mesodermal origin of this bone (Kague et al. 2012). Fusion of bones in the skull would
provide a stronger, continuous attachment surface for cranial musculature (Schoch 2014). In
lissamphibians, it has been proposed that the dorsal ossification center is homologous to the

supratemporal (Reinbach 1939; Lebedkina 1979; Griffiths 1954a; Jarvik 1967; Schoch 2014)
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squamosal -

Figure 3.4 | Cranial mesoderm forms the dorsal cheekbone in A. mezxicanum. (A)
Stage-31 embryo that received a unilateral graft of GFP-labeled paraxial cranial mesoderm
(arrowhead) just anterior to somite 1 at stage 21. (B) Recipient in (A) at stage 57. Dorsal
view, anterior to the top. Labeling in cartilaginous otic capsule visible (arrowhead). (C)
Periosteum surrounding the dorsal portion of the squamosal bone is GFP-labeled in cross
section through the otic region. (D) 3D reconstruction of labeling in squamosal bone, indi-
cating labeling of cells within the bone (arrowheads). In transverse sections, GFP-positive
cells are green; DAPI-stained nuclei are blue and the alizarin-stained bone matrix is red. (E)
Mesodermal contribution to the axolotl skull. Mesoderm, pink; neural crest, blue; cartilage,
gray. Scale bar: A, B-500 pm; C-100 pgm; D-one unit, 30 pum.

or the tabular (Alcalde and Basso 2013). Our fate-mapping data supports the hypothesis
that the dorsal ossification center that contributes to the adult squamosal is homologous
to the supratemporal (or tabular). Our data cannot distinguish between these alternatives.
Most early tetrapods and temnospondyls, e.g., Apateon, possessed both supratemporals and
tabulars (Fig. 3.5). The early Jurassic caecilian Eocaecilia retains a separate bone medial to
the squamosal, but it is uncertain if this bone is the supratemporal or the tabular (Jenkins et
al. 2007). Based on the anterior location of the dorsal ossification center in the squamosal,

Schoch (2014) recently proposed its homology with the supratemporal and not with the
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more posteriorly located tabular.

Both the tabular and the supratemporal are reduced or lost in synapsids and diapsids.
The tabular tends to be lost prior to the supratemporal in diapsid evolution; the reverse
is true in synapsids (Parrington 1937). Here, we review the presence of the supratemporal
and tabular in diapsids (Fig. 3.5). In reptiles, the squamosal generally extends on to the
surface of the otic capsule (Howes and Swinnerton 1901). The supratemporal is found in
the stem diapsid Youngina, different authors have proposed either presence or absence
of the tabular (Carroll 1981; Evans 1980). The tabular and supratemporal were present
ancestrally in lepidosauromorphs, including Paliguana (Carroll 1975), but the tabular is
absent in rhynchocephalians and squamates (Gauthier et al. 1988). The supratemporal is
absent in adult Sphenodon; its presence in hatchlings is unresolved (Howes and Swinnerton
1901; Rieppel 1992). A supratemporal is present in the Triassic sphenodontian Clevosaurus
(Robinson 1973; Fraser 1988) as well as in most extant squamates, in which it has acquired
a new function in association with cranial kinesis (Evans 2008). Resolving the embryonic
origin of the squamosal in squamates that have a discrete supratemporal, such as the lizard
Anolis, might reveal if the tabular is truly absent in squamates or if instead it is fused with

the squamosal.

The tabulars are absent in all archosauromorphs, while the supratemporal is present in
both Prolacerta (Modesto and Sues 2004) and the archosauriform Proterosuchus (Cruick-
shank 1972). The supratemporal is absent in Euparkeria, crocodiles and dinosaurs (includ-
ing avians). Examination of embryonic ostrich, chicken and penguin material did not reveal
a second dorsal ossification center (Brock 1935). Thus, it was presumed that the avian
squamosal lacks any supratemporal or tabular component (Brock 1935). While it is possi-
ble that critical embryonic stages were missing in determining centers of ossification, the two
ancestral ossification centers may have merged such that they are no longer independently
visible. The anuran frontoparietal, for example, forms from a single center of ossification
in multiple lineages (Sedra 1949; Trueb 1970). The squamosal of at least some anurans
and urodeles exhibits a secondary fusion wherein a discrete dorsal center fuses with ven-

tral ossification(s) (Reinbach 1939; Sedra 1949; Lebedkina 1979; Wiens 1989; Wild 1997,
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1999; Perotti 2001; Alcalde and Basso 2013). However, not all frog species possess a distinct
dorsal ossification center, and there can be significant variation within a single genus. In
Bufo, for example, a discrete dorsal ossification center is present in B. calamita, B. regularis
and B. bufo (although the timing of its appearance varies), whereas the dorsal ossification
center is absent in B. calamita (Griffiths 1954a). Thus, species may show varying degrees of
ossification center fusion (Lebedkina 1979). It has been proposed that heterochronic shifts

can lead to an alteration in the number of ossification centers (Smirnov et al. 2008).

Retroviral labeling of cranial mesoderm in the chicken has identified a postero-dorsal
region of the squamosal that is derived from cranial mesoderm (Evans and Noden 2006).
The mesodermal origin of the postero-dorsal squamosal in chickens could be explained by
fusion of the supratemporal to the squamosal in archosaurs. Given that a second, dorsal
ossification center has not been observed in avian embryos (Brock 1935), we suggest that
the apparent absence of a postero-dorsal ossification center represents an instance of "fusion
primordiale" (Duges 1834) with the squamosal, wherein the discrete ossification centers have
themselves fused over time (Fig. 3.6). We propose that the squamosal bone in axolotl and in
chicken retains evidence of this fusion in its dual embryonic origin. In mice, the mesoderm-
derived tabular bones fuse to the medial postparietal to form the adult interparietal (Koyabu
et al. 2012); concomitantly, the squamosal has no reported mesoderm component (Jiang et
al. 2002; McBratney-Owen et al. 2008). This study provides evidence of how simplification
of the temporal region might have arisen repeatedly in distinct tetrapod lineages i.e not

through true loss (failure to ossify), but through fusion to the adjacent squamosal.

We derive a fate map of osteogenic cranial mesoderm in the axolotl, which includes con-
tributions to the parietal, occipito-otic, posterior parasphenoid, and the base of the stapes.
Broadly speaking, the nature and extent of mesodermal contribution to the bony skull
closely resembles that reported for amniotes. Cranial mesoderm in axolotl also contributes
to a dorsal component of the squamosal, which supports the proposed homology between the
dorsal ossification center in batrachians and the supratemporal of earlier tetrapods. More-
over, we propose that the mesoderm-derived component of the avian squamosal (Evans and

Noden 2006) is likewise homologous to the supratemporal, which might have fused to the
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squamosal early in archosaur evolution. Absence of a discrete "supratemporal" ossification
center in avians suggests either a more advanced state of fusion than is seen in many am-
phibians or that critical embryonic stages have not been examined. Independent fusion of
the supratemporal/tabular and squamosal in stem amphibians, batrachians, and archosaurs
indicates a recurring tendency towards consolidation of these bones during tetrapod evolu-

tion.
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Figure 3.5 | Squamosal and temporal series in amphibians and reptiles. The
distribution of the supratemporal bone in dissorophoid temnospondyls, stem diapsids and
stem archosaurs indicates repeated, independent loss of this element in tetrapod vertebrates.
Skulls are redrawn from the following references: Apateon (Frobisch and Schoch 2009); Pale-
othyris (Carroll 1969); Petrolacosaurus (Reisz 1977); Clevosaurus (Fraser 1988); Prolacerta

(Gow 1975); Proterosuchus (Cruickshank 1972).
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Figure 3.6 | Hypothesis of supratemporal incorporation into the squamosal in
amphibians and archosaurs. The squamosal is partially derived from cranial mesoderm
in both axolotl and chicken. This mesoderm-derived portion (red) may be homologous to
the supratemporal of earlier tetrapods. In numerous amphibians, there is a discrete dorsal
ossification center (dotted circle) within the mesoderm-derived portion, in addition to a
ventral center within the crest-derived portion (blue). In birds and at least some frogs, the
entire squamosal develops from a single ossifcation center. Chicken fate-map is based on ref.
4.
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Evolution of the head-trunk interface in
tetrapod vertebrates

Abstract

Vertebrate neck musculature spans the transition zone between head and trunk. The
extent to which the cucullaris muscle is a cranial muscle allied with the gill levators of
anamniotes or is instead a trunk muscle is an ongoing debate. Novel computed tomography
datasets reveal broad conservation of the cucullaris in gnathostomes, including coelacanth
and caecilian, two sarcopterygians previously thought to lack it. Lateral plate mesoderm
(LPM) adjacent to occipital somites is a recently identified source of cervical musculature
in two amniote models, chicken and mouse. We fate-map this mesoderm in the axolotl
(Ambystoma mexicanum), which retains external gills, demonstrating its contribution to
posterior gill-levator muscles and the cucullaris. Accordingly, LPM adjacent to the occipital
somites should be regarded as posterior cranial mesoderm. The axial position of the head-
trunk border in axolotl is congruent between LPM and somitic mesoderm, unlike in chicken,

and possibly other amniotes.
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4.1 Introduction

The evolution of a mobile neck was a key innovation at the origin of tetrapods (Daeschler et
al. 2006). It involved expansion of muscles, some derived from the head (cranial muscles) and
some from the trunk, to support the skull apart from the pectoral girdle and permit a greater
range of movement of the head relative to the rest of the body. Cranial muscles support a
range of functions, including feeding, respiration, vision, facial expression and vocalization.
They are distinct from trunk muscles in genetic regulation and susceptibility to disease
(Noden 1983a; Noden et al. 1999; Sambasivan et al. 2009; reviewed by Bismuth and Relaix
2010; Diogo et al. 2015; Noden and Francis-West 2006; Tzahor 2009). Developmentally, they
are non-somitic, arising instead from cranial paraxial and splanchnic mesoderm (Couly et al.
1992; Noden 1983a; Evans and Noden 2006; reviewed by Noden and Trainor 2005). Cranial
muscle regulatory factors include Isl1, Tbxl, MyoR, Capsulin and Pitz2, which operate in
specific muscle groups (Hacker and Guthrie 1998; Sambasivan et al. 2009; Lu et al. 2002;
Mootoosamy and Dietrich 2002; Harel et al. 2009). In contrast, formation of trunk muscle

is Pax3-dependent (Tajbakhsh et al. 1997).

The domain of the vertebrate neck contains two muscle groups: the ventral hypobranchial
muscles and the dorsal cucullaris. Hypobranchial muscles are derived from occipital somites,
which form the hypoglossal cord and migrate towards the tongue (Noden 1983a; 0aAZRahilly
and Miiller 1984). The number of occipital somites contributing to cranial structures varies
among species, however. Somites 2 and 3 form both hypobranchial musculature and the
occipital arch in the axolotl (Piekarski and Olsson 2007, 2013), whereas in chicken the
boundary of contribution to hypobranchial muscles and the posterior skull is within somite

5.

The cucullaris muscle, a feature of gnathostomes, connects the head to the pectoral girdle,
thus spanning the transition zone between cranial and trunk myogenic signaling regimes
(Kuratani 1997). It is suggested to be homologous to the trapezius and sternocleidomastoid
in amniotes (Lubosch 1938). In sharks and the Queensland lungfish, the cucullaris elevates

the gill arches and the pectoral girdle. It originates near the skull and continues caudally and
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ventrally to insert on the scapular region of the pectoral girdle; a ventral fascicle extends to
the posteriormost branchial bar (Edgeworth 1926, 1935; Allis 1917; Vetter 1874; Greenwood
and Lauder 1981). The cucullaris is a thin muscle, and it can be difficult to visualize its
three-dimensional position vis-a-vis adjacent skeleton and musculature. Hence, it is poorly
described in many taxa with regard to both its shape and its relation to other cranial
and trunk musculature. It is innervated by the accessory ramus of the vagus (X) nerve in
anamniotes, but primarily by the accessory (XI) nerve in amniotes (Edgeworth 1935). The
connective-tissue component of hypobranchial muscles and the ventrolateral neck is derived
from neural crest in chicken (Le Liévre and Le Douarin 1975). The cucullaris in chickens
is reported to have somite-derived connective tissue (Noden, 1983a). The derivation of
connective-tissue components of the mouse spinotrapezius has not been resolved, as both
lateral plate mesoderm (Durland et al. 2008) and neural crest (Matsuoka et al. 2005) are

reported sources.

While a somitic derivation of the hypobranchial muscles is widely accepted, the embry-
onic origin of the cucullaris is controversial (reviewed by Tada and Kuratani 2015; Ericsson
et al. 2013). Historically, the cucullaris was considered a branchiomeric cranial muscle based
in part on its anatomical relation to the gill levators (Vetter 1874; Edgeworth 1935; Piatt
1938). Subsequent fate mapping of anterior somites in chicken and axolotl, though, demon-
strated a somitic (trunk) contribution (Noden 1983a; Couly et al. 1993; Huang et al. 1997,
2000; Piekarski and Olsson 2007). More recent fate mapping in chicken and genetic analysis
in mouse reveal that the trapezius is primarily a lateral plate mesoderm-derived structure
that employs a cranial, rather than trunk, myogenic program (Theis et al. 2010; Lescroart

et al. 2015).

These data leave unresolved whether the lateral plate origin of the cucullaris is the result
of a posterior shift of the head myogenic program or if instead head mesoderm extends
caudally into the region adjacent to the anterior somites. To distinguish between these
hypotheses, it is important to define the posterior limit of myogenic cranial mesoderm in
an organism with a relatively conservative cervical and branchial region. Amniote branchial

arch musculature is reduced in comparison to that of piscine sarcopterygians and aquatic
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salamanders such as the axolotl, which has a relatively plesiomorphic arrangement of cranial
muscle. Moreover, axolotls possess bushy external gills and their associated musculature,
which likely were present in the larvae of Paleozoic tetrapods, as well as a robust gill skeleton,

which was present in the earliest limbed stem tetrapods (Schoch and Witzmann 2011).

Here, we address this problem from a combined morphological and developmental per-
spective. In the axolotl, we report a shared cranial (branchiomeric) morphology and myo-
genic program of gill-levator muscles and the cucullaris and locate the head-trunk boundary
within unsegmented cranial mesoderm. In addition, we use micro-computed tomography
(CT) to describe the morphology of the cucullaris and gill levators in a phylogenetically
diverse series of gnathostome taxa, including limbless caecilians and the coelacanth, the
sister taxon to all other extant lobe-finned fishes. In previous studies, the cucullaris was
investigated largely by gross dissection. In many species, however, the cucullaris is a thin,
superficial muscle embedded in several layers of fat and connective tissue. It can be difficult
to expose without damaging its in situ context with respect to the trunk and the pectoral
girdle. Our CT-based reconstructions reveal such three-dimensional relationships without

tissue disruption.

In those taxa that have both branchial levators and a cucullaris, the cucullaris invari-
ably appears to be in series with the levators, suggesting that it is a serial homolog and
thus supporting a cranial muscle identity. Likewise, in the axolotl, although the cucullaris in
adults assumes a large, triangular "trapezius-like" morphology, the larval cucullaris is clearly
in series with the levators. The ubiquity of the cucullaris further supports the hypothesis
that it is a critical and indispensible component of the head/trunk connection in gnathos-
tomes. We thus undertook to study the development of tissues in the transitional region
spanned by the levators and cucullaris by extending modern fate-mapping techniques and
gene-expression analysis of cranial mesoderm to the axolotl. We show that unsegmented
mesoderm adjacent to the anterior three somites contributes to the cucullaris as well as to
the gill-levator muscles in a manner consistent with their apparent serial homology, which
supports the categorization of the cucullaris as a branchiomeric muscle. Cranial mesoderm

markers, including isll and tbx1, also are expressed in the developing cucullaris region. We
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argue that the posterior limit of cranial mesoderm extends caudally to the axial level of
somite 3 and this head trunk boundary is consistent between the somites and lateral plate
mesoderm in the axolotl. We discuss the importance of posterior cranial mesoderm in the

evolution of the vertebrate neck.

4.2 Materials and Methods

Contrast staining and micro computed tomography (CT) scans

CT scans were prepared from anatomical specimens of Hydrolagus sp. (MCZ 164893),
Polypterus bichir (MCZ 168418) and Protopterus sp. (MCZ 54055) from the Museum of
Comparative Zoology at Harvard University, as well as Typhlonectes natans (YPM HERA
012618) and Monodelphis domestica (YPM MAM 10713) from the Yale Peabody Museum
of Natural History at Yale University. Latimeria chalumnae (AMNH 32949h) was obtained
from the American Museum of Natural History. For contrast staining, specimens were im-
mersed in 5% Lugol solution in 70% ethanol for 7-10 d at room temperature. Specimens
were washed in 70% ethanol for 2 d, changing solution daily. Three-dimensional images were
taken using an XRA-002 microCT scanner (X-Tek) at the Center for Nanoscale Systems
at Harvard University. Reconstructions were performed with VGStudio Max 2.0 (Volume

Graphics).
Magnetic Resonance Imaging (MRI) data for coelacanth

MRI data for Latimeria chalumnae (SIO 75-347) from the Scripps Institution of Oceanog-
raphy were obtained from the Digital Fish Library hosted by the University of California,

San Diego, through the generosity of Lawrence Frank and Rachel Berquist.
Fate-mapping in Ambystoma mexicanum

White mutant (dd), GFP+ white mutant and albino (aa) embryos of the Mexican axolotl
(Ambystoma mezicanum) were obtained from the Ambystoma Genetic Stock Center at the
University of Kentucky and from the Hanken laboratory breeding colony at Harvard Univer-

sity. Before grafting, embryos were decapsulated manually by using watchmaker forceps and
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then staged (Bordzilovskaya et al. 1989; Nye et al. 2003). Explants of unsegmented cranial
mesoderm (stages 18-22) from donor embryos were grafted unilaterally into stage-matched
hosts in place of comparable regions that had been extirpated. Stage-matched donors were
of similar size and form. Explants were kept in place with a glass coverslip for several min-
utes to promote healing. In heterotopic transplantations, anterior cranial mesoderm from
regions that contribute to mandibular or hyoid arch musculature was partially extirpated
in hosts. In one set of heterotopic experiments, GFP+ mesoderm adjacent to somite 2 was
moved into either region 1 or region 2 of host anterior cranial mesoderm (integrating into
either the mandibular or hyoid arch). In a second set of experiments, GFP+ mesoderm

adjacent to somite 5 was transplanted into host anterior cranial mesoderm.
Immunohistochemistry and sectioning

Fixation, embedding and sectioning were performed as previously described for A. mez-
icanum (Sefton et al. 2015). For GFP labeling, sections were incubated with rabbit poly-
clonal anti-GFP ab290 (1:2000; Abcam, Cambridge, MA), followed by AlexaFluor-488 goat
anti-rabbit (1:500; Life Technologies, Carlsbad, CA). Sections were also stained with DAPI
(0.1-1 Tijg/ml in PBS) to label cell nuclei. Some sections were stained with the skeletal mus-
cle marker 12/101 monoclonal antibody (1:100; Developmental Studies Hybridoma Bank,
Iowa City, TA). Additionally, desmin (1:100; Monosan, PS031; Uden, Netherlands) was used
to label muscle in stage-40 embryos. Acetylated alpha-tubulin (1:100; Sigma, T6793; St.
Louis, MO) was used to detect developing axons, followed by AlexaFluor-568 goat anti-
mouse (1:500; Life Technologies, Carlsbad, CA).

Optical Projection Tomography (OPT) of Ambystoma mexicanum. A speci-
men for OPT (Sharpe et al. 2002) was stained with 12/101 followed by AlexaFluor-568
goat anti-mouse as described above. Clearing and embedding were performed at the Uni-
versity of Washington, where the larva was dehydrated in ethanol, cleared in 1:2 benzyl

alcohol /benzylbenzoate and imaged with a Bioptonics 2100M scanner.
RNA in situ hybridization

Albino (aa) embryos were used for in situ hybridization. Antisense riboprobes were syn-
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thesized from the cloned fragment (DIG RNA labeling kit; Roche Diagnostics, Indianapolis,
IN). In situ hybridization was performed as previously described (Henrique et al. 1995), with
the addition of an MAB-T wash overnight at 4°C (100 mM maleic acid, 150 mM NaCl, pH
7.5, 0.1% Tween 20). Hybridization was performed at 65°C. Primers are included in Supp.

Table 2. Amplified PCR fragments were subcloned into the pCR II vector (Life Technolo-

gies).

4.3 Results

4.3.1 Morphology and Conservation of Cranial muscle

New soft-tissue-contrast staining methods for high-resolution CT afforded us the opportu-
nity to examine the volumetric anatomy of muscles in a sample of vertebrates spanning
Gnathostomata (Fig. 4.1; Appendix B.1-8). In Chondrichthyes, such as the chimaera, the
cucullaris is a massive muscle that may incorporate anterior gill levators; it may not be
strictly homologous, in its entirety, with the cucullaris of osteichthyans. In piscine oste-
ichthyans, such as bichir and lungfish, the cucullaris is a thin, strap-like muscle, sometimes
called the "protractor pectoralis." (e.g., Greenwood and Lauder 1981). It diverges from
the anterior gill levators, but otherwise it is in series with them and is located in the same
connective tissue sheath, as well as sharing muscle fibers with more anterior muscles. It orig-
inates from the posterior region of the head and inserts on the pectoral girdle and, when
present, the top of the fifth gill arch. In some amphibians and in amniotes, the cucullaris
is a large wedge-shaped muscle, sometimes termed the trapezius (Owen 1866; Edgeworth
1935; Gegenbaur et al. 1878). This morphology is seen clearly in an Anolis lizard and in an

opossum, which exhibits the primitive mammalian condition (Fig. 4.1F).
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Levatores arcuum; Cucullaris;

Anterior "Chimaera Bichir

Lungfish Caecilian

Fifth ceratobranchial

Coelacanth adult : ' d h Caecilian

Figure 4.1 | Cranial muscle evolution based on contrast-stained CT scans and
an MRI scan (coelacanth adult). (A-F) Left lateral views of gill-levator musculature
and the cucullaris (or its homologue) in representative gnathostomes, showing its insertion
on the pectoral girdle (except in caecilians, where it inserts on ventral fascia). (G, H) Left
lateral views of gill levators and the cucullaris in relation to the branchial skeleton in a
coelacanth. Box in G is enlarged in H. (I) Left dorsolateral view of the cucullaris in a
caecilian. The cucullaris attaches to the posteriormost gill arch in the coelacanth. The gill-
levator musculature is shaded green, the cucullaris blue, and the pectoral girdle white. In
the lower panels, the fifth ceratobranchial is in pink and the anterior branchial skeleton in
yellow.
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The cucullaris has not been described in the musculoskeletally conservative coelacanth,
nor in the limbless caecilian amphibians. Greenwood and Lauder (1981) reported the cu-
cullaris absent from the coelacanth, based on novel dissections. Millot and Anthony (1958),
however, had earlier briefly described in the coelacanth a fifth gill levator that originates on
the anocleithrum of the pectoral girdle, unlike the first four gill levators, which originate in
the otic region. We examined this muscle in both a CT scan of a contrast-stained coelacanth
pup and an MRI (magnetic resonance imaging) scan of an adult. The muscle is larger than
previously described, with several heads originating on the pectoral girdle (Fig. 4.1B, G—
H). It is angled differently from the other levators but its fibers remain in close association
with them and extend from the anocleithrum to insert on the fifth ceratobranchial. In the
adult, an anterior portion of this muscle extends dorsally to attach on the fascia of the
epaxial musculature (Fig. 4.1H). Based on its morphology and location, we regard the fifth
gill levator as the homolog of the cucullaris. Accordingly, the coelacanth cucullaris retains
the ancestral connection between the posteriormost branchial bar and the shoulder girdle,
which is seen in at least some sharks and lungfish (Edgeworth 1926, 1935; Allis 1917; Vetter
1874; Greenwood and Lauder 1981). Even though actinopterygians lack an ossified fifth gill
arch, the cucullaris in these taxa sometimes joins the fibers of the posteriormost gill levator
(Greenwood and Lauder 1981). Similarly, even though the cucullaris in the coelacanth lacks
a dorsal connection to the head, it does attach to the dorsal fascia posterior to the cranium,

and it connects the pectoral girdle to the cranial skeleton, specifically the branchial skeleton.

In the caecilian Typhlonectes natans we examine the m. levator arcus branchiales com-
plex, previously described in Dermophis mezicanus (Bemis et al. 1983). It is also termed
the m. cephalodorsosubpharyngeus (Wilkinson and Nussbaum 1997; Lawson 1965). Based
on our examination, the m. levator arcus branchiales complex is a triangular structure that
originates from the otic capsule and dorsal trunk muscle fascia with a ventral insertion on
the the posteriormost ceratobranchial (Fig. 4.1E, I). A posterior division of the muscle,
termed the pars posterosuperficialis by Wilkinson and Nussbaum (1997), inserts on the on
fascia separating the rectus abdominus and the interhyoideus. Based on the topographical

relationships of the posterior m. levator arcus branchialis complex, we homologize and syn-
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onymize the posterior division with the cucullaris. It is unclear if part of the anterior division
might also be considered part of the cucullaris as well, connecting to the transformed gill

levator musculature.

The cucullaris and its homologs comprise a highly conserved connection between head
and trunk. In general, the cucullaris is intimately associated, and sometimes partially con-
tinuous, with the gill levators, which are unambiguously cranial (branchiomeric) muscles.

In numerous taxa, it attaches to both the skull and the gill skeleton, both cranial elements.
Mesoderm adjacent to anterior somites forms the cucullaris and gill levators

In amphibians, the cucullaris has also been termed the protractor pectoralis (Ziermann
and Diogo 2013) or the trapezius (Piatt 1938). In juvenile axolotls, the cucullaris resembles
the ancestral osteichthyan condition and is morphologically similar to and in series with the
anterior gill levators, whereas in adults it expands into a broad, thin sheet (Fig. 4.2A, B).
Given the conservative morphology of branchiomeric musculature in the axolotl (Ericsson
et al. 2004; Ericsson and Olsson 2004; Ziermann and Diogo 2013), we began fate-mapping
head mesoderm that contributes to the pharyngeal arches. In chicken and axolotl, mesoderm
from somites 1 and 2 contributes to the cucullaris (Piekarski and Olsson 2007). In chicken,
however, the majority of the cucullaris is derived from lateral plate mesoderm adjacent
to the occipital somites (Theis et al. 2010). Consequently, we suspected that the axolotl

cucullaris might also have a dual origin from both somitic and unsegmented mesoderm.

We transplanted GFP+ mesoderm adjacent to the first three somites into a white (d/d)
host (Fig. 4.2C; Appendix B.9). By stage 35, GFP+ cells were visible dorsal to the develop-
ing gill buds in the region of the presumptive gill muscles, the cucullaris and the dilatator
laryngis (Fig. 4.2D-G). In cross section, labeled cells were present throughout the length of
the cucullaris but absent from the somitic hypobranchial or epaxial muscles, thus indicating
little if any somitic contamination (Fig. 4.2H-T). Additional transplants were performed for
three regions of cranial mesoderm anterior to the first somite. In most of these transplants,
the first gill-levator muscle originated from mesoderm just anterior to the first somite,
whereas the posterior three gill levators arose from unsegmented mesoderm at the level of

somites 1-3 (Figure 4.5A; Table 4.1).
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C GFP+ Donor White (d/d) Host

Stage-53 axoloti Adult axolotl

laba

/

islet1

islet1

Figure 4.2 | Development of the cucullaris muscle in the axolotl. (A, B) Morphology
of the developing cucullaris, with the four gill-levator muscles (lab I-IV) shaded light green
and the cucullaris (cuc) blue. More-posterior muscles are shaded dark green. Anterior is
to the left. (A) Dorsolateral view of an OPT scan of a juvenile axolotl stained with the
12/101 muscle antibody. (B) Contrast-stained CT scan of an adult axolotl in lateral view.
The cucullaris is expanded into a broad sheet that inserts on the scapula. (C) Schematic
depiction of an orthotopic transplantation of unsegmented mesoderm lateral to somites 1-3
at stage 21. Lateral views; anterior is to the left. nc, neural crest; nt, neural tube; s3, somite
3. (D-I) GFP labeling following stage-21 transplantation of unsegmented mesoderm lateral
to somites 1-3. (D-F) Labeling of the levator arcuum branchiarum anlagen (laba) dorsal to
the developing gills is visible in lateral (D, E) and dorsal (F) views. Anterior is to the left.
(G) Gill-levator muscles (levator arcuum branchiarum, lab) of arches 3 and 4, the cucullaris
(cuc) and the dilatator laryngis (dil) are labeled in a juvenile axolotl. Dorsal view; anterior
is to the left.
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Figure 4.2 | Continued. (H-I) Transverse sections through the posterior occipital region
(H) and anterior trunk (I) of juvenile axolotl. GFP labeling is visible in the gill levators
and anterior cucullaris (H) and in the posterior cucullaris near its attachment with the
scapula (I; sc). Lateral is to the left; dorsal is to the top. (J-M’) isll expression in albino
embryos. (J) At stage 34, isl! is expressed in ventral mesoderm, in the developing heart
region (arrowheads) and around the dorsal cranial placodes (cp). Arrow indicates several
stripes of expression dorsal to the developing gills. (K) At stage 36, isl! marks the profundal
(gPr)/trigeminal (gV) placode region and earlier expression is maintained dorsal to the
gills (arrow). (L) At stage 40, isll is expressed in neurons within the dorsal spinal cord
(arrow) and in the gill-levator region (arrowheads). Dorsal view. (M, M’) Transverse section
of a stage-40 embryo with isl1 expression in the dorsal gill region (arrows), placode and
associated ganglia (arrowheads). Box in M is enlarged in M. Scale bars, 100 pum, except G,
500 pm.

Table 4.1 | Surgeries in Ambystoma: number of mesoderm transplants and mus-
cles labeled.

Cranial and cervical muscles

Transplant type No. Survived® Ime Ima im ih bhe dm Idb lab cuc dil
Region 1 16 14 8 9
Region 2 20 2 3 4 13 10 1
Region 3 32° 1 20 6° Q¢
LPM s1-3 14 13¢ 13F 13 8
LPM s4 3
PSSO s s
LPM s5 into CM 10 1

(heterotopic)

aTo stage 43 or later Key to mesoderm regions:
bof these, 9 were labeled only in the otic capsule

callinIdb 1

46 inonlylab 1,2inlab 1-2, and 1 in lab 1-4

e2inldb 1-3, 7 inIdb 2-3, and 4 in only Idb 3

f2inlab 1-4, 8 in lab 2-4, 2 in lab 3-4, 1 in lab 4 only

9 3 into region 1 and 4 into region 2

Abbreviations: LPM s, lateral plate mesoderm adjacent to somite; CM, cranial mesoderm;
Ime, levator mandibulae externus; Ima, levator mandibulae anterior; im, intermandibularis
posterior; bhe, branchiohyoideus externus; dm, depressor mandibulae; Idb, levatores

et depressores banchiarum; lab, levatores arcus branchiarum; cuc, cucullaris; dil,
dilatator laryngis
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4.3.2 Isl1 is expressed in the gill levator and cucullaris region

Transcription factors involved in cranial muscle development are expressed in gill leva-
tor/cucullaris muscle territory. At neurula and tailbud stages, isl! is expressed in anterior
cranial mesoderm associated with the second heart field (Appendix B.10; Sefton et al. 2015).
In subsequent stages, isl! expression expands dorsally to encompass the entire dorsoventral
length of the gills, but later (stage 34) it is reduced near the heart and appears in the
developing cranial placodes (Fig. 4.2J-L). From stage 36 through at least stage 40, stripes
of expression are present dorsal to the developing gills, including the levator anlage (Fig.
4.2K-M’). The head muscle gene tbz! (sequences of tbxl, msc and pitz2 by pers. comm.
from J. Whited, B. Haas and L. Peshkin) is expressed in the developing gill muscle region
at stages 35 and 38 (Appendix B.11). By stage 38, msc is also expressed in the gill region.
Unlike isl1, expression of tbz! and msc extends distally into the external gills (Appendix

B.11).

4.3.3 Molecular regionalization of mandibular and hyoid arch muscles

Two genes reveal substantial genetic heterogeneity within the phylogenetically conserved
amphibian adductor complex. In axolotl, jaw adductor muscles include the levator mandibu-
lae externus (lme) and the levator mandibulae anterior (lma); the latter muscle is also called
the pseudotemporalis (Ziermann and Diogo 2013). Both of these muscles develop within the
mandibular arch (Fig. 4.3B, I). We examined expression of [hz2, a LIM-domain transcrip-
tion factor involved in pharyngeal muscle specification in the mouse (Harel et al. 2012).
As seen in mouse and Xenopus, lhz2 is expressed in axolotl in the brain and eye (Fig. 4.3;
Appendix B.12; Viczian et al. 2006; Atkinson-Leadbeater et al. 2009). At stage 34, [hz2 is
expressed in the mesodermal core of the pharyngeal arches (Fig. 3E, F), but by stage 40 it
becomes more restricted to specific muscle groups, including the lme and ventral hyoid arch
musculature (Fig. 4.3G, H). Expression of lhz2 was not visible in the lma at stage 40. At
stage 38, the anlage of the lma is located posterior to the eye (Fig. 4.31). By stage 40, this

region expresses isl1, including the superficial lma and developing ganglia, while we were
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unable to see expression of isll in the Ime (Fig. 4.3J-K”).

A third gene provides an additional example of genetic heterogeneity in cranial muscle
development. In mouse, Pitz2 is broadly expressed in developing muscle; it is necessary to
specify mesoderm of the mandibular arch but not of the hyoid arch (Shih et al. 2007a, b).
In axolotl, as in chick, pitz2 is expressed in anterior ectoderm and mesoderm from neurula
stages through at least tailbud stages (Fig. 4.4E, F; Appendix B.12; Bothe and Dietrich
2006). A stripe of expression in hyoid arch mesoderm and in the migrating hypobranchial
muscle precursors also appears by stage 34 (Fig. 4.4E). It is maintained in hyoid arch
derivatives and by stage 40 is concentrated in the hyoid musculature, including the depressor
mandibulae and branchiohyoideus externus (Fig. 4.4F; Appendix B.12K, M). The depressor
mandibulae anlage (dma) is in the dorsal/proximal pharyngeal arch at stage 35 (Fig. 4.4B,
C) and then extends to insert on Meckel’s cartilage at stage 42 (Ericsson and Olsson 2004).
At stage 40, pitz2 expression is not apparent in branchial arch muscles, although it is

strongly expressed in tongue musculature (Appendix B.12L, M).
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A GFP+ Donor White (d/d) Host

Figure 4.3 | Origin of the mandibular depressor muscle and expression of pitx2
in the hyoid arch. (A) Schematic depiction of orthotopic transplantation of cranial
mesoderm. nc, neural crest; nt, neural tube; s2, somite 2. Somite 1 is small and triangular in
shape. (B) GFP labeling of dorsal hyoid-arch mesoderm at stage 35 following transplantation
at stage 20 includes the anlage of the depressor mandibulae (dma). (C) Specimen in (B) at
stage 57, with labeling of the depressor mandibulae (dm) and otic capsule (oc). (D) Labeling
of the depressor mandibulae in a transverse section through the jaw region of a stage-57
juvenile axolotl. sq, squamosal bone. Dorsal is to the top; lateral is to the left. (E) At stage
34, pitz2 is expressed in the eye, the ventral mandibular arch (m), the hyoid arch (arrow)
and more faintly in migrating somitic cells (arrowhead). (F) At stage 38, pitz2 expression
is maintained in the hyoid arch (arrow) and is also present in the otic vesicle (arrowhead).
Scale bars, 100 um, except C, 500 pm.
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4.3.4 Heterotopic transplantation between lateral plate and cranial meso-

derm

We investigated the myogenic properties of lateral plate mesoderm adjacent to the somites
to determine if local signals in the cranial mesoderm of the mandibular and hyoid arch
regions could instruct lateral plate mesoderm at various axial levels to adopt cranial mus-
cle fate. Myogenic lateral plate mesoderm in the cucullaris region adjacent to somite 2
was transplanted into anterior cranial mesoderm following extirpation of a region of host
mesoderm (Fig. 4.5A). Transplanted cells were incorporated into both dorsal and ventral
mandibular arch or hyoid arch muscle (Fig. 4.5B, C”). These muscles displayed normal in-
nervation from the mandibular branch of the trigeminal nerve (Fig. 5.5C, C”) and the facial
nerve, respectively. Local cues appear sufficient to pattern myogenic lateral plate mesoderm

in the cucullaris region and to promote mandibular or hyoid arch muscle development.

Next, more posterior lateral plate mesoderm, adjacent to somite 5, was transplanted het-
erotopically to mandibular arch mesoderm at stage 21 (Fig. 4.5D). While transplanted cells
were present among mandibular arch structures, in 9 of 10 larvae they did not incorporate
into muscle (Fig. 4.5E). Neither mandibular nor hyoid arch mesoderm appears sufficient to

pattern posterior non-myogenic lateral plate mesoderm to promote muscle formation.
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A GFP+ Donor

Figure 4.4 | Heterotopic transplantation of lateral plate mesoderm. (A) Schematic
depiction of a caudal-to-cranial heterotopic transplantation of lateral plate mesoderm from
somite level 2 (donor) to mandibular arch mesoderm (host). Lateral views; anterior is to
the left. nc, neural crest; nt, neural tube; s3, somite level 3. (B—C”) Stage-45 larva following
heterotopic transplantation shown in (A). (B) GFP+ cells contribute to mandibular arch
muscles (arrow). Lateral view; anterior is to the left. (C) Lateral plate mesoderm contributes
to the levator mandibulae externus (lme). (C’) Innervation of the levator mandibulae ex-
ternus by the mandibular branch of the trigeminal nerve (V) is normal. VII, facial nerve.
(C”) The intermandibularis (im), a ventral mandibular muscle, is also labeled. Ventral view;
anterior to the top. (D) Schematic depiction of a caudal-to-cranial heterotopic transplanta-
tion of lateral plate mesoderm from somite level 5 (s5) to mandibular arch mesoderm. (E)
Stage-45 larva following heterotopic transplantation shown in (D). Ventral view; anterior is
to the left. No muscle fibers are formed, but labeled cells contribute to cranial vasculature
(arrowheads). Scale bars, 100 pm.
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4.4 Discussion

4.4.1 Phylogenetic distribution of the cucullaris

We provide evidence from comparative morphology, embryonic fate mapping and gene ex-
pression that the cucullaris is a branchiomeric muscle in series with the gill levators and that
it is stably conserved across gnathostomes as a link between head and trunk. Accordingly,
we propose the fifth gill levator of the coelacanth is homologous to the cucullaris, which,
as in some sharks, rays and lungfish, attaches the pectoral girdle to the posteriormost gill
bar (Edgeworth 1935; Greenwood and Lauder 1981). We regard this interpretation of data
from coelacanth, viz., the cucullaris has reduced its dorsal attachment to the head /expaxial
muscle fascia, more parsimonious than an earlier claim that the cucullaris is absent and
that a gill levator has entirely shifted its origin from the head to the pectoral girdle (Millot
and Anthony 1958). In the larval caecilian Ichthyophis kohtaoensis, the fourth gill levator
is substantially larger than the anterior three levators (Kleinteich and Haas, 2007). The
cucullaris could potentially develop from the caudalmost gill levator, as has been suggested
in urodeles (Edgeworth 1935). The cucullaris of caecilians, lacking an insertion to the absent
shoulder girdle, instead has evolved a patent connection between the otic capsule (as well as
the dorsal trunk fascia) and fascia associated with ventral trunk musculature. It is unclear
if the anterior portion of the levator arcus branchiales complex, which inserts on the poste-
riormost gillbar, is also part of the cucullaris or instead represents gill levators that did not
degenerate following metamorphosis. If the former is the case, this unusual configuration
may express an ancestral potential of the cucullaris to attach to the gill skeleton, and it
evokes reports that the paired fin/limb apparatus has surprising developmental resemblance

to the gill arches (Gillis et al. 2009).

The cucullaris has evolved to perform distinct functions in different lineages. In placo-
derms, for example, it may have depressed the head (Trinajstic et al. 2013). The morphology
of the cucullaris in sharks and rays suggests the muscle in gnathostomes originates ances-

trally from the pectoral girdle and inserts on two parts of the cranial skeleton: the posterior
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gill bar and the caudal region of the head. The connection to the gill arches was likely lost in
early tetrapods (but possibly later reappeared in caecilians), while an alternate attachment
to the clavicle evolved in some lineages. The cucullaris is purportedly absent in turtles and
snakes, but recent work suggests that it may be present in both groups. In turtles, it has
been proposed that the muscle originates on the shell (carapace), which incorporates parts
of the pectoral girdle (Lyson et al. 2013). In snakes, the pectoral girdle is absent and the

origin of the cucullaris has concomitantly shifted to the body wall (Tsuihiji et al. 2006).

4.4.2 Cucullaris development in the axolotl

The cucullaris is located in a complex transition zone between head and trunk; in the axolotl,
this complexity is reflected in the muscleAAZs dual embryonic derivation from both somitic
and cranial mesoderm. An origin from both the caudal branchial levator and somites was
suggested in the yellow-spotted salamander based on serial sections and dissection (Piatt
1938). Our finding that unsegmented mesoderm adjacent to the anterior somites forms the
posterior gill-levator muscles, a laryngeal muscle, the levatores et depresores branchiarum
and the cucullaris indicates that the posterior limit of cranial mesoderm is at somite 3. The
presence of labeled cranial mesoderm cells in a laryngeal muscle in axolotl betrays the deep
phylogenetic conservation of a relationship between the cucullaris and laryngeal muscles,
which is revealed in a recent analysis demonstrating that mouse laryngeal muscles are clon-
ally related to the trapezius and absent following mutation of the gene Tbz1 (Lescroart et
al. 2015). Moreover, expression of the genes isl! and tbz! in the gill-levator region suggests
these muscles develop through the cranial muscle regulatory network, consistent with their
classical anatomical classification as cranial muscles. The LIM homeodomain protein Isi1 is
required for normal second heart field (SHF) development and its expression in SHF pro-
genitors is downregulated following differentiation (Cai et al. 2003). Genetic fate mapping in
mouse demonstrates a large contribution of Isl1-positive cells to the ventral intermandibular

muscle and the cucullaris (Nathan et al. 2008; Theis et al. 2010).

Our analysis of cranial mesoderm markers in axolotl provides additional evidence for sub-

stantial genetic heterogeneity in cranial muscle development, as in the mouse and chicken
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(Nathan et al. 2008; Dong et al. 2006; Kelly et al. 2004; Marcucio and Noden 1999). Sur-
prisingly, our data reveal that differentiation of mandibular adductor muscles is present in
amphibians at the level of gene expression. At prehatching stages, isl is expressed in the

anterior adductor, while lhz2 is expressed primarily in the external adductor.

4.4.3 Evolution of the Head-Trunk Boundary

In the axolotl embryo, somites and pharyngeal arches occur at the same post-otic axial
level, which is a basic feature of morphologically conservative vertebrates (Kuratani 1997).
Lateral plate mesoderm adjacent to somites 1 and 2 is located in the intermediate region
between head and trunk and is important for morphogenetic movements associated with the
migration of hypobranchial muscle progenitors (Lours-Calet et al. 2014). The head-trunk
interface at the paraxial level is marked by the path of circumpharyngeal neural crest cells
as they migrate ventral to the occipital somites to form the circumpharyngeal ridge caudal
to the pharynx (Kuratani 1997). Specialized muscles occur at this paraxial level, including

the trapezius/cucullaris and, in axolotls, the gill levators.

Our finding that the posterior gill-levator muscles and the cucullaris originate from cra-
nial mesoderm adjacent to the first three somites supports categorization of the cucullaris
as a branchiomeric muscle. Moreover, it may help explain why lateral plate mesoderm in the
embryonic 4AYtrunkaA7Z in chicken has myogenic capacity. Our fate-mapping data suggest
that this mesoderm, which gives rise to the cucullaris in amniotes, is not a novel source of
musculature, but instead is cranial mesoderm associated with the most posterior pharyngeal
arch (5th, 6th or 7th, depending on species). We propose that, in the axolotl, somite 3 is the
posterior limit of mesodermal contribution to cranial structures in both paraxial and lateral
mesoderm (Fig. 4.6A). In our heterotopic transplantations, cranial mesoderm that forms
the cucullaris is able to follow the myogenic program of cranial muscles in the mandibular
and hyoid arches. Although the chicken lacks many of the cartilages and muscles associated
with the posterior pharyngeal arches in other tetrapods, it retains cucullaris progenitors in

the same anatomical position as in the axolotl (Fig. 4.6B).
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Figure 4.5 | The cucullaris and the transition zone between the head and trunk.
(A) In the axolotl embryo, the head-trunk boundary in unsegmented mesoderm is closely
congruent with that in the somites. Paraxial and lateral mesoderm anterior to somite 3 form
cranial structures (including the heart). The illustration depicts a stage-21 embryo with
epidermis removed; anterior to the left. Somite fate-mapping data are from Piekarski and
Olsson (2007, 2013). (B) In the chicken, the axial level of the head-trunk boundary in somitic
mesoderm is posterior to the border in unsegmented mesoderm. Somite fate-mapping data
are from Noden (1983a; hypobranchial mm.) and Couly (1993); cucullaris data are from
Theis et al. (2010); mandibular depressors and branchiomandibular data are from Noden
(1983) and Evans and Noden (2006). (C-E) Contrast-stained CT images of the lungfish
branchial skeleton, pectoral girdle, posterior skull, gill levators and cucullaris. All structures
except the branchial skeleton are segmented on the left side only. The anterolateral view
depicts only the fifth gill arch, with its attachment to the cucullaris; the body is rendered
transparent. The lungfish cucullaris retains the ancestral tripartite attachment: origin from
the pectoral girdle (o) and insertions on the posterior skull (il) and fifth ceratobranchial
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The head-trunk boundary in the axolotl is congruent between cranial mesoderm and
somitic mesoderm, but in the chicken (and probably other amniotes) the head-trunk bound-
ary in somites is posterior to that in unsegmented cranial mesoderm (Fig. 4.6A-B; Couly
et al. 1993; Piekarski and Olsson 2013; Huang et al. 2000). It remains to be determined
whether this congruence, as seen in the axolotl, is the plesiomorphic condition for tetrapods.
Heterotopic transplantations in chicken suggest that somitic mesoderm has greater regional
plasticity than lateral plate mesoderm. Somites that contribute to the posterior skull are
able to generate vertebrae when transplanted to a more posterior position, independent of
Hoz gene expression (Kant and Goldstein 1999), whereas caudal cranial mesoderm that gives
rise to the cucullaris is unable to generate muscle when transplanted to a more posterior
location (Theis et al. 2010). It will be of interest to determine the mechanisms responsible
for the incorporation of somites into the posterior skull during tetrapod evolution and to
determine if the posterior limit of cranial mesoderm is less evolutionarily labile than somitic

contribution to cranial structures.

Contributions: E. Sefton performed cranial mesoderm transplantations, antibody stains,
section analysis, in situ hybridization, and OPT scan preparation and subsequent segmenta-
tion. T. Cox at the University of Washington Small Animal Tomographic Analysis Facility
performed the OPT scan. B.-A.S. Bhullar contrast stained and CT-scanned specimens.
B.-A.S. Bhullar and E. Sefton analyzed CT scans. Z. Mohaddes carried out in situ hy-

bridizations and cryosectioning.
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New Transgenic lines for fate-mapping
mesoderm and neural crest in Xenopus
tropicalis

The world always seems brighter when you’ve just made something that wasn’t there before.

-Neil Gaiman (2004)

Abstract

Frogs and salamanders possess distinct pectoral girdles; the frog retains a dermal bone,
the cleithrum, which was present in early tetrapods, whereas the salamander pectoral girdle
is entirely endochondral. It is unclear to what extent neural crest contributes to dermal
elements of the shoulder, which is otherwise derived from mesoderm. To assess mesodermal
and neural crest contribution to the skull and shoulder girdle, we sought to generate two
transgenic lines to indelibly label mesoderm and neural crest in Xenopus tropicalis. For
neural crest, we generated a sox10-Cre line, and for mesoderm, a bra-Cre line. Cells were
labeled through Cre/loxP recombination in two reporter lines, one of which is a brainbow

line. We are still in the process of characterizing these inducer lines and will determine if
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Chapter 5

they can provide a new perspective in tracing the boundary between the head and neck.

5.1 Introduction

One of the most striking features associated with the evolution of the tetrapod body plan
is the separation of the shoulder girdle from the skull by a mobile neck (Daeschler et al.
2006; Shubin et al. 2015). The cleithrum, a dermal bone, forms a major component of the
shoulder girdle in early tetrapods such as Acanthostega and Tulerpeton. It was eventually lost
independently in amphibian and amniote lineages, as the endochondral elements proceeded
to form the bulk of the shoulder girdle (Kardong 2002; Matsuoka et al. 2005; McGonnell
2001). Frogs are the only lineage of extant tetrapods to retain the cleithrum (Fig. 5.1). Prior
work on anuran shoulder girdle development has focused on the timing of chondrogenesis
and ossification (Shearman 2005, 2008). The neural crest-mesoderm boundary has not been

examined in the anuran shoulder girdle.

A model of macroevolutionary change in musculoskeletal morphology, the scaffold model,
has recently been proposed to explain shoulder girdle development. Genetic lineage trac-
ing in the mouse has revealed that part of the scapular spine is derived from neural crest
(Matsuoka et al. 2005). This neural crest-derived population is interpreted as the "ghost"
of the cleithrum, wherein the embryonic origin of muscle connective tissue and its skeletal
attachment region form a highly conserved "connectivity code" on the basis of muscular
scaffolds (Kontges and Lumsden 1996; Matsuoka et al. 2005). This hypothesis been crit-
icized, as a portion of the scapular spine is hypothesized to be a neomorphic feature in

therians (Sanchez-Villagra and Maier 2006; Jenkins 1979).

In the axolotl, a salamander, neural crest makes no contribution to the shoulder girdle,
providing no evidence for a connectivity code in urodeles (Epperlein et al. 2012). Axolotls,
however, do not possess any dermal bone in their shoulder girdle. The differing morphologies
of the shoulder girdle in frogs and salamanders, particularly the presence of dermal elements
in the frog, presents a unique opportunity to compare the mesoderm and neural crest

boundaries and evaluate a potential connectivity code in a tetrapod with a cleithrum.
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Here, we take a transgenic fate-mapping approach to evaluate both neural crest and
mesodermal contributions to the shoulder girdle. This analysis will test the hypothesis that
neural crest contributes to elements of the shoulder girdle, especially the clavicle and clei-
thrum in Xenopus tropicalis. If the cleithrum, including its region of attachment to the
connective tissue of the cucullaris, is not derived from neural crest, then this would contra-
dict the muscular scaffold model defined by a conserved pattern of connectivity (Matsuoka
et al. 2005). Long-term fate-mapping in the zebrafish indicated the cleithrum is not derived
from neural crest (Kague et al. 2012), although this condition may not be representative
of the condition in lobe-finned fishes; the zebrafish parasphenoid, for example, receives no
neural crest contribution, while the anterior portion is derived from neural crest X. laevis,
axolotl, and chicken (Couly et al. 1993; Piekarski et al. 2014; Kague et al. 2012). Deriving a
fate map for the anuran clavicle and cleithrum would determine to what extent the dermal

shoulder girdle is a part of the developmental program of the head (Matsuoka et al. 2005).
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cleithrum
clavicle

" interclavicle
B coracoid

[l scapula

Lates niloticus

Xenopus laevis

o

y'e
Diadectes absitus 1
Sphenodon punctatus

4

Columba livia

AN

Panthera tigris

4

Figure 5.1 | Schematic depiction of dermal and endochondral elements of the
pectoral girdle in a range of gnathostomes. The cleithrum (yellow) is a substantial
component of the shoulder girdle in most actinopterygians, such as Lates niloticus, while
the endochondral elements are comparatively small. The cleithrum is present in extant frogs
and the stem amniote Diadectes. The endochondral scapula and coracoid (dark and light

purple) are the primary elements in the pectoral girdle of extant amniotes.
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5.2 Materials and Methods

Animal husbandry

Xenopus tropicalis were cared for and maintained in the Khokha lab aquatics facility, in
accordance with Yale University Institutional Animal Care and Use Committee protocols,
and the Hanken lab, with procedures approved by the Harvard University/Faculty of Arts
and Sciences Standing Committee on the use of Animals in Research and Teaching. Embryos
for injection were obtained through in wvitro fertilization and raised in 1/9 MR (Modified

Frog Ringers) with 100 pg/ml gentamycin.
Transgenic lines

To generate Tg(sox10:Cre-cry:GFP-1-Scel) (abbreviated to sox10-Cre) a 4.8 kb pro-
moter was subcloned using the pTransgenesis system (Love et al. 2011). This promoter
has not been well characterized, although a sox10-GFP line has been made that demon-

strates expression in migrating cranial neural crest (R. Kerney, personal communication).

Primers used: 5’- AAGTCGACCATGAGCCTGGCCTA-3’ and 5- AAATGCATTTCC-
AAGAGCGATGTGATTGG-3". Tg(bra:Cre-cry: GFP-I-Scel) was also generated using pTrans-
geneis (Fig. 5.2). The 4.3 kb bra promoter and the pTransgenesis set were kindly provided by
the European Xenopus Resource Center at the University of Portsmouth. Transgenic lines
were made using I-Scel Meganuclease transgenesis (Ishibashi et al. 2012). The Tg(CMV-
loxP-CFP-loxP-mCherry-1-Scel) line was a gift of Raphael Thuret in Enrique Amaya’s

laboratory. The Brainbowl.0 line was generated by Mustafa Khokha.
Image aquisition

Images were taken using a Leica DMRE fluorescence compound microscope and a Leica

stereomicroscope.
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Figure 5.2 | Cre-dependent system to label sox10+ and bra+ cells. (A) An
inducer transgenic line under the control of a soz10 promoter. (B) Inducer line with the
bra promoter. Both inducer lines can be screened through GFP expression in the lens. (C)
Reporter line in which, when crossed with an inducer line, Cre recombinase acts on loxP sites
to replace CFP expression with mCherry under control of the constitutively active CMV
promoter. (D) Cre-dependent Brainbow 1.0 reporter line, in which Cre chooses between two
potential excision events, loxP or 10x2272. Recombination changes expression to either YFP
or M-CFP.

5.3 Results

Xenopus Brachyury, a member of the T-box transcription factor family, is required for nor-
mal mesoderm development (Conlon et al. 1996). It is expressed throughout the marginal
zone "the prospective mesoderm” and is subsequently present in the involuting mesoderm
around the blastopore and the notochord (Smith et al. 1991). The bra promoter was inserted

into a construct that fate maps via Cre-loxP recombination, where a floxed transgene is
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removed by Cre. This results in the conditional activation of another transgene lying down-
stream of the distal loxP site (Lakso 1992). I-Scel transgenesis was used to generate an X.
tropicalis reporter line that expresses cyan fluorescent protein (CFP) ubiquitously in the
absence of Cre recombinase, although this line has not been characterized in detail (Love
et al. 2011). In the presence of Cre, recombination will result in mCherry replacing CFP.
In the inducer line, a gamma crystalline lens-specific promoter driving GFP allows for the
selection of transgenic animals. In the reporter line, the "constitutively active” promoter
cyotomegalovirus (CMV) drives CFP expression. Flanked by loxP sites, CFP will be excised

in the presence of Cre, resulting in the permanent expression of mCherry.

Double-transgenic tadpoles from bra-Cre X CM V-loxP-CF P-loxP-mCherry were expected
to have fluorescing blue bodies, fluorescing green lenses, and red in mesoderm-derived cells.
Expression was visible in the myotomes by stage 36 (Fig. 5.3A). This expression was main-
tained in older stages, but there was minimal expression in the cranial muscles, indicat-
ing only partial labeling of cranial mesoderm (Fig. 5.3C). These tadpoles were raised to
post-metamorphic stages, fixed and cryosectioned. Expression was present in some neural
crest-derived cartilages (data not shown), indicating additional, unexpected Cre activity.

The bra-Cre line has not yet been crossed to the Brainbow!.0 reporter.

Stage 46

Stage 46

Figure 5.3 | Expression of mCherry and GFP in double-transgenic embryos
from bra-Cre X CMV-loxP-CFP-loxP-mCherry. mCherry expression is visible in
the myotomes, but not in cranial muscle.
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Variable expression with different reporter lines

The transcriptional modulator Sox10 labels early neural crest cells and the peripheral
nervous system (Kuhlbrodt et al. 1998). The soz10 promoter has been used to successfully
fate map neural crest in zebrafish (Kague et al. 2012; Mongera et al. 2013; Mongera and
Niisslein-Volhard 2013). Double-transgenic tadpoles from soz10-Cre X CMV-loxzP-CFP-
loxP-mCherry show scattered expression throughout the skin but strong expression in the
olfactory capsules and in the stomodeum (Fig. 5.4A—C). Expression was also present in
scattered but numerous myotomal cells (Fig. 5.4D)—approximately 75 per flank at stage

45. No mCherry expression was visible in the ceratobranchials of the pharyngeal skeleton.

Expression was distinct in double-transgenic tadpoles from sox10-Cre X Brainbowl.0. At
stage 46, no expression was visible, suggesting transcripts had not accumulated in sufficient
number to be seen. By stage 56, expression was evident in pharyngeal cartilages, including
the planum orbitale, palatoquadrate and ceratobranchials (Fig. 5.4E, F, H). Additionally,
expression could be detected in the central core of the barbels (Fig. 5.4G). These tadpoles
were raised to stage 66, following the completion of metamorphosis. However, expression
could not be detected post-metamorphosis, suggesting CMV stops initiating new transcripts
by stage 66 and transcripts become less visible as the metamorphosing tadpole grows. A

similar occurrence has been documented in X. laevis transgenic lines (Kerney et al. 2012).

5.4 Discussion

The same sox10-Cre driver line produced strikingly different results when crossed with
distinct reporter lines. The differences between reporter lines could be due to variation
in the reporter gene expression or inconsistent recombination. In mice, not all reporter
lines have a uniform domain of gene expression (Heffner et al. 2012). Individual alleles
can display differential sensitivity to Cre-mediated recombination (Schmidt-Supprian and

Rajewsky 2007).

The gender of the parent can also influence Cre expression; in some transgenic mouse

lines, a Cre female transmits the protein to oocytes causing early deletions (Matthaei 2007;
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Heffner et al. 2012). Moreover, expression in unexpected tissues could be due to a number
of factors. The Cre driver strains are constructed with a discrete portion of the proximal
promoter. Thus, the subset of enhancers and repressors included in this region might result
in more widespread expression. Alternatively, it could also reflect genuine expression of the

driver gene.

Transgene expression patterns might also be influenced by integration site effects (Heffner
et al. 2012). The site the DNA integrates into the genome is random. The local environment
of the integration site for either the promoter or the inducer construct may influence ex-
pression (Matthaei 2007). For all transgenic lines examined herein except Brainbow1.0, the
number of integration sites in the genome is expected to be rare due to the size of I-Scel.
I-Scel is reported to integrate as a single copy or low copy number into mostly a single
site in the genome (Thermes et al. 2002). Brainbow, by contrast relies on the integration
of multiple transgene copies in tandem to produce color mixtures (Livet et al. 2007). The
greater copy number in the Brainbowl!.0 reporter line may better reflect the expression of

Cre in the inducer line.

To further characterize these lines, focusing on the Brainbowl.0 reporter line, we will
continue analyzing double-transgenic tadpoles at different stages using both freshly frozen
sections and confocal imaging. The cleithrum appears at stages 58-60 in X. laevis (Trueb
and Hanken 1992). We will need to determine to what extent transcripts are still visible
in double transgenic soz10-Cre X Brainbow1.0 at this stage, as they are absent/difficult to

visualize at stage 66.

Contributions: E. Sefton generated constructs for injection. R. Kerney provided the
sox10 promoter. E. Sefton and J. Griffin injected 1-cell stage embryos for I-Scel meganu-

clease transgenesis. J. Griffin screened tadpoles. E. Sefton analyzed expression.
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Conclusion

The fate map generated in this dissertation delineates the contribution of cranial meso-
derm to the skull and cranial muscles in the axolotl. I demonstrated neural crest contribution
to an element in the pharyngeal skeleton and the skull vault. Moreover, this work identifies
the posterior limit of myogenic cranial mesoderm, indicating that lateral plate mesoderm
adjacent to anterior somites contributes to true cranial muscles, including the gill levators.
Cells in this region express cranial muscle markers. Lastly, I generated two novel transgenic
lines to fate map neural crest and mesoderm in the diploid tropical clawed frog. In this
chapter, I discuss the broader implications of my results and future directions to build upon

this work.

6.1 Conservation and divergence in the embryonic origin of

the skull

The fate of most skeletal structures in the axolotl is highly conserved with amniote mod-
els, with a few notable exceptions discussed further below. This contrasts with the frog
Xenopus laevis, where differences in the embryonic derivation of the bony skull are striking

compared to the axolotl, chicken, and mouse; although it remains to be seen if other frog
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species demonstrate a similar pattern to X. laevis, the unique origin of the skull may be
linked to the extensive remodeling of the skull in metamorphosis (Piekarski et al. 2014).
The case of X. laevis and other examples (Spemann 1915; de Beer 1971; Hall 1995) indicate
that homologous structures in the vertebrate head can develop via nonhomologous devel-
opmental processes. Thus, to what extent can embryonic origin shed light on homologies?
Although embryonic derivation is not an inherent or necessary part of character identity,
it can be a means to examine what Gunter Wagner terms AAIJhistorical residuesaAl that
point to hypotheses regarding homology (Wagner 2014). The skull of extant tetrapods has
undergone a dramatic reduction in the number of elements compared to early tetrapods such
as Ichthyostega. In urodeles and anurans, the skull is far more lightly built, with increased
fenestration and emargination of the cheek (Schoch 2014). It is unclear clear, however, which
bones have been lost through a failure to ossify (truncated developmental trajectory) or,
alternatively, have been lost through fusion of proximate anlagen during early stages of
development. Studying the embryonic origin of the skull can suggest patterns of loss and

fusion, especially when considering elements of dual origin.

Previous studies in frogs and salamanders have shown that the pharyngeal skeleton is
not entirely derived from neural crest (Stone 1926; Olsson and Hanken 1996). I demon-
strate a mesodermal origin of the urohyal in the axolotl, also termed basibranchial 2. The
axolotl urohyal progenitors are closely associated with the second heart field, based on both
transplantation experiments and early expression of islI. Furthermore, we find that ectopic
retinoic acid signaling inhibits the formation of the urohyal. Future work examining this
lineage in a clonal analysis would shed light on the relationship of these two structures. It
would also be of interest to explore the role Wnt /-catenin signaling to this lineage of cells, as
Wnt signaling is also involved in restricting the cardiac progenitor pool (Ueno et al. 2007).
Given differences in origin, mode of development and muscle attachments, this element is
likely not homologous with the urohyal in teleosts (as suggested by Arratia and Schultze
1990). We describe multiple hypotheses for the evolution of mesodermal contribution to the
pharyngeal skeleton (Figure 2.4). Based on the similar morphology, muscle attachment and

development (endochondral ossification) of the urohyal in Latimeria chalumnae to the uro-
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hyal/basibranchial 2 in salamanders, it would be interesting to test the mesodermal origin

of the urohyal in piscine sarcopterygians.

My data from axolotl provide evidence that embryonic derivation (either cranial neural
crest or mesoderm derived portions of the skull) are in general highly conserved among
three tetrapod lineages: mammals, birds and urodeles. This similarity likely represents an
ancestral pattern of osteocranium embryonic development present in their common tetra-
pod ancestor, if not even earlier, in bony fishes (Piekarski et al. 2014). Comparison of the
detailed fate maps for axolotl and chicken reveals the high degree of similarity between
these two distantly related species (Figure 3.6). Even though axolotl and chicken have sig-
nificantly different cranial morphologies and are separated by more than 300 million years
of evolution, they share a nearly identical pattern of embryonic derivation of the skull. Less
detailed fate-map data for the mouse also are highly similar. One important consequence
for the cranial vault is that the boundary between CNC- and mesoderm-derived bones is
located in approximately the same anatomical positiondATalong the posterior margin of

the orbitaATin all three vertebrates (Jiang et al. 2002; Evans and Noden 2006).

I found the squamosal is a compound bone, with both a mesoderm and neural crest con-
tribution, in the axolotl. This supports the homology of the mesoderm-derived dorsal portion
of the squamosal to the supratemporal, an element independently lost in lissamphibians,
mammals and archosaurs. Intriguingly, the postero-dorsal region of the chicken squamosal
is likewise derived from mesoderm, unlike in mice (Evans and Noden 2006; Yoshida et al.
2008; Jiang et al. 2002). The supratemporal is present in stem diapsids, numerous extant
lepidosaurs, and stem archosaurs; the tabular by contrast is largely absent. In synapsids,
the supratemporal is absent in early lineages, while the tabular persists and has been pro-
posed to fuse to the postparietals in extant mammals (Koyabu et al. 2012). We propose
that the supratemporal convergently fused to the squamosal in archosaurs and amphibians,
which explains differences between between the mouse and chicken/axolot] fate maps. It
also clarifies how the skull has been repeatedly simplified in the cheek region: not through

a failure to ossify, but fusion of the bone primordia early in development.

Instead of the supratemporal, it is possible the tabular has fused to the supratemporal

84



6.2. CRANIAL MUSCLE DEVELOPMENT AND EVOLUTION OF THE HEAD-TRUNK
BOUNDARY

(reviewed by Alcalde and Basso 2013). Lepidosaurs are an intriguing lineage on which to
test this hypothesis, as many species have retained a discrete supratemporal, although the
squamosal has been highly modified in lepidosaurs for its role in cranial kinesis (Evans
2008). Lentivral lineage tracing has recently been developed for the lizard Anolis (Tschopp
et al. 2014). If the squamosal in Anolis is derived from both neural crest and mesoderm,
this would point to a possible early fusion of the tabular primordia to the squamosal during
embryonic development. An entirely neural crest derivation of the Anolis squamosal would

suggest the tabular does not ossify in lepidosaurs.

These hypotheses of homology and the evolution of the vertebrate skull rely on both
comparative anatomy and lineage tracing. The use of lineage tracing addresses homology
from the perspective of embryonic cell populations. How similar is the gene expression profile
and gene regulatory network in the two distinct primordia of the squamosal bone? In mice,
the neural crest-derived frontal and mesoderm-derived parietal display distinct osteogenic
potentials and regenerative capacity that appears to be mediated by increased canonical
Wnt signaling in the frontal bone (Quarto et al. 2009). It will be interesting to compare
the Wnt and fibroblast growth factor signaling in the mesoderm and neural crest-derived

portions of the squamosal bone.

6.2 Cranial muscle development and evolution of the head-

trunk boundary

I also examined the origin of cranial muscles, establishing the posterior limit of myogenic
cranial mesoderm at the axial level of somite 3. This extends the caudal limit of cranial
mesoderm into what is typically considered the embryonic trunk, indicating lateral plate
mesoderm adjacent to the occipital somites should be regarded as cranial mesoderm. I
created a gene expression map of cranial muscles in the axolotl, which demonstrates hetero-
geneous gene expression in the mandibular adductor complex. Data from gene expression
analysis, fate-mapping and comparative anatomy demonstrate a close relationship of the

cucullaris to the gill levator musculature. While the axolotl cucullaris receives some contri-
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bution from somitic mesoderm (Piekarski and Olsson 2007), most of the muscle is derived
from cranial mesoderm. This suggests the evolution of the neck involved the expansion of a

cranial muscle to join the pectoral girdle to the cranium.

It is unclear what mechanisms mediate the posterior limit of myogenic cranial mesoderm.
Detailed analyses of Hox gene expression patterns in lateral plate mesoderm may shed light
on the head-trunk boundary in unsegmented mesoderm. Moreover, It will be of interest to
determine the functional role of cranial mesoderm genes with distinct expression patterns,
such as a potential role for pitz2 in dorsal hyoid arch musculature. The advent of genome

editing technology in the axolotl will aid in such analyses (Flowers et al. 2014).

Lastly, we generated two transgenic lines of Xenopus tropicalis by using promoters for
lineage tracing mesoderm (brachyury) and neural crest (sox10). Analysis of these lines is still
preliminary, but we find expression differences depending on the reporter line. Fluorescence
appears to more faithfully represent the sox10 expression when crossed with the BrainbowI.0
reporter, as compared to the Tg(CMV-loxP-CFP-loxP-mCherry-Scel line. If these lines
prove sufficiently specific and provide robust expression, it would provide a valuable resource

to the Xenopus community.

6.3 Summary

This dissertation examined the role of cranial mesoderm in forming the bony skull and
cranial muscles in the axolotl Ambystoma mexicanum. The axolotl is a valuable model to
examine the pattern of embryonic origin in the context tetrapod head evolution. Urodeles
are a have evolved independently for over 150 million years, although in many respects
their body plan has remained morphologically stable (Gao and Shubin 2001). Future work
studying the morphogenesis of bones, cartilage and muscles in the amphibian head will

further our understanding of how complex structures are modified during evolution.
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Figure 6.1 | Fate map and morphology of the salamander pharyngeal skeleton.
(A) Drawing of a stage-33 Ambystoma mezicanum embryo showing streams of migrating
neural crest (blue). Lateral view, anterior is to the left. (B) Schematic of a larval A. mac-
ulatum neurocranium and pharyngeal skeleton. Neural crest-derived cartilages are shaded
blue. The second basibranchial (green) is the only pharyngeal skeleton component that is
not derived from neural crest. Lateral view, anterior is to the left. Drawing in B is modified
from Stone (1926).
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Figure 6.2 | Ossification of the axolotl basibranchial 2/urohyal.. (A) Cleared
and stained pharyngeal skeleton of A. mexicanum at stage 46. Both first and second basi-
branchials (bbl, bb2) are cartilaginous. Ventral view, anterior is to the top. Cartilages are
blue; bones and teeth are red. (B) Adult pharyngeal skeleton. The second basibranchial is
now ossified. Scale bars: C—100 pym, D—2 mm.
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Figure 6.3 | Effect of retinoic acid (RA) on pharyngeal skeleton morphology. (A,
B) Alcian-blue staining of cranial cartilages at stage 45. Ventral views, anterior is at the
top. (C) Ratio of second basibranchial length to pharyngeal arch (PA) skeleton total length
in the control group (0.1% DMSO; n = 12) and following treatment with 0.01 uM RA (n =
9). The p-value is based on a 2-sample t-test. Error bars indicate s.e.m. Scale bar: 500 pm.
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Figure 6.4 | Chimaera cucullaris morphology. Stereo image of chimaera with skeletal
elements and muscles segmented. The cucullaris inserts on the 5th branchial bar in addition
to the shoulder girdle. Levatores arccum in green. Cucullaris in blue. Gill skeleton in yellow
(except for 5th branchial bar). 5th branchial bar in pink. Shoulder girdle in light gray. Stereo
created in VGStudio Max v2.2.
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Figure 6.5 | Bichir cucullaris morphology. Stereo image of bichir with skeletal elements
and muscles segmented. Levatores arccum in green. Cucullaris in blue. Gill skeleton in
yellow. Shoulder girdle in light gray. Stereo created in VGStudio Max v2.2.

Figure 6.6 | Lungfish cucullaris morphology. Stereo image of lungfish with skeletal
elements and muscles segmented. The cucullaris inserts on the 5th branchial bar in addition
to the shoulder girdle. Levatores arccum in green. Cucullaris in blue. Gill skeleton in yellow
(except for 5th branchial bar). 5th branchial bar in pink. Shoulder girdle in light gray. Stereo
created in VGStudio Max v2.2.
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Figure 6.7 | Coelacanth cucullaris morphology. Stereo image of coelacanth based on
MRI scan with skeletal elements and muscles segmented. The cucullaris inserts on the 5th
branchial bar in addition to the shoulder girdle (but has lost the dorsal attachment to the
head). Levatores arccum in green. Cucullaris in blue. Gill skeleton in yellow (except for 5th
branchial bar). 5th branchial bar in pink. Shoulder girdle in light gray. Stereo created in
VGStudio Max v2.2.

Figure 6.8 | Axolotl cucullaris morphology. Stereo image of axolotl with skeletal
elements and muscles segmented. Levatores arccum in green. Cucullaris in blue. Gill skeleton
in yellow. Shoulder girdle in light gray. Stereo created in VGStudio Max v2.2.
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Figure 6.9 | Caecilian cucullaris morphology. Stereo image of caecilian with skeletal
elements and muscles segmented. With the shoulder girdle absent, the cucullaris inserts
ventrally on the posteriormost ceratobranchial. Cucullaris in blue. Gill skeleton in yellow.
Stereo created in VGStudio Max v2.2.

Figure 6.10 | Anole cucullaris morphology. Stereo image of anole with skeletal ele-
ments and muscles segmented. Cucullaris in blue. Gill skeleton in yellow. Shoulder girdle in
light gray. Stereo created in VGStudio Max v2.2.
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Figure 6.11 | Opossoum cucullaris morphology. Stereo image of opossum with skeletal
elements and muscles segmented. Cucullaris in blue. Hyoid elements in yellow. Shoulder
girdle in light gray. Stereo created in VGStudio Max v2.2.

Figure 6.12 | Mesoderm fate-mapping in A. mexicanum embryos. Boundaries
between regions 1 and 2 and 2 and 3 are approximate. s3, somite 3; nc, neural crest, nt,
neural tube. Anterior is to the left; dorsal is to the top.
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Figure 6.13 | Additional stages of embryonic isll expression in A. mezricanum.
(A) At stage 16, isl! is expressed in the region of the developing heart field (arrow). (B)
By stage 21, expression has expanded dorsally (arrowheads). (C) Ventral region of islI at
stage 21. nt, neural tube. (D) isl! expression at stage 28, including the branchial arches.
(E) Frontal section dorsal to the developing gill arches at stage 36. Inset panel indicates
plane of section (dashed red line). Lateral is to the top. A, B and D, lateral views; C, ventral
view. Anterior is to the left in all panels. Scale bars, 500 pm.
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Figure 6.14 | Embryonic expression of tbx1 and msc in A. mezxicanum. All embryos
are depicted in lateral view except for E, J and O, which are ventral views; anterior is to the
left. (A—B) Bilateral stripes of thx1 expression (arrows) are present in mid-neurula stages.
(C) Two bilateral stripes of thx1 expression are visible (arrows). (D) tbz! is expressed in
the region of the developing branchial arches (asterisk). (E) Patches of tbz! expression in
mandibular arch in ventral view (arrows). (F—G) tbz! is expressed in mandibular (m),
hyoid (h) and branchial (b) regions. (H) tbz! is expressed in the otic vesicle (ov). (I-—J)
At stage 38, tbxl is expressed in developing muscle groups. mm, mandibular arch muscle;
hm, hyoid arch muscle; gm, gill musculature. (K—L) msc is expressed anteriorly at neurula

stages. (M) Patch of msc expression just posterior to the eye (arrow). (N) msc is expressed
in the gill arch muscles (gm). (O) msc expression seen in ventral view. Scale bars, 500 pm.
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Figure 6.15 | Embryonic expression of lhx2 and pitz2 in A. mexicanum. (A, B)
In neurula stages, lhz2 is expressed in anterior neurectoderm. A, anterior view, dorsal is to
the top. B, lateral view, anterior is to the left. (C) lhz2 is expressed in cranial mesoderm
at stage 22,. (D) lhz2 is expressed in the mandibular (m), hyoid (h) and branchial arch
mesoderm as well as the eye field (e) and forebrain (fb) during middle-tailbud stage. (E)
lhx2 expression is maintained in the eye, and brain, as well as in mandibular and hyoid
arches. (F) pitz2 is expressed in anterior cranial mesoderm. (G) Transverse section through
the anterior neural folds (nf) indicates expression through the ectoderm and mesoderm at
neurula stages. (H) At stage 31, pitz2 is expressed in oral ectoderm. (I) At stage 35, pitz2
is expressed asymmetrically in the left lateral-plate mesoderm (arrow) and oral region (0);
ventral view. (J) pitz2 is also expressed in hyoid arch mesoderm (arrow) at the same stage;
lateral view. (K). At stage 40, pitz2 is strongly expressed in mandibular arch derivatives,
including the lme. It is also present in two hyoid arch muscles, the branchiohyoideus externus
(bhe; arrowheads) and the depressor mandibulae (dm). (L) pitz2 is expressed in the tongue
muscles; ventral view, anterior is to the left. (H) Transverse section at stage 40 shows pitz2
expression in the tongue muscles (arrowheads) and hyoid arch musculature (arrow). Dorsal
is to the top, lateral is to the left. Inset panel indicates plane of section (red dashed line).
C—F, H, J—K, lateral view; anterior is to the left. Scale bars A—J, 500 pum; scale bars
K—M, 100 pm.
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