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 ABSTRACT 
 

This dissertation is composed of five major chapters. The first is a review of the literature 

discussing the secreted growth factor Wnt11 with particular interest in the Wnt11-

dependent signaling cascades that regulate cell movements, followed by three chapters of 

research findings, and a final concluding chapter. Wnts are encoded by a family of 19 

genes that play roles in development and disease.  Homologs of Wnt11 are important 

regulators of cell movements in gastrulating embryos. In addition to gastrulation, Wnt11 

genes show expression in other embryonic tissue including neural crest cells, the heart 

and the somite.  Following the literature review, the first three chapters describe research 

that studies the roles of Wnt11-signaling during the development of the heart and neural 

crest.  The first one demonstrates that Wnt11-signaling is required for heart 

morphogenesis.  This work also refutes a proposed role for Wnt11 as a heart inducer.  

Next, the role of Wnt11 homologs is studied in the regulation of cranial and trunk neural 

crest cell migration.  During neural crest development two Wnt genes are redundantly 

required to regulate cell migration Wnt11 and Wnt11-related (Wnt11-R). Trunk neural 

crest migration requires Wnt11-R for migration into the dorsal fin.   Alternatively, cranial 

neural crest development predominantly requires Wnt11 while more severe migratory 

defects are observed when Wnt11 and Wnt11-R are co-inhibited.  A final chapter 

discusses the overall conclusions about the general role that Wnt11 genes play during 

embryonic development.   
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1. INTRODUCTION 
 

1.1. What are cell movements? 
 
Cell movements underlie a broad range of morphogenetic events during embryonic 

development.  Essentially, through differential cell adhesion and dynamic modulation of 

the actin cytoskeleton, individual cells are able to change shape or move across a 

substrate (Fig. 1.1).  Alternatively, similar types of cell adhesion and de-adhesion with 

other cells combined with cell shape changes can cause morphogenetic changes within a 

group of cells.  In this case, an amorphous group of cells can rearrange themselves in 

such a way that a group of cells form a structure of greater complexity (Fig. 1.1).  These 

types of cell movements underlie embryonic development where a large fertilized egg 

cleaves into many small individual cells and finally undergo complex morphological 

changes to form the basic embryonic body plan with distinct cell layers and a primitive 

gut cavity (Wallingford et al., 2002c).   

1.2. Discovery of the Wg/Wnt-signaling pathway 

The ability of embryonic cells to undergo morphogenetic changes requires cell to cell 

communication.  Cell communication can occur at a variety of distances through 

chemical messengers or extracellular proteins.  One group of extracellular proteins that 

participate in cell signaling is the Wnt family of secreted signaling ligands.  In humans, 

the Wnt family is encoded by 19 distinct genes encoded throughout the genome.  The 
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FIGURE  1.1 Categories of Morphogenetic Movement.  (A) Directed cell migration, in which a single 
cell or small cohorts of cells move in a directed manner across a relatively stationary substrate. (B) 
Coordinated cell shape change in a population, in which many cells engage in a similar shape change 
effecting the movement of the tissue as a whole. Note that individual cells do not change position 
relative to their neighboring cells. (C) Cell rearrangement, in which cells exert traction on 
neighboring cells in order to change their positions relative to one another, thus reshaping the 
population (copied from Wallingford et al., 2002c) 

 
 
discovery of Wnts as important signaling factors occurred from experiments genetically 

mapping the integration of mouse mammary tumor virus (MMTV) with incidence of 

mammary carcinomas (Nusse and Varmus, 1982).  One integration site that corresponded 

with a high incidence of carcinomas was the Int-1 locus, mouse Wnt1 (Nusse et al., 

1984).  Similarly, a strain of Drosophila melaganaster mutant flies that failed to form 

wings, Wingless (Wg), was also discovered to occur at a genetic locus occupied by a Wnt 
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gene (Baker, 1987).  The identification of Int-1 and Wg comprised the founding members 

of the Wnt family of growth factors where the name of the Int-1 and Wg, in part, 

contributes to the name Wnt (Wg + int-1) (Nusse et al., 1991).  Although Wnt genes are 

important signaling molecules, not all Wnts regulate cell movements. Of the 19 Wnts in 

humans only the homologs of Wnt4, Wnt5 and Wnt11 have been shown to play roles in 

regulating cell movements (Moon et al., 1993; Unger et al., 1995; Tada and Smith, 2000; 

Heisenberg et al., 2000).  The remainder of the Wnts: Wnt1-Wnt3, Wnt6-Wnt10 and 

Wnt16, either have been shown to not play roles in cell movements or have not been 

thoroughly studied.  Generally it is believed that the homologs of Wnt4, Wnt5 and Wnt11 

signal non-canonically through the planar cell polarity pathway (PCP) or regulate 

calcium signaling (Tada and Smith, 2000; Kuhl et al., 2000). The PCP or Wnt Calcium 

pathways differ from the better studied canonical Wnt pathway that involves β-catenin 

(reviewed in Pandur et al., 2002a). These signaling pathways will be discussed below. 

1.3. Canonical Wnt-signaling 

Through the analysis of large Drosophila mutagenesis screens several other genes were 

identified that participate in Wg-signaling.  From these studies, a basic blueprint of the 

Wg-signaling pathway was assembled (Cadigan and Nusse, 1997) (Fig. 1.2).  Secreted 

Wg ligands bind to frizzled receptors (Fz) and signals through the intracellular protein 

Dshevelled (Dsh).  Dsh functions to inhibit Shaggy/Zeste white-3 (Zw3) which is an 

inhibitor of Armadillo (Arm).  When Dsh inhibits Zw3, Arm is able to translocate to the 

nucleus where it functions as a transcriptional co-activator with Pangolin (Pan) to 
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regulate downstream target genes (Klingensmith et al.1994; Noordermeer et al. 1994; 

Peifer et al. 1994; Siegfried et al. 1994; Brunner et al. 1997; Van de Wetering et al. 1997).  

The Wg pathway in fly was found to be strikingly conserved in other metazoan organism 

including vertebrates (Reviewed in Fanto and McNiel, 2004).  In vertebrates, the 

homologs of Wg, Fz, Dsh, Zw3, Arm and Pan are named Wnt, Frizzled, Dsh, glycogen 

synthase kinase 3 (GSK-3), β-catenin and TCF respectfully.  Since the discovery of the 

basic Wg/Wnt pathway, there is now a more comprehensive understanding of the 

vertebrate Wnt-signaling cascade and many novel genes have been shown to play a role 

in Wnt-signaling (Fig. 1.3).  Rather than discussing the broad complexity of Wnt-

signaling, in this dissertation I have focused mainly on Wnt-signaling related to cell 

movements.  As mentioned above, canonical Wnt-signaling is not directly involved cell 

movements but does play a role in cell specification and cell proliferation.  Although, 

canonical Wnt-signaling will not be a primary focus of the research presented here, 

understanding canonical Wnt-signaling is, in part, important to understand non-canonical 

Wnt-signaling.  
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FIGURE  1.2. Cartoon illustrating Wg- signaling in the absence and presence of Wg/Wnt ligand. See 
text for details of Wg-signaling. Modified from Cadigan and Nusse, 1997, ( from 
www.ana.ed.ac.uk/rnusse/pathways/pathway.html).  

      
FIGURE  1.3. Cartoon illustrating the numerous signaling factors that participate in PCP Wnt-
signaling, b-catenin Wnt signaling and the Wnt Calcium pathway.  See text for details of Wnt-
signaling.  Illustration copied from (http://www.em2.molmed.uni-
erlangen.de/pics/Wnt_complex_highQ.jpg) 
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1.4. The discovery of non-canonical Wnt-signaling  

A distinguishing characteristic of canonical Wnt-signaling is the ability of ectopic Wnt-

signaling to produce a secondary body axis in developing frog embryos (McMahon and 

Moon. 1989; Sokol et al., 1991).  Maternal expression of Wnt ligand is required for 

specifying the location of the embryonic organizer which serves as the epicenter of early 

embryonic patterning (Tao et al., 2005).  The mis-expression of a canonical Wnt ligand 

can induce a second embryonic organizer, which if spatially separated from the original 

embryonic organizer will ultimately result in a secondary axis (i.e., a conjoined twinned 

embryo with two heads) (Sokol et al., 1991).  This convenient readout of canonical Wnt-

signaling paved the way for the discovery of numerous novel Wnt-signaling factors and 

also led to the discovery of non-canonical Wnt-signaling.  When the vertebrate homolog 

of Dsh (Dvl-1) was mis-expressed in frog embryos it induced a second organizer as it 

transduced the Wnt signal downstream of ligand-receptor interactions (Sokol et al., 

1995).  Through the mutational analysis of conserved protein domains of Dsh, a series of 

mutant Dsh proteins were produced and expressed in frog embryos to test for activity.  

Some of these mutants showed dominant negative (DD1) activity and, as expected, 

blocked the ability of a canonical Wnt ligand to induce a secondary axis (Sokol, 1996).  

However, DD1 and other dominant negatives of Dsh (Dsh-D2, which can signal 

canonically and does not block secondary axis formation), were potent inhibitors of 

normal cell movements during frog gastrulation (Sokol, 1996; Rothbacher et al., 2000).  

These results suggested that independent of canonical signaling, Dsh signaling regulated 

cell movements.  Combined with the observation that certain Wnt ligands, which do not 
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induce a second organizer, also caused modulated cell movements, a second Wnt-

signaling pathway was realized that signaled through Dsh but not involving β-catenin 

(Moon et al., 1993; Unger et al., 1995; Tada and Smith, 2000; Heisenberg et al., 2000).  

These observations, in part, were a large step forward in understanding non-canonical 

Wnt-signaling where certain Wnt ligands (Wnt4, Wnt5 and Wnt11) signaled differently 

through Dsh to regulate cell movements.   

1.5. Diversity of Non-Canonical Wnt-signaling  
 
As mentioned above, non-canonical Wnt signaling plays a role in gastrulation movements 

in frog and fish embryos.  The full extent of Wnt-regulated cell behavior during 

gastrulation is unclear. Non-canonical Wnt-signaling can stimulate several downstream 

signaling cascades which may all modulate different aspects of cell movements.  Non-

canonical Wnt signaling can essentially signal three ways all requiring Dsh; (1) to 

increase Calcium signaling; (2) the planar cell polarity pathway (PCP); (3) to inhibit 

canonical Wnt signaling.   It has not been well studied if distinct types of Wnt-signaling 

can all occur in the same cell at the same time, however, under the same experimental 

conditions that demonstrated effects on calcium signaling also demonstrated effects on 

PCP signaling and/or inhibition of canonical Wnt-signaling (Sheldahl et al., 1999; Kuhl 

et al., 2000; Wallingford et al., 2000; Pandur et al., 2002b; Habas et al., 2002; Yamanaka 

et al.,2002; Marlow et al., 2002; Kim and Han, 2005).    
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1.5.1. Wnt Calcium signaling 
 
Stimulation of Wnt-signaling via Wnt4, Wnt5b or Wnt11 results in intracellular calcium 

signaling in developing embryos (Slusarski et al., 1997; Westfall et al., 2003).  In these 

experiments, calcium signaling was measured as the number of calcium fluctuations per 

cell where mis-expression of Wnt4, Wnt5b or Wnt11 increases the number of calcium 

fluctuations twenty fold over endogenous levels (Westfall et al., 2003). Similarly, 

inhibition of Wnt-signaling at the level of ligand and receptor interactions or at the level 

of Dsh blocks calcium signaling (Sheldahl et al., 2003; Westfall et al., 2003). After the 

Wnt-dependent release of calcium from intracellular stores there is a resulting activation 

of calmodulin dependent kinase II (CamKII) and protein kinase C (PKC) (Sheldahl et al., 

1999; Kuhl et al., 2000).   Calcium signaling is an important regulator of early embryonic 

morphogenesis during gastrulation. Blocking normal calcium fluctuations in frog 

embryos inhibits cell movements associated with gastrulation (Wallingford et al., 2001).  

Similarly, intracellular calcium fluctuations are required for body plan specification in 

fish embryos. The zebrafish Wnt5 mutant (pipetail) exhibit reduced calcium fluxes 

compared to normal embryos and become hyperdorsalized.  Restoration of some aspects 

of calcium signaling with a constitutively active CamKII partially rescues the 

hyperdorsalized phenotype (Westfall et al., 2003).  These results show that Wnt-

dependent calcium signaling plays an important role in body plan specification and may 

also play an important role in gastrulation movements.  It is likely that Wnt-dependent 

calcium signaling might be involved in other aspects of embryonic development. 
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1.5.2. PCP signaling 
 
Planar cell polarity (PCP) refers to cell polarity at the plane perpendicular to the apical-

basal axis (Eaton, 1997).  PCP is best studied in Drosophila, where several core genes 

that play roles in PCP signaling have been identified, these genes include; Frizzled (Fz), 

Flamingo/Starry night (Fmi), Strabismus/Van Gogh (Stbm) and Rho-A (Theisen et al., 

1994;Gubb et al., 1999; Chae et al., 1999; Strutt et al., 1999; Bastock et al., 2003; Fanto 

and McNeil, 2004).  There exists a conserved vertebrate PCP pathway which plays a role 

in morphogenetic events such as frog gastrulation (Tada and Smith, 2000; Wallingford et 

al., 2000; Goto and Keller., 2002; Wallingford et al., 2002a).  In Drosophila, PCP 

signaling does not require a Wnt or Wg ligand, but in vertebrates Wnts are required for 

and influence PCP signaling (Wehrli and Tomlinson, 1998; Tada and Smith, 2000; 

Keller, 2002). PCP signaling is believed to occur through Rho-A, Rho kinase 2 (ROK2), 

CDC-43 and Rac1 which can result in the activation of jun N-terminal kinase (JNK) 

(Habas et al., 2002; Yamanaka et al.,2002; Marlow et al., 2002; Kim and Han, 2005). In 

frog embryos, disruption of non-canonical PCP Wnt-signaling disrupts normal cell 

movements in mesodermal cells undergoing convergent extension (Wallingford et al., 

2000). Convergent extension occurs during gastrulation when mesodermal cells converge 

medially and laterally resulting in a corresponding extension in length of the original 

group of cells (Wallingford et al., 2002c).  During mediolateral intercalation, cells 

typically extend projections in the direction where they are moving.  In Dsh mutants cell 

protrusions and projections become randomized and mediolateral projections are unstable 

(Wallingfored et al., 2000).  This data suggest that PCP signaling regulates cell polarity 
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and thus influences cell behavior and cell movement.  It is likely that Wnt-PCP signaling 

also plays a role in other developmental events involving cell movements.  

1.5.3. Inhibition of Canonical Wnt-signaling 

There is both circumstantial and direct evidence that suggest non-canonical Wnts can 

antagonize canonical Wnt-signaling.  Generally, the evidence for canonical Wnt 

antagonism by non-canonical Wnts was derived from body axis determination studies.  

The expression of non-canonical Wnt5 can block axial duplications by canonical Wnt1 

(Torres et al., 1996).  Similarly, blocking Wnt5 signaling results in increased β-catenin 

signaling and hyperdorsalized embryos, a clear indication of canonical Wnt signaling 

(Westfall et al., 2003). Mis-expression of Wnt5 results in the degradation of  β-catenin 

and the inhibition of canonical Wnt-signaling (Topol et al., 2003; Weidinger and Moon, 

2003). Wnt11 can also inhibit canonical signaling possibly through elevated calcium 

signaling and/or receptor competition (Maye et al, 2004).  

Similarly, from studies of cardiac specification evidence exists that non-canonical Wnts 

can block canonical Wnt-signaling.  Inhibition of canonical Wnt-signaling through the 

mis-expression of canonical Wnt-antagonist Dickkopf (Dkk1) or Crescent results in the 

ectopic expression of heart markers (Marvin et al., 2001; Schneider and Mercola, 2001). 

Similarly the mis-expression of Wnt11 also results in the ectopic expression of heart 

specific genes involved in muscle contraction (Pandur et al., 2002b). The inhibition of 

canonical Wnt-signaling by Dkk or the mis-expression of Wnt11 results in the activation 
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of JNK (Pandur et al., 2002b).  These results taken together also provide evidence that 

non-canonical Wnt-signaling can mimic canonical Wnt-antagonism. 

1.6. Conclusions 
 
. The roles of non-canonical Wnt signaling are diverse.  During embryonic development 

non-canonical Wnt-signaling plays an important role during determination of the body 

axis and gastrulation movements.  In the following chapters the role of Wnt11 and a 

novel Wnt11-related gene (Wnt11-R) will be explored in the context of heart and neural 

crest development.  
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2. THE ROLE OF WNT11-R IN HEART DEVELOPMENT 
 
Garriock, R.J, D'Agostino, S.L., Pilcher, K.C., Krieg, P.A. (2005). Wnt11-R, a protein 
closely related to mammalian Wnt11, is required for heart morphogenesis in Xenopus. 
Dev. Biol. 279:179-192. 
 

2.1.  Abstract 
 

Wnt11 is a secreted protein that signals through the non-canonical planar cell polarity 

pathway and is a potent modulator of cell behavior and movement. In human, mouse, and 

chicken, there is a single Wnt11 gene, but in zebrafish and Xenopus, there are two genes 

related to Wnt11. The originally characterized Xenopus Wnt11 gene is expressed during 

early embryonic development and has a critical role in regulation of gastrulation 

movements. We have identified a second Xenopus Wnt11-Related gene (Wnt11-R) that is 

expressed after gastrulation. Sequence comparison suggests that Xenopus Wnt11-R, not 

Wnt11, is the ortholog of mammalian and chicken Wnt11. Xenopus Wnt11-R is 

expressed in neural tissue, dorsal mesenchyme derived from the dermatome region of the 

somites, the brachial arches, and the muscle layer of the heart, similar to the expression 

patterns reported for mouse and chicken Wnt11. Xenopus Wnt11-R exhibits biological 

properties similar to those previously described for Xenopus Wnt11, in particular the 

ability to activate Jun-N-terminal kinase (JNK) and to induce myocardial marker 

expression in ventral marginal zone (VMZ) explants. Morpholino inhibition experiments 

demonstrate, however, that Wnt11-R is not required for cardiac differentiation, but 

functions in regulation of cardiac morphogenesis. Embryos with reduced Wnt11-R 
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activity exhibit aberrant cell�cell contacts within the myocardial wall and defects in 

fusion of the nascent heart tube.  

2.2.  Introduction 
 

During vertebrate development, splanchnic mesoderm symmetrically located on either 

side of the midline is specified to form cardiac tissue (DeRuiter et al., 1992, Garcia-

Martinez and Schoenwolf, 1993, Nascone and Mercola, 1995 and Sater and Jacobson, 

1989; reviewed in Schoenwolf and Garcia-Martinez, 1995). During subsequent 

development, the paired cardiogenic tissues migrate ventrally until they fuse at the 

ventral midline of the embryo (reviewed by Harvey, 1999, Harvey, 2002, Mohun and 

Sparrow, 1997, Mohun et al., 2003 and Zaffran and Frasch, 2002). The heart primordia 

can be distinguished from the surrounding mesoderm by expression of several cardiac 

transcription factors including Nkx2-5, GATA4, and myocardin (Heikinheimo et al., 

1994, Kelley et al., 1993, Lyons et al., 1995 and Wang et al., 2001). In the Xenopus 

embryo, the cardiac progenitors begin to express sarcomeric differentiation products, 

including cTnI, MLC-2, and MHCα, prior to fusion of the heart patches (Drysdale et al., 

1997 and Raffin et al., 2000; reviewed in Mohun et al., 2003). At the early tailbud stage, 

the paired heart primordia fuse, first at the ventral margin to form a U-shaped incomplete 

tube and later at the dorsal surface to form a closed linear heart tube. After tube 

formation, the heart undergoes a series of morphogenic movements to form the final 

three-dimensional structure consisting of the outflow tract and atrial and ventricular 
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chambers (Harvey, 2002, Mohun et al., 2000, Mohun et al., 2003 and Zaffran and Frasch, 

2002).  

A subset of the Wnt family of secreted growth factors, known collectively as non-

canonical Wnts, has been demonstrated to play a role in modulating morphogenesis and 

cell movements during development (reviewed in McEwen and Peifer, 2000, Pandur et 

al., 2002a and Tada et al., 2002). Wnt ligands bind to cysteine-rich frizzled and ROR 

receptors and LRP5/6 coreceptors (Bhanot et al., 1996, Hikasa et al., 2002, Wang et al., 

1996 and Wehrli et al., 2000). After ligand binding, Wnt signaling is transduced through 

several different pathways depending on the particular Wnt protein involved. The 

canonical Wnt pathway signals through dishevelled and results in the stabilization of 

cytoplasmic β-catenin which then forms a transcriptional complex with TCF/Lef family 

of HMG-box transcription factors to activate expression of downstream genes (van de 

Wetering et al., 1997). Alternatively, non-canonical Wnt proteins activate a signaling 

pathway that involves rho-GTPase, cdc42, and PKCδ, and which results in activation of 

Jun N-terminal kinase (JNK) (Kinoshita et al., 2003, Marlow et al., 2002, Penzo-Mendez 

et al., 2003 and Yamanaka et al., 2002). It appears that non-canonical Wnts can also 

signal through Rho kinase (Marlow et al., 2002) and through alterations in intracellular 

Ca2+ levels to bring about activation of PKC (Sheldahl et al., 1999), CAMKII, and 

Calcineurin (Kuhl et al., 2000). One of the non-canonical Wnt proteins, Wnt11, has been 

detected in the developing myocardium of mouse and chicken embryos, suggesting a role 

in some aspect of cardiac development (Christiansen et al., 1995 and Eisenberg et al., 

1997).  
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Mis-expression of non-canonical Wnts can cause gross malformations in embryonic 

development (Penzo-Mendez et al., 2003 and Ungar et al., 1995). These morphological 

defects result from disruption of normal cell movements, cell polarity, and cell adhesion 

rather than from alterations in cell differentiation (Marlow et al., 2002, Moon et al., 1993, 

Penzo-Mendez et al., 2003 and Ungar et al., 1995). In Xenopus, Wnt11 is expressed at 

high levels in the gastrulating embryo (Ku and Melton, 1993) but, unlike chicken and 

mouse (Christiansen et al., 1995 and Eisenberg et al., 1997), is not expressed in the 

developing heart. A recent report has implicated Wnt11 activity in the pathway leading to 

cardiac specification (Pandur et al., 2002a and Pandur et al., 2002b). In this study, high 

doses of Wnt11 induced expression of cardiac markers such as Nkx2.5 and MHCα and 

beating tissue was produced. The heart inducing ability of Wnt11 requires the activation 

of JNK and PKC but does not require CAMKII (Pandur et al., 2002b). This inductive role 

for Wnt11 is very different from the previously described role for Wnt11 in regulation of 

gastrulation movements.  

Here we present the characterization of Wnt11-R, a second Wnt11 sequence in Xenopus, 

that is probably the ortholog of chick and mammalian Wnt11. Xenopus Wnt11-R is 

expressed in the differentiating heart myocardium in a spatial and temporal expression 

consistent with a role in heart tube morphogenesis. We show that Wnt11-R is not 

required for cardiac specification or for expression of myocardial markers but is 

necessary for normal heart morphogenesis. 
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2.3.  Materials and Methods 
 

2.3.1. Cloning of Xenopus laevis Wnt11-related 
 

Total RNA from stage 45 X. laevis hearts was oligo(dT)-primed and reverse transcribed 

for use as a template for PCR. Degenerate primers were used to amplify a 360 nt region 

conserved in Wnt genes using standard conditions. The forward primer (5′-CAA/GGA 

A/GTGT/C AAA/GTGT/CCAT/CGG-3′, degenerate substitutions are underlined) was 

designed to the peptide sequence QECKCHG and the reverse primer (5′-

A/GCAA/GCACCAC/GTGA/GAAT/CTTA/GCA-3′) was designed to the peptide 

sequence CKFHWCC. Amplification products were cloned and DNA sequences of 

representative inserts were determined to identify different Wnt sequences. Full-length 

Wnt11-R clones were isolated from a X. laevis whole embryo stage 42 library using the 

Wnt11-R PCR fragment as probe. For expression studies, the Wnt11-R coding sequence 

was inserted into the translation vector, pT7TS (Cleaver et al., 1996). 

2.3.2. Embryology and microinjection 

X. laevis embryos were staged according to Nieuwkoop and Faber (1994) and cultured in 

0.2 × MMR. Microinjections occurred in 4% Ficoll in 0.4 × MMR and embryos were 

maintained in this medium for the first 12 h. Embryos were then cultured in 0.2 × MMR 

until harvested. For mis-expression experiments, Wnt11-R synthetic mRNA was 

prepared from Wnt11-R/pT7TS plasmid linearized with XbaI and transcribed with T7 

RNA polymerase (Ambion). For Western analysis, injected embryos were processed at 
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stage 12.5. For RT-PCR, VMZ and DMZ explants were dissected from injected embryos 

at stage 10.5 and cultured until stage 32 equivalent when they were processed. 

Morpholino oligos were designed to sequences in the 5′ UTR of Wnt11-R common to 

both pseudotetraploid copies of the gene. Wnt11-R MO1 (5′-

AATCATCTTCAAACCCAATAACAA-3′), Wnt11-R MO2 (5′-

AAACCCAATAACAAATAAATTTA-3′), and control MO (5′-

CTTGTACTTCTATAGCCTATAAGAA-3′). MOs were stored in 50 mM HEPES, pH 

8.0, diluted in water, and heated to 65°C for 10 min prior to injection. The Wnt11-R MO 

tester construction contains 350 bp of the 5′ UTR and the first three codons of Wnt11-R 

mRNA sequence fused to the coding region of green fluorescent protein (Wnt11-R/GFP). 

The tester construct was injected into the single-cell Xenopus embryo at a dose of 500 pg 

or coinjected with 15 ng of MO. For heart targeting, 15 ng of MO was injected at the 4 

and 8 cell stage into the dorsal blastomeres in medium containing 0.4 × MMR and 4% 

Ficoll. 

2.3.3. RT-PCR and Western Analysis 

RT-PCR primer pairs are as follows: cardiac Troponin I (Vokes and Krieg, 2002) (Tm = 

63°C); MLC-2: forward: 5′-GAGGCATTCAGCTGTATCGA-3′, reverse: 5'-

GGACTCCAGAACATGTCATT-3′ (Tm = 60°C). Crude protein extracts from embryos 

and explants were prepared by homogenization and sonication in 2× SDS sample loading 

buffer prior to fractionation using SDS�PAGE. Western analysis and whole mount 

immunocytochemistry were carried out using the following primary antibodies: phospho-
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JNK (sc-6254, Santa Cruz Biotechnology), actin (A-4700, Sigma), diphosphorylated 

ERK1/2 (M-8159, Sigma), N-cadherin (610921, BD Biosciences). 

2.3.4.  Whole-mount in situ hybridization 

Whole-mount in situ hybridization was carried out using a modification of the protocol 

by Harland (1991) with antisense digoxigenin-labeled probes to cardiac actin, MHCα, 

MLC-2, and Wnt11-R. Plasmids were linearized with Not1 and transcribed with T7 RNA 

polymerase using the MEGAscript kit (Ambion). For serial sections, embryos were post-

fixed in 4% paraformaldehyde, embedded in Paraplast, and 10 µm transverse sections 

were prepared. 

2.4.  Results 
 

2.4.1. Isolation of a second Xenopus Wnt11 sequence, Wnt11-R 

In mouse and chicken embryos, the Wnt11 gene is expressed in the dorsal neural tube, 

dorsal dermamyotome, neural crest cells, and in the developing heart (Christiansen et al., 

1995, Eisenberg et al., 1997 and Kispert et al., 1996). In contrast, the Xenopus and 

zebrafish Wnt11 genes are expressed strongly in mesoderm tissue during gastrulation, but 

are not expressed in the cardiogenic region in the later stage embryo (Ku and Melton, 

1993 and Makita et al., 1998). In a degenerate-primer PCR survey for Wnt sequences 

expressed in the stage 45 X. laevis heart, we identified a Wnt11-Related sequence distinct 

from the previously described Xenopus Wnt11 gene. Full-length cDNA clones 

corresponding to the variant Wnt11 sequence (which will be referred to as Wnt11-R) 
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were isolated from a stage 42 X. laevis embryo library and the nucleotide sequence was 

determined. The Xenopus Wnt11-R coding region is 1056 nt long and encodes a 352 

amino acid preprotein with a calculated MW of 39.5 kDa. Alignment of the deduced 

Xenopus Wnt11-R protein sequence with human, chicken, zebrafish, and Xenopus Wnt11 

proteins is presented in Fig. 2.1A. A matrix showing the percentage sequence identity 

between the different Wnt11 proteins (excluding the highly variable signal sequence) is 

shown in Fig. 2.1B, and we have assembled a phylogenetic tree illustrating the possible 

relationships of the different Wnt11 sequences (Fig. 2.1C). Xenopus Wnt11-R shows 

greater sequence identity to the human and chicken Wnt11 proteins than to the previously 

described Xenopus Wnt11 sequence. Xenopus Wnt11-R is 81% and 89% identical to 

human and chicken Wnt11 proteins, respectively, but only 64% identical to Xenopus 

Wnt11. In contrast, Xenopus Wnt11 shows only 64% and 66% sequence identity to the 

human and chicken sequences. We note also that, within the coding region, the Xenopus 

Wnt11-R and Wnt11 sequences are only 63% identical at the nucleotide level. This is 

much less than the approximately 94% nucleotide sequence identity observed for 

pseudoalleles in the X. laevis genome (Tonissen and Krieg, 1993), and we therefore 

conclude that Wnt11 and Wnt11-R represent two distinct genes. Based on sequence 

relationships, we propose that Wnt11-R probably represents the Xenopus ortholog of the 

human and chicken Wnt11 sequences. This argument is supported by the embryonic 

expression pattern of Xenopus Wnt11-R illustrated below.  
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FIGURE  2.1 A second Xenopus Wnt11-Related gene, Wnt11-R, is closely related to mammalian 
Wnt11 genes. (A) Protein sequence alignment of Xenopus Wnt11-R with Wnt11 and Wnt11-Related 
proteins from other species. Accession numbers are as follows: human Wnt11, AB070218; chicken 
Wnt11, NM204784; mouse Wnt11, NM009519; Xenopus Wnt11, L23542; zebrafish Wnt11, 
AF067429; and zebrafish Wnt11-R, BC066498. (B) Sequence identity of different Wnt11 and Wnt11-
R proteins. (C) Phylogenetic relationships of Wnt11 and Wnt11-R proteins (excluding the variable 
signal sequence) prepared using MacVector software. The length of the branches of the tree is 
proportional to the evolutionary distance measured by amino acid changes per residue. 
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2.4.2. Embryonic expression of Wnt11-R 

Expression of Wnt11-R during Xenopus development was examined by in situ 

hybridization. Wnt11-R transcripts were first detected in the late gastrula (st. 13) in two 

symmetrical lines very close to the position of the neural folds (Fig. 2.2A). At mid-

neurula (st. 22), Wnt11-R transcripts were detected along the dorsal axis in the brain, 

neural tube, and the somites (Fig. 2.2B). Transverse sections reveal that expression is 

confined to the extreme dorsal region of the somite (Fig. 2.2C). Consistent with the 

Wnt11 patterns in mouse and chicken, this region of expression marks the dermatome 

primordia of the somite and associated mesenchymal cells. At mid-neurula, Wnt11-R 

transcripts were also observed in the dorsal neural tube (Fig. 2.2C). At later neurula 

stages (st. 26), expression of Wnt11-R is present in the dorsal mesenchyme extending 

from the otic vesicle to the tail, in the branchial arch region, and in the nervous system 

(Figs. 2.2D and E). Wnt11-R transcripts were not detected in the heart-forming region at 

stage 26 (Fig. 2.2F). At approximately stage 28, however, when the first cardiac 

differentiation markers are expressed, and immediately prior to fusion of the heart tube, 

Wnt11-R expression was visible in the heart primordia (Figs. 2.2G�J). In the tailbud 

embryo (st. 35), Wnt11-R continues to be expressed in the branchial arches, neural tube, 

somites, and the heart (Fig. 2.2K). Transverse sections at stage 35 showed Wnt11-R 

expression in the dorsal neural tube and in the dorsal and lateral boundaries of the 

somites (Fig. 2.2L). Expression was also seen in mesenchymal cells that populate the 

dorsal fin. Sections through the stage 34 heart indicated that Wnt11-R was expressed in a 

subset of the myocardium, in particular the anterior myocardium of the heart tube 
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comprising the outflow tract (Fig. 2.2M) and the ventricle (Fig. 2.2N). Only weak 

staining was seen in the posterior heart tube representing the future atrial myocardium 

(Fig. 2.2O). By the tadpole stage (st. 45), Wnt11-R is expressed throughout the 

myocardium but more strongly in the ventricular tissue (Fig. 2.2Q).  
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FIGURE  2.2 In situ hybridization analysis of Wnt11-R expression during Xenopus development. (A) 
Dorsal view of st. 13 embryo showing earliest Wnt11-R expression in the dorsal region of the 
developing somites (arrow). (B) Dorsal view at st. 22 showing transcripts in the somite and neural 
tube. (C) Transverse section at st. 22 shows that Wnt11-R transcripts are limited to the dorsal 
margin of the somite (arrow) and the dorsal neural tube. (D) Dorsal view at st. 26 showing Wnt11-R 
expression in the somites, branchial arches, neural tube, and brain. (E) Lateral view of st. 26 embryo. 
(F) Ventral view of st. 26 embryo. (G) Lateral view at st. 28 shows Wnt11-R in the heart myocardium 
(arrow). (H) Lateral view at st. 28 with expression of MHCα marking the precardiac region. (I) 
Ventral view of st. 28 embryo showing Wnt11-R expression in precardiac tissue. (J) Ventral view of 
st. 28 embryo stained for MHCα expression. (K) Lateral view at st. 35 showing Wnt11-R expression 
in the branchial arches, somites, neural tube, fin, and the heart. (L) Transverse section through the a 
medial region of a st. 35 embryo showing Wnt11-R transcripts in the dorsal margin of the somite, 
dorsal neural tube, and mesenchymal cells within the fin. (M�O) Transverse sections progressing 
from anterior to posterior regions through the heart tube of a st. 35 embryo showing Wnt11-R 
expression in the myocardium of the heart. Sections show the future outflow tract and ventricle (M), 
the ventricle (N), and the atria (O). (P) MHCα expression in section equivalent to that in O, showing 
expression throughout myocardial layer. (Q) Wnt11-R is expressed throughout the myocardium of 
the st. 45 heart, although expression is lower in atrial tissues. Atria and ventricular (vent) tissues are 
indicated. (R) MHCα expression in the st. 45 heart showing strong expression throughout the 
myocardium. 

 

2.4.3. Mis-expression of Wnt11-R activates JNK and induces cardiac 
marker expression 

We have carried out a series of experiments to determine whether Wnt11-R shares 

biological activities with Wnt11. First, we show that Wnt11-R does not form secondary 

axes when mis-expressed in the Xenopus embryo. Previous studies have shown that Wnt 

proteins signaling through the beta-catenin pathway generate secondary axes with high 

frequency when expressed in ventral blastomeres (Pandur et al., 2002a). For example, we 

were able to demonstrate that expression of the canonical Wnt8a sequence was highly 

efficient at producing duplicated axes (Fig. 2.3B). However, secondary axes were not 

produced by similar doses of Wnt11-R (Fig. 2.3C). Second, previous studies have shown 

that ectopic expression of Wnt11 in the Xenopus embryo causes severe disruption of 

normal gastrulation movements (Penzo-Mendez et al., 2003 and Tada and Smith, 2000) 

and we have confirmed this result for Wnt11-R. As shown in Table 1, synthetic Wnt11-R 
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mRNA microinjected into single cell stage embryos resulted in defective gastrulation at 

doses from 100 pg to 1 ng. Even at 100 pg, all Wnt11-R-injected embryos showed 

gastrulation defects including incomplete closure of the blastopore and neural tube (Fig. 

2.3E). These defects were not observed in control embryos microinjected with 500 pg of 

GFP mRNA (Fig. 2.3D).  

Third, we assayed whether Wnt11-R could activate JNK and induce cardiac marker 

expression, as previously demonstrated for Wnt11 (Pandur et al., 2002b). Embryos were 

injected with different amounts of synthetic Wnt11-R mRNA at the one cell stage and 

then protein extracts from explants of gastrula stage embryos (st. 12.5) were assayed for 

JNK activation by Western blot using a phospho-JNK specific antibody (Fig. 2.3F). This 

assay showed a dose-dependent increase in JNK activation with increasing levels of 

Wnt11-R. The treatment did not result in an increase in levels of diphosphorylated 

ERK1/2, which is not activated by Wnt11 signaling (Fig. 2.3F). The Wnt11-R induced 

activation of JNK in VMZ explants could be blocked by the JNK inhibitor SP600125 

(Fig. 2.3G). RNA extracts from VMZ explants of Wnt11-R injected embryos (st. 32 

equivalent) were tested for the presence of cardiac marker transcripts using RT-PCR (Fig. 

2.3H). Two myocardial specific markers MLC-2 and cTnI were detected in VMZ 

explants from embryos injected with high levels (1 ng) of Wnt11-R mRNA but not at the 

lower doses that were sufficient to disrupt gastrulation movements. Overall, these 

experiments indicate that Wnt11-R signals through the non-canonical Wnt pathway and 

exhibits biological activities equivalent to Wnt11. 
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FIGURE  2.3 Activity of Wnt11-R in whole embryo injections and cultured ventral marginal zone 
explants. (A) Dorsal view of uninjected stage 22 control embryo. (B) Sibling embryos injected with 50 
pg of Wnt8a mRNA into a ventral blastomere at the 8 cell stage exhibit axis duplications. (C) Sibling 
embryos injected with 50 pg of Wnt11-R mRNA at the 8-cell stage do not show axis duplications. (D) 
Dorsal view of a stage 22 embryo injected with 500 pg of GFP at the one cell stage. (E) Sibling 
embryo injected with 100 pg of Wnt11-R at the one cell stage exhibiting gross abnormalities in 
embryonic development due to gastrulation defects. (F) Protein blots of extracts derived from stage 
12.5 VMZ explants injected with 500 pg of GFP mRNA or a dose range of Wnt11-R mRNA from 100 
pg to 1 ng. Immunoblots show the presence of activated JNK (p-JNK) and activated ERK 1/2 (p-
ERK). Actin was used as loading control. (G) Protein blots of extracts from stage 12.5 VMZ explants. 
Embryos were injected with 1 ng of Wnt11-R mRNA and cultured in the absence or presence of 10 
µM SP600125 JNK inhibitor for 5 h, as indicated. Immunoblots detect the presence of p-JNK and 
actin. (H) RT-PCR analysis of VMZ explants expressing Wnt11-R at the equivalent of stage 32. 
Amplification products corresponding to the myocardial specific transcripts, myosin light chain-2 
(MLC-2) and cardiac troponin I (cTnI), are indicated. Elongation factor-1α (EF1α) is a ubiquitous 
transcript that serves as a loading control. RNA extracts from dorsal marginal zone explant tissue 
(DMZ), which contain the endogenous heart, and whole embryo (st. 32), were used as positive 
controls. Doses of injected Wnt11-R mRNA in VMZ explants are indicated. 
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TABLE 2.1 Embryonic over-expression of Wnt11-R causes morphological defects  

Injected mRNA Morphological defects (assayed a stage 22) 

1 ng EGFP 2% (n = 56) 

100 pg Wnt11-R 96% (n = 75) 

250 pg Wnt11-R 100% (n = 36) 

500 pg Wnt11-R 98% (n = 58) 

1 ng Wnt11-R 100% (n = 89) 

 

2.4.4. Inhibition of Wnt11-R function using morpholino oligomers 
does not alter myocardial marker expression 

 

To investigate a possible role for Wnt11-R in heart development, we utilized a 

morpholino (MO) antisense strategy to translationally inhibit the expression of Wnt11-R. 

Two morpholinos, MO1 and MO2, were designed, each corresponding to regions 

showing 100% sequence identity between transcripts from the pseudoallelic laevis 

Wnt11-R genes. The ability of these MOs to inhibit translation of Wnt11-R mRNA in the 

embryo was tested using a synthetic mRNA consisting of the 5' UTR and first 3 codons 

of Wnt11-R fused to the coding region of EGFP (Fig. 2.4A). Injection of 500 pg of this 

synthetic mRNA into Xenopus embryos produced bright fluorescence due to translation 

of EGFP protein (Fig. 2.4B). Coinjection of the tester mRNA with 15 ng of either MO1 

or MO2 showed that only the MO overlapping the initiation codon (MO1) was able to 

inhibit translation of EGFP and block fluorescence (Fig. 2.4D). MO2 produced no 

detectable reduction in fluorescence (data not shown). This assay appears to be a useful 

test for inhibitor activity, since subsequent experiments showed that MO2 had no 
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detectable effect on Wnt11-R function in the embryo (data not shown). The inhibition of 

EGFP translation by MO1 was confirmed by protein blotting using antibodies directed 

against GFP (Fig. 2.4E). As expected, a control MO containing 11 base changes relative 

to MO1 had no detectable effect on EGFP expression (data not shown). 

To determine the developmental consequences of inhibition of Wnt11-R expression in 

the heart, 15 ng of MO1 was injected into one or both of the D2 blastomeres of the 8-cell 

embryo. Fate mapping shows that these cells contribute to heart and somitic tissues (Dale 

and Slack, 1987 and Moody, 1987). The uninjected side of the embryo serves as a stage 

matched control. In initial experiments, MO1-injected embryos were allowed to develop 

until early tailbud (st. 28) when they were assayed for expression of cardiac 

differentiation markers. As shown in Fig. 2.4G, inhibition of Wnt11-R expression had no 

detectable effect on expression of MHCα, which is an early and very strong marker of 

myocardial differentiation (Logan and Mohun, 1993). Similarly, expression of the cardiac 

marker MLC-2 was normal in MO1-injected embryos (Table 2) and no effects on cardiac 

gene expression were observed when embryos were cultured until the tailbud stage 

(Table 2). Assays with specific cardiac probes cannot exclude the possibility that Wnt11-

R is important for regulation of an unspecified gene that is essential for normal 

myocardial differentiation. To test for consequences later in development, MO1 was 

injected bilaterally and embryos were allowed to develop until the tadpole stage (st. 45). 

In 100% of cases, double-side-injected embryos had beating hearts (Table 2), indicating 

that all genes required for cardiac contractility were expressed in Wnt11-R-depleted 

embryos.  
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FIGURE  2.4 Wnt11-R antisense morpholino oligomer inhibits translation from Wnt11-R-GFP 
fusion transcripts. (A) Diagram of the Wnt11-R/GFP fusion (tester) mRNA, indicating binding 
locations for antisense MO1 and MO2. The ability of MOs to inhibit translation from mRNAs 
containing Wnt11-R sequences was assayed by coinjecting 500 pg of synthetic tester mRNA with 15 
ng of Wnt11-R MO1 into fertilized eggs. (B�D) At about stage 13, embryos were viewed under UV 
light or standard illumination. Uninjected embryos (B) serve as negative control and do not glow. 
Embryos injected with tester mRNA (C) fluoresce, confirming the translation of GFP protein. 
Embryos coinjected with MO1 plus tester mRNA (D) show strongly reduced fluorescence, indicating 
effective inhibition of translation. The second Wnt11-R antisense MO, MO2, showed no inhibition of 
GFP expression using this assay (data not shown). (E) Immunoblot detection of GFP protein in whole 
embryo extracts from uninjected embryos, tester mRNA-injected embryos, and embryos coinjected 
with tester mRNA and 15 ng of MO1. GFP protein is detected in the tester sample, but is not 
detectable when translation is inhibited by MO1. Ponceau S staining indicates equal loading of 
sample. (F) Embryo injected with 15 ng of control MO (contMO) assayed at st. 28 by in situ 
hybridization for MHCα, showing normal cardiac differentiation. (G) Embryo injected with 15 ng of 
MO1 also shows normal appearance of differentiation markers when assayed for MHCα transcripts. 
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TABLE 2.2 Expression of cardiac differentiation markers and cardiac beating is normal in Wnt11-R 
MO-treated embryos  

Treatment Heart patch symmetry (assayed 
at stage 28) 

MHCα expression (assayed 
at stage 35) 

Beating hearts 
(stage 45) 

 MHCα MLC-2   

Uninjected 97% (31) 93% (31) 100% (34) 100% (39) 

Control MO 97% (35) 96% (24) 100% (83) 100% (17) 

Wnt11-R 
MO1 

92% (39) 93% (28) 100% (70) 100% (87) 

2.4.5. Inhibition of Wnt11-R function using morpholino oligomers 
causes defects in heart morphogenesis 

 

We examined the heart region of Wnt11-R-depleted embryos to detect possible 

alterations in cell behavior or cell movement. During early tailbud stages, double-sided 

MO1-injected embryos formed normal patches of precardiac tissue that migrated to the 

ventral midline (Figs. 2.5A�D). The first alterations in cardiac morphology became 

evident during the process of heart tube formation (Figs. 2.5E�K). At stage 34, transverse 

sections through MO-treated embryos showed that, although the cardiac primordia 

migrated normally and came to abut at the ventral midline, the heart primordia did not 

fuse properly. This resulted in a subset of myocardial cells protruding into the 

endocardial space at the midline (Figs. 2.5J and K). We also observed a delay in closing 

of the tube in the dorsal region (Figs. 2.5J and K), although this defect corrected itself 

during subsequent development (data not shown). These alterations in morphology were 

highly reproducible and were observed in 58% of Wnt11-R MO1-treated embryos (25 of 
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43 embryos sectioned from three independent experiments) but almost never in control 

embryos (3%, 1 in 33). Based on inspection of external morphology, hearts of MO-

treated embryos cultured until tadpole stages (stage 45) appeared to have largely 

recovered normal morphology, although approximately 10% the hearts (5/49) exhibited a 

pronounced cardia bifida phenotype (Figs. 2.5M and N). These hearts showed 

duplications of the outflow tracts, ventricle and atria, probably resulting from a failure of 

correct tube fusion. This phenotype was never observed in control embryos (0/56).  

A second major alteration in cardiac morphology also became visible at the time of 

fusion of the heart primordia. When embryos injected with Wnt11-R MO on one side 

only were examined in section, it was clear that the myocardial layer on the injected side 

was thicker than on the control side (Figs. 2.5O and P). This is also visible in double-

sided MO1-injected embryos (compare Figs. 2.5G and J). Quantitation of differentiated 

myocardium (marked by MHCα expression) showed that the area of the Wnt11-R-

depleted side was 26% larger than the control side. Possible causes for the expanded 

myocardial layer are examined in more detail below. 
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FIGURE  2.5 Characterization of myocardial defects observed in Wnt11-R-depleted embryos. In all 
cases, myocardial tissue is detected by in situ hybridization using MHCα probe. (A�D) One-sided 
injection of either contMO (A and B) or Wnt11-R MO1 (C and D) does not interfere with myocardial 
differentiation when assayed at st. 28. (E�F) Control MO-injected embryos assayed at st. 34 showing 
normal expression of MHCα when viewed laterally (E), ventrally (F), or in section G. (H�K) MO1-
injected embryos assayed at st. 34 showing myocardial marker expression in lateral (H) and ventral 
(I) views. Sectioning of embryos through the heart region (J and K) shows abnormal morphology of 
the heart tube. (L�N) Isolated hearts assayed at st. 45. Normal heart morphology is illustrated in L 
and abnormal, partially bilaterally duplicated hearts from Wnt11-R-depleted embryos are shown in 
M and N. Atria (a), ventricle (v), and outflow tracts (oft) are indicated. (O) Section through the heart 
tube of a st. 34 embryo injected with MO1 on one side, as indicated. (P) Same section as O showing 
detection of cell nuclei using propidium iodide staining under UV light. The myocardial layer is 
outlined. Nuclei were counted to assay cell number in Wnt11-R-depleted and -untreated myocardial 
tissue. 

 

2.4.6. Wnt11-R/JNK signaling during cardiac morphogenesis 

Non-canonical Wnt signaling is mediated, in part, through activation of the JNK pathway 

(reviewed in Pandur et al., 2002a and Tada et al., 2002), and we have demonstrated that 

Wnt11-R is capable of JNK activation in embryonic tissue (Fig. 2.3F). Phosphorylation 

of JNK in the cytoplasm results in translocation of JNK protein to the nucleus (Reviewed 

in Weston and Davis, 2002). Whole mount immunostaining shows that the phospho-JNK 

protein was broadly distributed in the early tailbud embryo, including the precardiac 

region (Fig. 2.6A). To determine if activated JNK is present in the myocardium, we 

examined early heart tube stage embryos (st. 30) for nuclear localized JNK staining. 

Phosphorylated JNK could be detected using the anti-phospho-JNK antibody, SC-6254, 

within the myocardial tissue layer in sectioned embryos (Figs. 2.6B and C). Staining was 

diffuse, but concentrated in the nucleus and perinuclear region of the myocardial cells, as 

marked by propidium iodide staining (Fig. 2.6D).  
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The presence of activated JNK in the myocardium is consistent with a role for JNK in 

mediating Wnt11-R signaling during heart tube formation. We therefore tested whether 

inhibition of JNK activation, using the chemical inhibitor SP600125, would replicate the 

cardiac phenotypes of Wnt11-R MO treatment. Incubation of Xenopus embryos with 20 

µM SP600125, starting at stage 26 (approximately 2 h prior to the onset of Wnt11-R 

transcription in the heart) until stage 33, had no effect on embryo morphology, and 

myocardial marker expression occurred at the normal time (Figs. 2.6E and G). Transverse 

sections through treated embryos, however, revealed abnormalities in heart morphology 

that were apparently identical to those in Wnt11-R morpholino-treated embryos. The 

hearts of SP600125-treated embryos exhibited defects in heart tube fusion at the ventral 

midline and also an increase in myocardial area (Fig. 2.6H). Quantitation showed that the 

myocardial area was increased 19% relative to controls. Another regulatory protein 

known to be involved in transduction of Wnt signaling pathways is Ca(2+)/calmodulin-

dependent protein kinase II, CaMKII (Kuhl et al., 2000), and previous studies have 

utilized the CaMKII inhibitor KN-93 in Xenopus embryos (Pandur et al., 2002b and Wu 

and Cline, 1998). When we treated embryos with 20 µM KN-93, under identical 

conditions to those used for SP600125, we observed no defects in normal heart tube 

fusion, and no significant alteration in myocardial area relative to controls (data not 

shown). These results suggest that the JNK pathway, but not the CaMKII pathway, is 

involved in transduction of Wnt11-R signaling in the developing heart.  
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FIGURE  2.6 Characterization of myocardial defects in Wnt11-R-depleted and JNK-inhibited 
embryos. (A) Whole mount immunostaining of unmanipulated st. 30 embryo showing activated JNK 
(p-JNK) in the heart region (arrow). (B) Transverse section through heart region of st. 30 embryo 
showing p-JNK-positive cells in the myocardial layer. (C) Transverse section through heart region of 
p-JNK-stained embryo. Arrowheads indicate regions of positive staining. (D) Nuclear staining with 
propidium iodide of same section shown in C illustrating the p-JNK localization is perinuclear. (E�H) 
Comparison of media control and JNK inhibitor (SP600125)-treated embryos at st. 33. (E and G) 
Whole mount in situ hybridization shows normal initiation of MHCα expression in treated and 
untreated embryos. (F and G) Transverse sections through the heart region of MHCα-stained 
embryos show that inhibition of JNK activation produces morphological defects in heart tube 
formation. (I�L) Transmission electron micrographs of transverse plastic sections through the 
myocardial wall from unmanipulated control and treated embryos at st. 33. In all panels, the 
endocardial side of the tube is to the right. Prominent dark spots are yolk granules. In all cases, 
spaces between adjacent cells have been colored in yellow. (I) Untreated control heart shows tightly 
packed columnar cells in myocardial wall with little space between adjacent cells. (J) Wnt11-R MO1-
treated embryos show thickened wall of myocardium and increased extracellular space. (K) DMSO 
media-treated control hearts show very little space between adjacent cells in myocardium. (L) JNK 
inhibitor (SP600125)-treated embryos show increased thickness of myocardial layer and more 
extracellular space relative to DMSO-treated controls. 
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Three different mechanisms might account for the increase in myocardial area observed 

in Wnt11-R morpholino and JNK inhibitor-treated embryos; increased numbers of cells, 

increased size of cells, or increased space between the cells. A combination of more than 

one mechanism could also be at work. We determined the number of cells in the 

myocardial wall of double-sided MO1-treated embryos and stage-matched untreated 

control embryos. Quantitation of cell nuclei number using DAPI visualization (Fig. 2.5P) 

showed no statistical difference in cell number in the MO treated and control myocardia 

(Table 3). Similarly, no significant difference was observed when cell numbers were 

determined for the myocardial layer of SP600125-treated embryos (Table 3).  

We next used transmission electron microscopy (TEM) to take a closer look at 

myocardial cells. Sections through a control heart at stage 34 showed that the 

myocardium consisted of a single layer of columnar cells (Fig. 2.6I). In most cases, the 

nuclei were located closer to the outer surface of the heart tube. Each myocardial cell was 

closely juxtaposed to its neighbors with little extracellular space visible at the margin 

between cells. Measurements from the TEM images showed that the average area of a 

myocardial cell in Wnt11-R morpholino and JNK inhibitor-treated embryos (Figs. 2.6J 

and L) was not significantly different from that of sibling control embryos (Table 3). 

However, Wnt11-R MO and JNK inhibitor-treated embryos showed an increase in the 

extracellular space between neighboring cells (marked in yellow in Figs. 2.6I�L) possibly 

due to decreased adhesion between cells. Quantitation indicated that the proportion of the 

total myocardial area represented by open extracellular space was 4-fold greater in MO-

treated embryos than in controls (16% vs. 4%, respectively). Similarly, inhibition of JNK 
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activation increased the extracellular space to 13% of the total myocardial area. We 

suggest that the observed increase in extracellular space in MO-treated or inhibitor-

treated embryos relative to controls is a major factor contributing to increase in the area 

of the myocardial tissue layer. However, extracellular space alone is not sufficient to 

account for the entire difference in area (approximately 25% greater than controls), 

suggesting that other factors, not readily detectable using TEM, must also contribute to 

the knockdown phenotype. One possibility is that the reduced adhesion leads to slippage 

of cells out of a strictly columnar arrangement, leading to increased width of the 

myocardial layer. 

TABLE 2.3 Increased myocardial area in Wnt11-R MO-treated and JNK inhibitor-treated embryos  

Morpholino 
treatment 

No. of nuclei in myocardium 
(assayed stage 34) 

Area of myocardium 
(arbitrary units) 

Cells/unit 
area 

P 
value 

Control MO 59.4 ± 4.8 (8) 78.1 ± 12.4 (8) 0.76  

Wnt11-R MO1 59.1 ± 9.3 (7) 98.4 ± 20.6 (7) 0.60 0.017 

 

Inhibitor treatment No. of nuclei in myocardium 
(assayed stage 32) 

Area of myocardium 
(arbitrary units) 

Cells/unit 
area 

 

DMSO (carrier) 43.1 ± 4.6 (8) 63.1 ± 10.5 (8) 0.68  

DMSO + SP600125 
(20 µg/ml) 

43.0 ± 6.7 (11) 75.0 ± 14.3 (11) 0.57 0.026 
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2.5.  Discussion 
 

2.5.1. Vertebrate Wnt11 and Wnt11-Related genes 

During development of Xenopus and zebrafish, a Wnt11 gene is expressed in the 

involuting mesoderm of the gastrula stage embryo (Ku and Melton, 1993 and Makita et 

al., 1998). Later during development, this gene is expressed in the branchial arch region 

and the somite, but not in the heart. Dominant-negative inhibition studies in Xenopus and 

mutant analysis in zebrafish indicate that this Wnt11 gene plays an important role in 

regulation of gastrulation movements (Heisenberg et al., 2000, Tada and Smith, 2000 and 

Ulrich et al., 2003). In contrast, the Wnt11 genes identified in chicken and mouse are not 

expressed in the gastrulating mesoderm (Christiansen et al., 1995, Eisenberg et al., 1997 

and Kispert et al., 1996). Transcripts of the chicken and mouse Wnt11 genes are observed 

in the branchial arch region, the dermamyotome and adjacent dorsal mesenchyme of the 

somites, and in the developing heart. We have identified Wnt11-R, a second Xenopus 

Wnt11 gene that, based on sequence comparison and embryonic expression pattern, is 

likely to represent the ortholog of the single Wnt11 gene reported in chicken and mouse. 

A second Wnt11-Related sequence is also present in zebrafish (accession number 

AAH66498 and Fig. 2.1A), and while no expression information for this gene is currently 

available, we predict that it will exhibit a pattern similar to that of Wnt11-R. It seems 

likely that the multiple Wnt11 genes in fish and frogs resulted from an ancient gene 

duplication event, but that the second copy has been lost in birds and mammals.  
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Experiments using Xenopus embryos show that either mis-expression or inhibition of 

Wnt11 activity causes severe alterations in cell movements resulting in defective 

gastrulation (Marlow et al., 2002 and Penzo-Mendez et al., 2003). In addition, high level 

expression of Wnt11 can cause activation of JNK and induce expression of cardiac 

differentiation markers in embryonic explants (Pandur et al., 2002a and Pandur et al., 

2002b). Since Xenopus Wnt11 and Wnt11-R are clearly closely related sequences, we 

have carried out tests for biological activity and demonstrated that mis-expression of 

Wnt11-R also causes severe gastrulation defects (Fig. 2.3E) and leads to activation of 

JNK and induction of heart markers (Figs. 2.3F and H). We therefore conclude that 

Wnt11 and Wnt11-R share at least some of the same biological activities. 

2.5.2. Wnt11-R is required for heart tube morphogenesis 

In Drosophila, the planar cell polarity pathway (PCP) plays an essential role in the 

regulation of embryonic morphogenesis (reviewed in Fanto and McNeill, 2004). In 

vertebrates, the PCP pathway is stimulated by non-canonical Wnt ligands, particularly 

Wnt5A and Wnt11, and also functions to regulate cell behavior and movement (Tada et 

al., 2002 and Wallingford et al., 2002). To assess whether Wnt11-R is involved in 

regulation of cell movement and adhesion during heart development, we downregulated 

Wnt11-R activity using a MO approach. First, we observed that inhibition of Wnt11-R 

function has no discernible effect on the timing or pattern of expression of myocardial 

marker genes. This is completely consistent with expectations, since Wnt11-R is not 

normally expressed in heart tissue until the time that cardiac markers are expressed (Figs. 

2.2G�J). Second, we showed that although the initial stages of migration of the cardiac 
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primordia to the ventral midline progressed normally, fusion of the primordia to form the 

primitive heart tube was disrupted. The most common defect, observed in almost 60% of 

cases, was a thickening of the myocardial wall and an accumulation of disorganized cells 

at the site where fusion would normally occur (Fig. 2.5J). In the most extreme cases, the 

individual heart primordia form two adjacent U-shaped tubes (Fig. 2.5K) and a small 

proportion of hearts (about 10%) went on to exhibit partial cardia bifida (Figs. 2.5M and 

N). The thickened myocardial wall that was evident in heart tube stage embryos was 

undetectable in later stage hearts (data not shown). This loss of phenotype could be due to 

degradation of the morpholino inhibitor and restoration of Wnt11-R protein levels or, 

alternatively, another non-canonical Wnt protein may become expressed in the heart and 

substitute for Wnt11-R activity. Interestingly, defective cardiac morphology is also 

observed in the Loop-tail mouse mutant (Lpp1) (Henderson et al., 2001 and Murdoch et 

al., 2001). Lpp1 is related to Drosophila Strabismus, a factor in the PCP signaling 

pathway (reviewed in Heisenberg and Tada, 2002). Although the precise cause of the 

morphological flaws in Lpp1 mutant hearts is not clear, it is tempting to speculate that 

both Lpp1 and Wnt11-R defects are due disruption of the PCP pathway within the 

myocardium.  

Wnt11 signaling through JNK functions to regulate embryonic morphogenesis, 

particularly in the context of convergent extension movements during gastrulation 

(Yamanaka et al., 2002). However, apart from gastrulation, there are no other examples 

of JNK-dependent morphogenesis. The experimental results presented in this paper 

provide three lines of evidence suggesting a role for JNK-mediated Wnt11-R signaling in 
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regulation of cardiac morphogenesis. First, expression of Wnt11-R in Xenopus embryonic 

tissue can induce JNK phosphorylation (Fig. 2.3F). Second, Wnt11-R is expressed in the 

heart at the time that activated JNK is present (Figs. 2.6C�E), consistent with a role for 

Wnt11-R in activation of JNK. Third, depletion of Wnt11-R by MO treatment generates 

phenotypes indistinguishable from those obtained by inhibiting JNK activation (Fig. 2.5 

and Fig. 2.6). We interpret these results to suggest that Wnt11-R is signaling through a 

currently unidentified Wnt receptor to activate JNK and regulate subsequent myocardial 

tissue movements. It is interesting to note that the myocardial cell layer, which is 

expressing Wnt11, is also the cell layer affected by Wnt11 depletion. This observation 

suggests that Wnt signaling is acting cell autonomously to regulate cardiac morphology, 

as previously proposed for regulation of gastrulation movements (Tada and Smith, 2000).  

To explore possible mechanisms underlying the defects in cardiac development, we used 

electron microscopy to examine the structure of the myocardial wall in Wnt11-R MO and 

JNK inhibitor-treated embryos. Both of these treatments cause the area of myocardial 

tissue to be increased relative to control embryos without any detectable increase in cell 

number (Table 3). Our TEM studies revealed a reduction of close contact between 

individual cardiac cells in treated embryos, associated with a significant increase in 

extracellular space (approximately 4-fold over controls). These observations might be 

explained by reduced cell adhesion between individual cardiomyocytes comprising the 

wall of the heart tube. It is possible that reduced adhesion between myocardial cells 

allows them to slip out of the regular columnar arrangement, leading to an increase in the 

overall thickness of the myocardial wall (Figs. 2.6K and M). A role for Wnt11-R in 
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regulating cell adhesion and cell contact is consistent with previous studies of the 

mouseWnt5A gene. Knockout of Wnt5A results in ventricular septal defects (Oishi et al., 

2003 and Yamaguchi et al., 1999) and studies using cardiomyocytes in culture showed 

that increased expression of Wnt5A enhanced stability of N-cadherin protein at sites of 

adhesion without influencing transcription of the N-cadherin gene (Toyofuku et al., 

2000). N-cadherin does not appear to underlie the effects observed in Wnt11-R-deficient 

Xenopus embryos, however, since we were unable to detect any alteration in N-cadherin 

protein levels relative to controls (data not shown). 

2.5.3. Does Wnt11 function as a cardiac inducer? 

The blastopore lip region of the frog embryo, where Wnt11 is expressed, is also the 

region involved in induction of the cardiac lineage (Nascone and Mercola, 1995 and Sater 

and Jacobson, 1989). Similarly, in the chick embryo, Wnt11 is reported to be expressed 

in the cardiac crescent (Eisenberg et al., 1997), although subsequent studies of chick have 

failed to detect Wnt11 expression in the cardiogenic region (Chapman et al., 2004). 

Based initially on these observations of Wnt11 expression in precardiac tissues, it has 

been proposed that Wnt11 plays a central role in the specification of the heart lineage 

(Pandur et al., 2002b), and over-expression experiments using Xenopus tissue explants 

showed that Wnt11 can induce expression of cardiac markers. We have confirmed these 

results by showing that over-expression of Wnt11-R also induces expression of cardiac 

genes (Fig. 2.3H). We note, however, that Wnt11-R is not expressed in cardiac tissues 

until about the time of myocardial differentiation (Fig. 2.2) and therefore cannot normally 

play a role in induction of the cardiac lineage. In the frog embryo, expression of 
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dominant-negative Wnt11 disrupts normal gastrulation movements (Tada and Smith, 

2000) and zebrafish silberblick (Wnt11) mutants show defects in gastrulation 

(Heisenberg et al., 2000 and Ulrich et al., 2003). Significantly, no cardiac defects are 

apparent in silberblick mutants (Heisenberg and Nusslein-Volhard, 1997), indicating that 

Wnt11 is not essential for specification of the cardiac lineage in zebrafish.  

Taking the available information into account, we wish to suggest that induction of 

cardiac markers by high levels of Wnt11 and Wnt11-R may be an artifact of the over-

expression assay. This proposal is based on the observation that high level expression of 

Wnt proteins normally involved in non-canonical signaling can inhibit the canonical Wnt 

signaling pathway (Topol et al., 2003, Weidinger and Moon, 2003 and Yan et al., 2001). 

Indeed, this has been demonstrated specifically for Wnt11 (Maye et al., 2004). Previous 

studies in avian and frog embryos have shown that disruption of canonical Wnt signaling, 

using the inhibitory proteins dickkopf or crescent, results in activation of the cardiac 

differentiation pathway and ectopic expression of myocardial markers (Marvin et al., 

2001 and Schneider and Mercola, 2001). We suggest that high level expression of either 

Wnt11 or Wnt11-R in ventral marginal zone explants is approximately equivalent to 

expression of the Wnt inhibitors dkk or crescent and is sufficient to inhibit canonical Wnt 

signaling and to activate heart marker expression. 
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2.6.  Conclusion 
 

The results presented in this report suggest that Wnt11-R functions to control cell 

behavior during morphological movements. In particular, evidence has been presented 

showing that the disruption of cardiac morphology observed in Wnt11-R-deficient 

embryos is associated with changes in adhesion properties of cells in the myocardial wall. 

At its most extreme, these alterations in cell behavior generate a cardia bifida phenotype 

(Figs. 2.5M and N). At present, however, it is not known which genes are regulated in 

response to Wnt11-R signaling or which specific proteins mediate Wnt11-R-regulated 

cell adhesion. Loss of function studies for the single Wnt11 gene in the mouse genome 

should help to resolve the role of Wnt11 during cardiac development. 
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3. THE ROLE OF WNT11-SIGNALING DURING TRUNK 
NEURAL CREST DEVELOPMENT 

 
Garriock, R.J., Krieg, P.A. Wnt11-R signaling regulates a calcium sensitive EMT event 

necessary for neural crest recruitment to the dorsal fin in Xenopus.  Under review at 

Developemental Biology April 13, 2006. 

 

3.1. Abstract 
 
Trunk neural crest (NC) cells are migratory cells that delaminate from the dorsal neural 

tube and migrate to contribute to a variety of different tissues and organs.  In the frog 

embryo, a sub-population of trunk NC undergoes a dorsal route of migration to form the 

mesenchyme in the core of the dorsal fin.  We show that the frog orthologue of Wnt11 

(Wnt11-R) is a novel marker of dorsal migrating trunk NC. Wnt11-R is initially 

expressed in premigratory NC in the dorsal neural tube.  From the dorsal neural tube, 

Wnt11-R expressing cells initially migrate laterally to the dorsal margin of the somite.  

They reside at this location for some time prior to undergoing an epithelial to 

mesenchymal transition (EMT), detaching from the somite and migrating dorsally into 

the fin.  Loss of function studies demonstrate that Wnt11-R activity is required for 

migration of these cells via a non-canonical, Dsh-dependent pathway.  In Wnt11-R 

depleted embryos, the absence of fin core cells leads to defective dorsal fin development 

and the fin collapses.  Experiments using small molecule inhibitors indicate that dorsal 

migration of fin core cells involves calcium signaling through calcium/calmodulin-

dependent kinase II (CaMKII).  In Wnt11-R depleted embryos, normal migration of NC 

cells into the fin and normal fin development can be rescued by stimulation of calcium 
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release.  These studies are consistent with a model in which Wnt11-R signaling via a non-

canonical calcium pathway regulates fin cell migration and, more generally, suggests a 

role for non-canonical Wnt signaling in regulation of EMT.    

3.2.  Introduction 
 
The neural crest (NC) is a migratory population of cells that give rise to a diverse array of 

cell types within the embryo (Reviewed in Bronner-Fraser, 1993; Le Douarin et al., 2004; 

Barembaum and Bronner-Fraser, 2005).  The trunk neural crest, which includes NC cells 

that reside roughly posterior to the hindbrain, migrate from the dorsal neural tube to a 

variety of destinations throughout the embryo.  Most of the trunk NC cells migrate 

ventrally to form ganglia, glia and the adrenal medullary cells, but the route of migration 

varies among vertebrates.  In Xenopus and fish, trunk NC cells migrate between the 

neural tube and somite whereas in chick and mouse they migrate through the anterior half 

of the somitic sclerotome (Rickmann et al., 1984; Serbedzija et al., 1989; Sadaghiani and 

Vielkind, 1990; Serbedzija et al., 1990; Collazo et al., 1993).  Another population of 

trunk NC cells migrate dorsally and differentiate into melanocytes and cells of the hair 

follicle (Mayer, 1973; Erickson and Goins, 1995; Seiber-Blum et al., 2004).  In Xenopus, 

the dorsal migrating NC will form melanocytes and a separate population of cells that 

occupy the core of the dorsal fin (Raven, 1931; Krotoski et al., 1988; Collazo et al., 

1993). 

 

The dorsal fin is a prominent feature of the Amphibian embryo that extends along the 

dorsal surface of the animal, from behind the head to the tip of the tail.  The mature 
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dorsal fin is a simple keel-shaped out-pocketing of the dorsal epidermis that is supported 

by mesenchymal cells and extracellular matrix (Tucker, 1986).  Development of the fin 

begins during the early tail bud stage and the structure remains present until 

metamorphosis when both the fin and tail regress.  The dorsal fin develops as a result of 

inductive signals from the neural crest (DuShane, 1934; Bodenstein, 1952; Tucker and 

Slack, 2004).  At first, epidermis of the nascent fin undergoes cell proliferation and 

extends dorsally, accompanied by an accumulation of extracellular matrix, but the 

interior of the fin is largely acellular.  During tailbud stages, non-pigmented NC cells 

migrate into the fin matrix (Twitty and Bodenstein, 1941; Tucker and Erickson, 1986; 

Collazo et al., 1993), followed by a later migration of pigmented melanocytes occurring 

during the early tadpole stages.  In contrast, the ventral fin of Xenopus is induced by 

mesoderm, not neural crest, and is populated primarily by mesoderm-derived cells 

(Tucker and Slack, 2004), although at least some neural crest cells are also present 

(Collazo et al., 1993). 

 

Expression studies in Xenopus have shown that a Wnt11 related sequence, Wnt11-R, is 

expressed in the heart, the neural tube, cells overlying the dorsal margin of the somite and 

mesenchyme within the dorsal fin (Garriock et al., 2005).  Xenopus contains two Wnt11 

genes and Wnt11-R is the orthologue of avian and mammalian Wnt11 (Garriock et al., 

2005 and data not shown).  Wnt11 proteins are members of the non-canonical family of 

Wnt-ligands which bind to cysteine-rich frizzled and ROR receptors and LRP5/6 

coreceptors (Bhanot et al., 1996; Wang et al., 1996; Wehrli et al., 2000; Hikasa et al., 
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2002). After ligand binding, Wnt11 and related non-canonical Wnt-proteins signal 

through the Wnt/calcium pathway and the planar cell polarity (PCP) pathway, both of 

which involve the intracellular protein Dishevelled (Dsh) (Sokol, 1996; Sheldahl et al., 

2003; reviewed in Fanto and McNeill, 2004; Kohn and Moon, 2005).  Through the 

Wnt/calcium pathway, Wnt11 can elicit intracellular calcium fluctuations resulting in the 

activation of PKC, calmodulin and CaMKII (Sheldahl et al., 1999; Kuhl et al., 2000). The 

PCP pathway signals through RhoA and can result in the activation of JNK (Li et al., 

1999; Yamanaka et al., 2002;Kim and Han, 2005). Non-canonical Wnt-signaling through 

the PCP and Wnt/calcium pathways modulates a variety of cell behaviors including 

convergent extension movements during gastrulation (Heisenberg et al., 2000; Tada and 

Smith, 2000; Choi and Han, 2002; Yamanaka et al., 2002, Wallingford et al., 2000; 

Wallingford and Harland, 2001), neural tube closure (Wallingford and Harland, 2002a), 

dendritic outgrowth (Rosso et al., 2005), heart tube morphogenesis (Garriock et al., 2005) 

and cranial neural crest migration (De Calisto et al., 2005). 

 

In mouse, chicken, frog and zebrafish embryos, Wnt11 and Wnt11-R expression marks 

populations of cells that undergo morphogenetic movements and cell shape change (Ku 

and Melton, 1993; Kispert et al., 1996; Heisenberg et al., 2000; Olivera-Martinez et al., 

2002; Garriock et al., 2005).  In this report we demonstrate that Wnt11-R expression 

marks a non-pigmented subset of dorsal-migrating NC cells that will populate the core of 

the Xenopus dorsal fin.  The function of Wnt11-R, acting via a non-canonical 



 59

Wnt/calcium pathway, is required for a delamination step that precedes subsequent 

migration of these cells into the fin and ultimately, for maintenance of fin structure.   

3.3.  Materials and Methods 

3.3.1. Embryology and Microinjection 
 
Xenopus laevis embryos were staged according to Nieuwkoop and Faber (1994) and 

cultured in 0.2x MMR.  Microinjections occurred in 4% Ficoll in 0.4xMMR and embryos 

were maintained in this medium for the first 12 hours.  Embryos were then cultured in 

0.2xMMR until harvested.  A morpholino oligo (MO) complementary to sequences in the 

5� UTR and shared by both pseudo-tetraploid copies of the Wnt11-R transcript has 

previously been shown to inhibit translation in vivo (Garriock et al., 2005).  The 

sequence of the Wnt11-R MO1 is (5�-AATCATCTTCAAACCCAATAACAA-3�) and 

control mismatched MO is (5�-CTTGTACTTCTATAGCCTATAAGAA-3�).  MOs were 

stored in 50 mM HEPES pH 8.0, diluted in water and heated to 65 oC for 10 minutes 

prior to injection.  For neural crest targeting, 15-30 ng of MO was injected at the 8 and 16 

cell stage targeted to the D1.2 and V1.2 blastomeres (Dale and Slack, 1987; Moody, 

1987).  KN-93, CaMKII inhibitor, was prepared as 10 mM stocks in DMSO and used 

immediately at 10 µM concentrations diluted in 0.2X MMR media (KN-93 Cat# S-2022, 

A.G. Scientific Inc).  The media containing inhibitor was exchanged every three hours.  

Calcium signaling was activated with 100 nM thapsigargin (Sigma) or 10 nM A23187 

ionophore (Sigma) for 1 hour.  
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3.3.2. Inhibition of non-canonical Wnt signaling with Dsh-D2 
 
Wnt11 and related proteins are thought to signal primarily through the non-canonical Wnt 

pathway (reviewed in Tada et al., 2002).  To determine whether Wnt11-R regulation of 

NC migration occurs through the non-canonical pathway, we utilized a dominant 

negative Dishevelled peptide (Dsh-D2), which maintains the ability to signal canonically 

while non-canonical Wnt signaling is blocked (Rothbacher et al., 2000; Wallingford et 

al., 2000).  Synthetic mRNA (Message Machine, Ambion) encoding dominant negative 

Dsh (Dsh-D2) was injected at the 16 cell stage and targeted to the D1.2 and V1.2 

blastomeres (750 pg per injection). 

3.3.3. Whole-mount in situ hybridization 
 
Whole-mount in situ hybridization was carried out using a modification of the protocol 

by Harland, (1991), with antisense digoxigenin-labeled probes for Wnt11-R (Garriock et 

al., 2005).  Plasmids were linearized with Not1 and transcribed with T7 RNA polymerase 

using the MEGAscript kit (Ambion).  For serial sections, embryos were post-fixed in 4% 

paraformaldehyde, embedded in Paraplast and 10 µm transverse sections were prepared.   

DAPI was used to stain nuclei for cell counts. 

3.3.4. Cell lineage studies and neural tube transplants 
 
Cell lineage studies utilized 2.5 mg/ml DiI (1,1�-dioctadecyl - 3,3,3�,3�-

tetramethylindocarbocyanine perchlorate, Molecular probes, Cat# D282).  Lineage tracer 

prepared and stored using standard methods (Collazo et al., 1993) were microinjected in a 

volume of 2.6 pl into the somite at stage 26/27 and observed directly by fluorescence.  
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Neural tubes from stage 19-20 embryos (i.e. prior to NC migration) were excised from 

donor embryos injected with 750 pg of synthetic GFP mRNA alone or in combination 

with 15 ng of Wnt11-R morpholino, 15 ng control morpholino or 1 ng of Dsh-D2 mRNA.  

Tissue was implanted into the region of the dorsal somite, beneath the epidermis, of a 

similarly staged uninjected host embryo in 0.2x MMR.  Embryos were cultured until 

stage 37 and the dorsal fins of those embryos were examined for the presence of GFP-

expressing cells within the fin. 

3.4. Results 

3.4.1. Wnt11-R marks a dorsal migrating population of neural crest 
and fin mesenchyme 

 
Previous studies have shown that Wnt11-R is expressed in the dorsal neural tube, in cells 

adjacent to the dorsal somite and within the dorsal fin (Garriock et al., 2005).  Since these 

locations are consistent with neural crest (Krotoski et al., 1988; Collazo et al., 1993), we 

explored the possibility that Wnt11-R is marking neural crest (NC) cells.  We have 

carried out in situ hybridization analysis ofWnt11-R expression during the time that NC 

cells migrate from the neural tube and until cellularization of the dorsal fin (Fig. 3.1).  At 

late neurula (st 22) Wnt11-R-expressing cells were observed along the length of the 

neural tube (Fig. 3.1A).  In transverse sections (Fig. 3.1B), Wnt11-R expression was 

located  
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FIGURE  3.1.  In situ hybridization analysis of Wnt11-R expression during Xenopus fin 

development. (A) Dorsal view of stage 22 embryo showing Wnt11-R transcripts in the neural tube 

and in cells at the medial border of the somite.  (B) Transverse section through the embryo in (A) 

showing Wnt11-R expression in the dorsal neural tube.  What appears to be a single stained cell is 

visible between the neural tube and the somite (asterisk). (C) Dorsal view of stage 24 embryo showing 

expression of Wnt11-R in the neural tube and in individual cells on the somite. (D) Dorsal view of a 

stage 26 embryo with Wnt11-R expression in the neural tube and now covering much of the somite. 

(E) Lateral view of a stage 26 embryo showing expression of Wnt11-R in the branchial arches and in 

dorsal tissues of the embryo. (F) Enlarged view of (E) showing expression of Wnt11-R on the somite. 

(G) Transverse section showing Wnt11-R transcripts in dorsal neural tube and the dorsal surface of 

the somites. (H) Lateral view of a stage 27 embryo showing expression of Wnt11-R in dorsal tissues 

and in cranial NC migrating into the branchial arch region.  (I) Enlarged view of (H) showing 

expression of Wnt11-R on the somite and in individual cells at the base of the dorsal fin (arrow).  (J) 

Transverse section through a stage 27 embryo showing expression of Wnt11-R in detached cells 

overlying the neural tube at the base of the dorsal fin (arrow). (K) Lateral view of a stage 34 embryo 

showing expression of Wnt11-R in the heart, cranial neural crest cells and dorsal tissues.  (L) 

Enlarged view of (K) showing numerous separate stained cells within the fin.  (M) Transverse section 

through a stage 34 embryo showing Wnt11-R expressing cells dispersed within the dorsal fin core 

and along the dorsal and lateral surface of the somite. (N) Transverse section through a stage 34 

embryo at the level indicated by the arrow head in (K) showing stained cells dorsal to the neural 

tube.  (O) Lateral view of the tail of a stage 37 embryo showing Wnt11-R expressing cells within the 

dorsal fin but not the ventral fin.  (P) Magnified view of the dorsal fin of an unbleached stage 37 

embryo showing Wnt11-R expressing cells, plus a large pigmented melanocyte (arrow).  (Q) Identical 

region of the fin shown in (P) after bleaching.  Note that the melanocyte does not express detectable 

levels of Wnt11-R.  Abbreviations:  cnc, cranial neural crest; heart, ht; nt, neural tube; s, somite. 

 

at the dorsal region of the neural tube corresponding to the location of neural crest 

progenitor cells (Davidson and Keller, 1999; Linker et al., 2000).  At stage 24, Wnt11-R 

expression was observed in the neural tube and at the dorsal margin of the somite (Fig. 

3.1C) and this latter domain of expression became more prominent by stage 26 (Fig. 

3.1D, G), by which time it extends along almost the entire length of the embryo (Fig. 
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3.1E,F).  At stage 26 the presumptive dorsal fin is only a small raised keel of epidermis 

and does not contain any mesenchymal cells.  Transverse sections showed that Wnt11-R 

was expressed in a group of cells located at the dorsal and lateral margin of the somite 

bundle and, at lower levels, in the dorsal neural tube (Fig. 3.1G).  Approximately 2 hours 

later (stage 27), the fin has become larger as the epidermis protrudes dorsally creating an 

ECM-filled space above the neural tube (Tucker, 1986) and, for the first time, a few 

detached Wnt11-R-expressing cells became visible within the fin (Fig. 3.1H,I).  

Transverse sections (Fig. 3.1J) show Wnt11-R expression in dorsal regions of the somite 

and neural tube and at higher levels in a subset of cells that appear to be undergoing EMT 

from the somite.  At stage 34 (Fig. 3.1K-L), Wnt11-R expression extends significantly to 

more lateral regions of the somite and numerous cells occupy positions within the fin 

(Fig. 3.1M).  

 

We also detected Wnt11-R expressing cells at anterior locations of the embryo where no 

dorsal fin is present (Fig. 3.1N).  Once again, the Wnt11-R expressing cells occupied a 

position dorsal to the neural tube.  Previous studies have shown that, in contrast to the 

dorsal fin which is populated by NC cells (Krotoski et al., 1988), the ventral fin contains 

cells primarily of mesodermal origin (Tucker and Slack, 2004).  Consistent with this 

observation, Wnt11-R expressing NC cells were only detected in the dorsal fin (Fig. 

3.1O).  Finally, Wnt11-R expression only marked the mesenchymal population of fin NC 

cells and not the much larger pigmented melanocyte NC cells (Fig. 3.1P-Q).   
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3.4.2. Cell lineage studies of dorsal migrating neural crest 
 
The observed expression pattern of Wnt11-R is consistent with an initial lateral migration 

of NC cells to a location on the dorsal somite, followed by a second migration into the fin 

matrix.  We have examined serial sections to determine the location of Wnt11-R NC 

expressing cells at the time when dorsal migration of fin mesenchyme is first occurring 

(st. 27).  Wnt11-R expressing cells were always observed detaching from the somite 

rather than the neural tube (Fig. 3.2A-C).  This observation suggests that fin 

mesenchymal cells were migrating from the dorsal somite, not directly from the dorsal 

neural tube as previously thought (Raven, 1931; Krotoski et al., 1988; Collazo et al., 

1993; Tucker and Slack, 2004).  To specifically address this issue, we carried out lineage 

tracing experiments.  At stage 26, approximately one stage before any mesenchymal cells 

migrate into the fin, single somite bundles were labeled by injection of DiI into the dorsal 

surface (Fig. 3.2D-E). The labeling therefore targets the Wnt11-R expressing cells on the 

somite without marking NC cells associated with the neural tube.  Embryos were allowed 

to develop for 24 hours (until stage 37) and the location of labeled cells was recorded.  In 

all embryos examined (n=23), DiI labeled cells were observed to migrate into the fin 

(Fig. 3.3G, H).  We could demonstrate that the DiI injections were accurate because 

sectioning revealed that 8/10 embryos showed no labeling within the neural tube (e.g. 

Fig. 3.3I). Based on these experiments, we conclude that cells transiently located on the 

dorsal somite migrated into the fin, although we cannot exclude the possibility that 

additional cells may have migrated directly from the neural tube.   
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FIGURE  3.2 Cell lineage tracing of the dorsal migrating neural crest.  (A-C) Serial sections through 
the trunk region of a stage 27 embryo stained for Wnt11-R transcripts. Cells moving into the fin 
(arrows) appear to be detaching from the somites rather than the neural tube (yellow outline)  (D) 
Diagram showing the application of DiI to label neural crest cells on the dorsal surface of the somite 
of a stage 26 embryo. (E) Stage 26 embryo showing specific and localized application of DiI to the 
dorsal somite.  (F)  UV image of the dorsal fin of a DiI labeled embryo at stage 37, showing the 
presence of labeled cells within the fin matrix (arrows).  (G) Merged UV and white light image of the 
embryo in (F).  (H,I) Bright field and UV image respectively of transverse sections through a DiI 
labeled embryo at stage 37.  Cells originating in the labeled somite have migrated into the dorsal fin 
(arrows).  The position of the neural tube is outlined in blue for reference 
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3.4.3. Wnt11-R function is required for normal fin development 
 
To determine whether Wnt11-R function is required for fin morphogenesis we used a 

morpholino oligomer (MO) that has previously been shown to inhibit translation of Wnt11-R 

(Garriock et al., 2005).  Targeting of the MO to neural tissues produced embryos that were 

phenotypically normal at early stages, but which showed defects in fin morphology that were 

first visible at about stage 33 and became pronounced by stage 35.  When assayed at stage 34/35 

the most common defects were collapsed or deficient fin tissue, especially in more anterior 

regions of the embryo (Fig. 3.3C, D).  Severe disruption of fin morphology was observed in 37% 

of Wnt11-R MO treated embryos but only rarely (4%) in control MO injected embryos (Fig. 

3.3J).  Co-injection with 100 pg of Wnt11-R mRNA that does not contain the MO target 

sequences results in partial rescue of fin morphological defects (defects reduced to 19%) (Fig. 

3.3E, F, I, J).  This reduction is statistically significant, p < 0.02.  Examination of transverse 

sections through MO treated embryos showed a greatly reduced number of mesenchymal cells 

within the fin matrix and the remaining cells located proximal to the neural tube (Fig. 3.3H).  

This contrasts with control fins, and mRNA rescued fins, where mesenchymal cells were 

distributed throughout the extent of the fin (Fig. 3.3G, I).  Quantitation showed that inhibition of 

Wnt11-R expression  
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FIGURE  3.3 Inhibition of Wnt11-R expression disrupts normal fin development.  (A) Stage 35 

embryo injected with 15 ng of control MO showing normal fin morphology.  (B) Magnified view of 

the dorsal fin of the embryo pictured in (A).  (C)  Stage 35 embryo injected with Wnt11-R MO 

showing collapsed appearance of the dorsal fin. (D) Magnified view of the dorsal fin of the embryo 

pictured in (C). (E) Rescue experiment showing normal dorsal fin development where the embryo 

was injected with 15 ng of Wnt11-R MO plus 100 pg of Wnt11-R mRNA. (F) Magnified view of the 

dorsal fin of the embryo pictured in (E). (G-I) UV images of transverse sections through the trunk 

region of control and MO-treated embryos.  Cells within the fin matrix (arrows) can be identified 

using DAPI nuclear stain.  (G) Control.  (H) Wnt11-R MO treated embryo shows very few 

mesenchymal cells within the fin (arrow).  Note also the altered morphology of the dorsal fin 

epidermis.  (I) Rescued embryo.  The number of cells within the fin is comparable to the control 

embryo and the dorsal fin morphology is normal.  (J) Frequency of embryos showing fin 

morphological defects in Wnt11-R MO experiments.  Statistical difference from control is indicated 

(*).  Coinjection of 100 pg of Wnt11-R mRNA resulted in a reduction in frequency of observed fin 

defects relative to Wnt11-R MO alone.  The rescue was statistically significant (**) using the Chi 

squared test, p < 0.02.  (K) Quantitation of fin core cells per 0.1 mm of dorsal fin in Wnt11-R MO 

experiments.  The decrease in fin core cells in Wnt11-R MO treated embryos was significant, p = 

0.00001, by T-Test (Two-Sample Assuming Unequal Variances).  The restoration of the number of 

fin core cells in rescue experiments was also significant (p=0.00009). 

 

reduced the number of isolated mesenchyme cells in the fin matrix to 48% of control levels (Fig. 

3.3K).  The reduction in fin core cell number in MO treated embryos was restored to near wild 

type numbers by the co-injection of 100 pg Wnt11-R mRNA (Fig. 3K).  As can be seen in Fig. 

3.3H, the overall fin structure of MO treated embryos also appeared shorter than controls (Fig. 

3.3G).  Counting of cells in the epidermal layer of the fin in Wnt11-R MO treated embryos 

showed a significant reduction relative to controls (29.8 +/- 1.3 for MO-treated compared to 44.3 

+/- 1.2 for controls).  Since Wnt11-R is not expressed in fin epidermis, this observation suggests 

the possibility of interactions between fin core cells and the nearby epidermal tissue. 
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FIGURE  3.4 Inhibition of Wnt11-R expression or non-canonical Wnt signaling results in NC cell 

migration defects.  (A-I) Fin mesenchyme cells were detected by in situ hybridization using Wnt11-R 

probe.  (A) Lateral view of a stage 32 control MO-injected embryo showing expression of Wnt11-R.  

(B) Magnified view of the dorsal region of the embryo pictured in (A) showing numerous 

mesenchymal cells within the dorsal fin (arrow).  (C) Transverse section showing Wnt11-R 

expressing mesenchymal cells detached from the somite and entering the dorsal fin. (D) Lateral view 

of Wnt11-R MO-treated embryo (bilateral injection) showing normal overall morphology and 

expression of Wnt11-R.  (E) Magnified view of the dorsal region of the embryo pictured in (D) 

showing an absence of separated mesenchymal cells within the fin.  (F) Transverse section showing 

Wnt11-R expressing cells in contact with the dorsal somite. (G) Stage 32 embryo expressing 

dominant negative  Dsh (Dsh-D2) bilaterally targeted to trunk neural crest . (H) Magnified view of 

the fin showing an absence of Wnt11-R expressing cells within the fin but a number of stained cells 

along the lateral surface of the embryo (marked by asterisk). (I) Transverse section showing an 

absence of Wnt11-R expressing cells within the fin and an increase in cells on the somite.  (J) Chart 

showing the percent of embryos with a reduced number of Wnt11-R expressing cells within the fin in 

loss of function experiments.  Statistically significant differences from controls are indicated (*).  (K) 

Chart showing quantitation of Wnt11-R expressing cells in 0.1 mm of trunk fin of control, Wnt11-R 

MO and Dsh-D2 treated embryos.  The number of DAPI stained/Wnt11-R expressing cells within the 

matrix or on the surface of the somite is presented as a percentage of total.  The decrease in fin core 

cell number was significant (*) for both Wnt11-R MO and Dsh-D2 treatments, (T-Test Two-Sample 

Assuming Unequal Variances).  (L-O) UV images of GFP expressing neural tube implants. (L)  GFP 

labeled cells have migrated from the position of the implant into the dorsal fin.  (M)  Magnified view 

of (L) showing isolated mesenchymal cells within the fin. (N) Wnt11-R MO-treated neural tube 

implant showing an absence of mesenchymal cell migration into the dorsal fin.  (O) Dsh-D2 

expressing neural tube implant showing an absence of mesenchymal cell migration into the dorsal 

fin.  

 

There are two likely explanations for the absence of fin mesenchymal cells following MO 

treatment.  First, that cells failed to migrate into the fin or second, that cells migrated 

normally but failed to survive in the absence of Wnt11-R activity.  To distinguish 

between these options, we examined MO-treated embryos at stage 32, soon after the time 
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that somite-proximal cells would first migrate into the fin matrix.  It is important to note 

at this point that MO inhibition of Wnt11-R function produced no detectable effect on the 

initial lateral migration of NC cells to the dorsal somite. However, as shown in Fig. 3.4D-

F, MO treatment reduced the number of Wnt11-R expressing cells detached from the 

somite or distributed in the fin matrix compared to controls (Fig. 3.4A-C).  Although not 

ideal, we found it necessary to use Wnt11-R as an in situ marker for these experiments 

because none of the other recognized NC cell markers maintained expression for the 

duration of the delamination and migration process.  In related experiments, an 

apparently identical effect was observed using a dominant negative disheveled 

construction (Dsh-D2) that blocks the non-canonical Wnt signaling pathway while 

leaving the canonical pathway intact (see Materials and Methods).  Targeting this 

construction to neural crest cells also resulted in reduced number of cells in the fin matrix 

(Fig. 3.4G-I).  In addition, the Dsh-D2 expressing embryos showed the presence of 

ectopic Wnt11-R expressing cells in the flank of the embryo (Fig. 3.4H).  This is 

probably due to induction of ectopic NC cells resulting from the known ability of Dsh-D2 

to activate the canonical Wnt signaling pathway (Rothbacher et al., 2000; Garcia-Castro 

et al., 2002; Barembaum and Bronner-Fraser, 2005).  As presented in graphical form in 

Fig. 3.4J, approximately 62% of MO-treated embryos and 55% of Dsh-D2 treated 

embryos showed reduction in core cell migration into the fins.  The reasons for the slight 

difference in efficiency of the MO and Dsh-D2 treatments is unclear, but may be related 

to the need for the Dsh-D2 protein to compete with endogenous, wild type Dsh protein.   
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To determine whether the reduction of cells in the fin is due to cell death or reduced 

migration, we counted the number of Wnt11-R expressing cells located within the fin or 

that have remained adjacent to the somite (Fig. 3.4K).  While MO treatment decreased 

the number of cells within the fin matrix, we observed a corresponding increase in the 

number of Wnt11-R expressing cells adjacent/attached to the somite.  Overall the total 

number of Wnt11-R-expressing cells was unchanged in Wnt11-R MO-treated embryos or 

Dsh-D2 treated embryos relative to controls (Fig. 3.4K).  We conclude that inhibition of 

Wnt11-R activity did not lead to reduction in cell number, but instead inhibited 

separation of neural crest cells from the somite and decreased cell migration into the fin.  

 

To directly test whether Wnt11-R function is required within the migrating cell 

population we have carried out transplant experiments using tissue isolated fromWnt11-R 

MO and Dsh-D2 treated embryos.  In these studies, neural tube tissue from donor 

embryos was implanted into the equivalent location of recipient wild type embryos.  

Implanted tissue was distinguished from host cells by the presence of GFP tracer.  In 

control experiments, implants of un-manipulated tissue showed migration of labeled cells 

in 91% of embryos (n=11) (Fig. 3.4L-M).  On the other hand, Wnt11-R MO treated 

implants only showed migration of cells into the fin in 50% of cases (n=10) (Fig. 3.4N).  

Similarly, implants expressing the Dsh-D2 protein exhibited detectable migration in only 

40% of cases (n=10) (Fig. 3.4O). Together, these results suggest that Wnt11-R activity, 

signaling through a non-canonical Wnt pathway, is required within the migrating NC 

population itself, rather than in adjacent tissues. 
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3.4.4. Calcium signaling via CaMKII is required for NC cell migration 
into the fin 

 
Previous studies have shown that Wnt11 is capable of signaling through the Wnt/calcium 

pathway which results in the activation of CaMKII (Kuhl et al., 2000).  We utilized a 

specific inhibitor for CaMKII (KN-93) to determine if calcium signaling via CaMKII was 

required for migration of NC cells into the fin.  Previous studies have demonstrated that 

KN-93 effectively inhibits CaMKII activation in Xenopus embryos (Wu and Cline, 

1998).  Embryos were cultured with KN-93 from stage 26 to stage 34/35 during which 

time NC cells migrate into the fin (Fig. 3.1).  As previously observed for Wnt11-R MO 

treated embryos (Fig. 3.3C, D, Fig. 3.5C), KN-93 treated embryos exhibited dorsal fin 

defects (62%, n=60) (Fig. 3.5D, E).  Examination of transverse sections from KN-93 

treated embryos showed a reduced number of mesenchymal cells within the fin matrix 

(Fig. 3.5H), again similar to the situation in Wnt11-R MO treated embryos (Fig. 3.5G).  

Counts of cells in serial sections showed that inhibition of CaMKII-signaling reduced the 

number of mesenchyme cells in the fin matrix to 36% of controls, slightly more efficient 

than the reduction observed with Wnt11-R MO treatment (48%).   

We used in situ hybridization to examine the distribution of NC cells between the fin 

matrix and the dorsal somite surface.  As in previous experiments, Wnt11-R was used as 

a marker for fin mesenchyme and KN-93 treatments produced no detectable effect on 

expression levels of Wnt11-R transcript (compare Fig. 3.5J to Fig. 3.5L).  These 

experiments show that inhibition of CaMKII prevented Wnt11-R expressing cells from 

undergoing  
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FIGURE  3.5 Inhibition of CaMKII activity results in defective migration of NC cells into the fin.  

(A) Diagram illustrating the administration of the inhibitor.  Embryos were treated with inhibitor 

from stage 26, prior to migration of cells into the fin, until stage 34. (B) Control embryo incubated in 

DMSO carrier medium showing normal dorsal fin development.  (C) Wnt11-R MO injected embryo 

showing disrupted dorsal fin development with a collapsed dorsal fin.  (D) CaMKII inhibitor treated 

(KN-93) embryo showing disrupted dorsal fin development.  Note that that dorsal fin is collapsed 

along the entire length of the embryo.  (E) Chart showing the frequency of embryos with fin 

morphological defects in KN-93 experiments compared to Wnt11-R MO treatments.  Statistically 

significant differences are indicated (*).  (F-H) UV images of a transverse sections through the trunk 

region of control, Wnt11-R MO  treated  and KN-93 treated embryos. (F) Control embryo showing 

DAPI-stained fin core cells (arrows).  (G) Wnt11-R treated embryo showing very few mesenchymal 

cells within the fin (arrow). (H) KN-93 treated embryo showing very few mesenchymal cells within 

the fin.  Note also the altered morphology of the dorsal fin epidermis compared to control.  (I) 

Quantitation of dorsal fin core cells per 0.1 mm of dorsal fin in Wnt11-R MO and KN-93 

experiments.  Statistically significant differences from control are indicated (*).  (T-Test -Two-

Sample Assuming Unequal Variances).  (J-Q) Fin mesenchyme cells were detected by in situ 

hybridization using Wnt11-R probe.  (J) Lateral view of the fin region of st. 34 control embryo 

showing numerous mesenchymal cells within the dorsal fin.  (K) Transverse section of the embryo in 

(J) showing Wnt11-R expressing mesenchymal cells detached from the somite and entering the dorsal 

fin. (L) Lateral view of the fin region of KN-93 treated embryo at st 34 showing very few 

mesenchymal cells within the dorsal fin (arrow).  (M) Transverse section of the embryo in (L) 

showing and absence of fin core cells and Wnt11-R expressing cells attached to the somite 

(arrowheads).  (N) Lateral view of the fin region of st. 36 control embryo showing numerous 

mesenchymal cells within the dorsal fin.  (O) Transverse section of the embryo in (N) showing 

mesenchymal cells within the fin matrix. (P) Lateral view and (Q) transverse section of embryo 

treated with KN-93 from st. 28-36 and assayed at st. 36 showing numerous Wnt11-R expressing 

mesenchymal cells distributed throughout the dorsal fin.  

 

EMT from the somite, resulting in an accumulation of cells in the dorsal medial region 

the somite (compare Fig. 3.5K, M).  This appears to be very similar to the effect observed 

in Wnt11-R MO treated embryos (Fig. 3.4F).  To determine whether CaMKII activity is 

required for subsequent dorsal migration into the fin matrix we treated embryos with 
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CaMKII inhibitor commencing at stage 28, after NC cells have delaminated from the 

dorsal somite (Fig. 3.1H-J).  Late stage inhibition of CaMKII produced no detectable 

effect on migration and mesenchymal cells were distributed throughout the fin (Fig. 3.5P, 

Q), indistinguishable from carrier treated controls (Fig. 3.5N, O).  This series of 

experiments implies that CaMKII activity is required for EMT of Wnt11-R cells from the 

somite, but not for subsequent migration within the fin matrix.   

 

If activation of CaMKII is one of the primary steps in the pathway downstream of 

Wnt11-R during regulation of EMT and NC cell migration, then increasing calcium 

signaling may be able to rescue the fin defects observed in Wnt11-R knockdown 

embryos. To directly test this possibility, we have cultured Wnt11-R MO treated embryos 

in thapsigargin or A23187 to increase intracellular calcium signaling.  Thapsigargin and 

A23187 are well characterized calcium activators, previously shown to be effective in 

Xenopus oocytes and embryos (Osborn et al., 1997; Lupu-Meiri et al., 1993; Matifat et 

al., 1997).  Brief treatment with either thapsigargin or A23187 at stage 26-27 decreased 

the incidence of dorsal fin defects in Wnt11-R MO treated embryos (Fig. 3.6A-D). 

Thapsigargin rescued fin defects by 57% while A23187 rescued fin defects by 19% (Fig. 

3.6E).  The modest rescue by A23187 was probably due to toxicity because A23187 

alone caused fin malformations in 25% of treated embryos (n=24).  Examination of 

transverse sections through Wnt11-R MO knockdown embryos treated with thapsigargin 

or A23187 MO showed a rescue in the number of mesenchymal cells within the fin when 

compared to Wnt11-R MO alone (Fig. 3.6F-I).  Quantitation of cells in serial sections 
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FIGURE  3.6 Activation of calcium signaling rescues dorsal fin development in Wnt11-R MO treated 

embryos. Calcium signaling was activated using thapsigargin or A23187 for 1 hour at stage 26-27 in 

control MO or Wnt11-R MO treated embryos.  Embryos were subsequently cultured for 20 hours in 

fresh medium until stage 35.  (A) Control MO treated embryo showing normal fin development.  (B) 

Wnt11-R MO treated embryo showing defective dorsal fin development.  (C) Wnt11-R MO embryo 

treated with thapsigargin showing normal fin development.  (D) Wnt11-R MO embryo treated with  

A23187 showing normal fin development.  (E) Quantitation of dorsal fin morphological defects in 

Wnt11-R MO embryos (*) and rescue of Wnt11-R MO embryos treated with thapsigargin (**) and 

A23187.  (F-I) UV images of transverse sections through the trunk region of DAPI stained embryos.  

(F) Control embryo showing numerous DAPI-stained cells within the fin matrix (arrows).  (G) 

Wnt11-R MO treated embryo showing few DAPI-stained cells within the fin matrix.  (H) 

Thapsigargin treated Wnt11-R MO embryo showing numerous stained cells within the dorsal fin 

core.  (I) A23187 treated Wnt11-R MO embryo showing numerous stained cells within the fin core.  

(J) Quantitation of fin core cells in 0.1 mm trunk region of experimental embryos.  Note the 

statistically significant decrease in fin cell number in Wnt11-R MO treated embryos (*) and the 

rescue of fin cell number in Wnt11-R MO embryos treated with thapsigargin or A23187 (**).  

 

showed that the reduction in fin core cell number in Wnt11-R treated embryos was 

completely rescued by thapsigargin or A23187 (Fig. 3.6J).  Although treatment with 

thapsigargin alone resulted in a 20% increase in fin core cells, this number was not 

statistically different from controls (p = 0.08).  

3.5.  Discussion 
 

3.5.1. The dorsal mesenchymal neural crest in Xenopus 
 
Wnt11-R is a marker for a unique population of neural crest cells.  In cranial regions, this 

population of Wnt11-R expressing cells migrates ventrally (Fig. 3.1E, H), following a 

path of migration indistinguishable from the previously NC markers (Linker et al., 2000).  
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In the trunk region of the embryo, the Wnt11-R expressing NC cells first migrate laterally 

over the dorsal surface of the somite and subsequently migrate dorsally into the matrix of 

the fin.  The fin mesenchyme population of NC cells is quite distinct from, and much 

more numerous than, the better characterized melanocyte NC population (Fig. 3.1P, Q).  

Loss of function studies show that Wnt11-R activity is required for normal formation and 

maintenance of fin structure in the embryo.  MO inhibition of Wnt11-R expression results 

in a complete block of dorsal migration of NC cells into the fin and, presumably as a 

result of this failure, the fin fails to undergo correct morphogenesis.  First, the fin lacks 

rigidity and is often seen to be collapsed to one side of the embryonic midline (Fig. 3.3C-

D).  Second, the epidermal layer of the fin in Wnt11-R deficient embryos contains less 

total cells than control embryos (Fig. 3.3F-H). It is possible that both morphological 

defects are due to lack of adequate matrix deposition within the fin.  If the Wnt11-R 

expressing NC population is a source of matrix components, then failure to distribute 

throughout the fin, may lead to a lack of space filling structures, especially in more distal 

regions.  

 

MO knockdown experiments demonstrate that the initial lateral migration of NC cells to 

the dorsal somite occurs normally in the absence of Wnt11-R function.  Why is this 

migration unaffected by Wnt11-R depletion?  Previous studies have shown that the 

closely related Wnt ligand, Wnt11, is expressed within the dorsal somite of Xenopus (Ku 

and Melton, 1993).  Therefore, Wnt11 and Wnt11-R are expressed in closely juxtaposed 

tissues at the time of initial migration of the trunk NC population.  It is possible therefore, 
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that Wnt11 and Wnt11-R function redundantly to regulate lateral migration of trunk NC 

from the neural tube to the dorsal region of the somite.  On the other hand, the second 

migration event, where trunk NC cells delaminate from the somite and migrate into the 

fin appears to be completely dependent on Wnt11-R function, since treatment with 

Wnt11-R MOs completely blocks this series of events.  

3.5.2. Signaling pathways downstream of Wnt11-R 
 
Dsh is required for non-canonical Wnt-signaling in the PCP, Wnt/calcium and Wnt JNK 

pathways (reviewed in Pandur et al, 2002a; Kohn and Moon, 2005).  PCP signaling 

involves several proteins, including Flamingo, Strabismus and Prickle that are required 

for convergent extension movements during gastrulation (reviewed in Ueno and Greene, 

2003; Fanto and McNeill, 2004; Takeuchi et al., 2003).  However, none of these factors 

appear to be expressed in migrating NC cells or fin mesenchymal cells that express 

Wnt11-R (Darken et al., 2002;Wallingford et al., 2002b; Morgan et al., 2003).  This 

strongly suggests that PCP signaling, as it occurs during gastrulation, is not required in 

the trunk NC cell population.  Since dominant negative Dsh (Dsh-D2) reproduced the 

migratory defects observed when Wnt11-R expression was inhibited (Fig. 3.4), it seems 

likely that Dsh function was required for the alternative Wnt/ calcium non-canonical 

signaling pathway.  Using small molecule inhibitors, we found that blocking calcium 

signaling through CaMKII prevented EMT of NC cells from their location on the dorsal 

somite (Fig. 3.5G).  The effects of CaMKII inhibition were apparently identical to those 

obtained by blocking Wnt11-R signaling by MO knockdown.  It is important to note that 

inhibition of CaMKII did not block the initial EMT of NC cells from the neural tube or 
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their lateral migration to the dorsal somite (data not shown) and therefore this 

delamination appears to be regulated via a calcium independent mechanism.  Considering 

that CaMKII is a target of Wnt11-signaling (Kuhl et al, 2000), we conclude that CaMKII 

activity is required downstream of Wnt11-R and is essential for the delamination event 

when NC cells leave the dorsal somite.  In contrast, CaMKII activity does not appear to 

be required for subsequent migration of isolated mesenchymal NC cells into the fin (Fig. 

3.5P, Q).  In support of a calcium dependent pathway, stimulation of calcium signaling 

using thapsigargin or A23187 releases trunk NC cells from the somite when Wnt11-R 

function is blocked (Fig. 3.6).   

 

Taken together, these studies suggest that Wnt11-R regulates delamination of trunk NC 

cells through a calcium dependent pathway.  This would represent a novel role for non-

canonical Wnt signaling, involving CaMKII, in the separation of cells during EMT.  

Similar Wnt-mediated, calcium dependent EMT events might be involved in regulation 

of other developmental processes.  For example, cells of the endothelial layer of the atrio-

ventricular (AV) canal also undergo a similar calcium sensitive EMT to populate the 

matrix layer of the cardiac cushion (Runyan et al., 1990).  While there is currently no 

evidence that non-canonical Wnt activity is required for EMT of the AV canal, several 

Wnt ligands capable of activating non-canonical Wnt-signaling are expressed in the 

relevant heart tissues at the appropriate time (Zakin et al., 1998; Yamaguchi et al., 1999; 

Le Floch et al., 2005).  
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3.5.3. Is Wnt11-R function cell autonomous? 
 
Previous studies exploring the role of Wnt11 and related genes during gastrulation and 

heart morphogenesis have suggested that the primary effects of Wnt signaling may be 

cell- autonomous (Heisenberg et al., 2000; Tada and Smith, 2000; Garriock et al., 2005).  

In these examples, the cells expressing Wnt11 are also the cells that exhibit altered 

behavior when Wnt function is reduced.  On the other hand, studies of migrating cranial 

neural crest cells have suggested that signaling by Wnt11 is required cell non-

autonomously (De Calisto et al., 2005).  This is based on the observation that Wnt11 is 

initially expressed only at the leading edge of the migrating NC cells with the following 

cells expressing the Wnt receptor, Frizzled-7.  The suggestion is that cranial NC cells 

may be migrating along a chemotactic gradient towards the source of Wnt11 (De Calisto 

et al., 2005).  Our results appear to indicate that Wnt11-R function is required 

autonomously in the trunk NC cells during dorsal migration into the fin because the cells 

actively undergoing migration are the only cells within the fin that are expressing Wnt11-

R (Fig. 3.1 and 3.4).  These somewhat differing viewpoints can be reconciled of if we 

propose that Wnt11/Wnt11-R signaling is required to alter the properties of the local 

environment around the cell.  This is consistent with the established role of non-canonical 

Wnt signaling to cell-autonomously facilitate cell movements through regulation of 

polarity and adhesion (Tada and Smith, 2000; Wallingford et al., 2000).  It is also 

consistent with models in which non-canonical Wnt signaling regulates the polarity of 

fibronectin fibril deposition (Goto et al., 2005).  Overall, failure to modulate the 

environment surrounding the NC cells, including the structure of the fibronectin network, 



 84

may explain the inhibition of NC cell delamination and migration following inhibition of 

Wnt11-R expression.  It seems likely that additional, currently uncharacterized factors, 

are required to direct the route of migration of NC cells, first to the dorsal somite and 

then into the fin matrix.   

3.5.4. Evolutionary conservation of a dorsal migrating cell population 
 
The dorsal fin of embryonic Xenopus is not homologous to any structures in the 

mammalian or avian embryo and the Wnt11-R expressing NC cells that occupy the dorsal 

fin appear to be a unique NC population.  Nevertheless, in mouse, a group of NC cells 

migrate dorsally and contribute to hair follicles in the skin of the back (Sieber-Blum et al, 

2004), and in chicken embryos, Wnt11 (which is orthologous to frog Wnt11-R) is 

expressed in a group of cells that are derived from the medial dermatome and which 

undergo a dorsal migratory route to populate the dorsal feather field (Olivera-Martinez et 

al., 2002).  Note however, that there is no reported expression of Wnt11 in trunk NC cells 

in the avian embryo.  Therefore, although the germ layer origin of the dorsal migratory 

cells is variable, a common feature appears to be the requirement to express a non-

canonical Wnt protein in order to undergo dorsal migration.  

 

Cells with neural crest-like properties have been identified in embryos of the lamprey, a 

primitive vertebrate (Newth, 1956; McCauley and Bronner-Fraser, 2003) and recently in 

the ascidian, a urochordate (Jeffery et al, 2004).  In both cases, a subset of the NC-like 

cells were observed to migrate dorsally into the fin structures of the embryo.  It is 

possible therefore, that the NC population investigated in this study has preserved an 
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extremely ancient function of the NC lineage.  Further investigation of signaling 

mechanisms in the trunk neural crest will provide increased understanding of this basal 

regulatory pathway.    

3.6.  Conclusion 
 
As discussed above, Wnt11-R mark an ancient population of cells in the vertebrate 

embryo that migrate dorsally verses the typical ventral routes of migration followed by 

trunk NC.  Non-canonical Wnt11-R signaling is required for the dorsal migration of NC 

cells into the fin by a calcium sensitive pathway.  These results are the first to implicate 

non-canonical Wnt11-signaling in an EMT event. 
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4. THE ROLE OF WNT11-SIGNALING DURING CRANIAL 
NEURAL CREST DEVELOPMENT  

 
Garriock, R.J., Krieg, P.A. Wnt11 and Wnt11-R are redundant regulators of cranial neural crest 

migration. Under review at Developemental Dynamics May 9, 2006. 

 

4.1.  Abstract 
 

The neural crest (NC) is a population of migratory cells that provides progeny to a wide 

variety of tissues in the embryo. The NC cells that migrate into the head from the anterior 

region of the neural folds comprise the cranial neural crest (CNC) and give rise to 

craniofacial mesenchyme.  Previous studies have suggested that migration of CNC into 

the head of the frog embryo requires non-canonical Wnt signaling, most likely regulated 

by Wnt11.  We have recently determined that the frog genome encodes two distinct 

Wnt11 genes, Wnt11 and Wnt11-R, and both are expressed in CNC cells, although with 

distinct expression patterns.  In loss of function experiments we show that separate 

inhibition of Wnt11 or Wnt11-R signaling does not prevent CNC migration into the head.  

However, inhibition of both Wnt11 and Wnt11-R results in a total block of CNC 

migration.  Reflecting the differences in expression pattern, we show that Wnt11 plays a 

primary role during the early cell movement events.  Overall, these studies demonstrate 

that Wnt11 and Wnt11-R function as redundant regulators of CNC migration into the 

head of the Xenopus embryo.  
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4.2.  Introduction 
 

Neural crest (NC) cells are migratory cell population that contributes to a variety of 

tissues within the embryo  (Reviewed in Bronner-Fraser, 1993; Le Douarin et al., 2004; 

Barembaum and Bronner-Fraser, 2005).  NC cells are initially located in the neural folds 

from which position they delaminate to form mesenchymal cells that undergo extensive 

migration.  Cranial neural crest (CNC), which comprise the NC of the head, migrate from 

their original location in the lateral neural folds, ventrally and rostrally under the surface 

ectoderm, in finger-like streams, to new locations in the developing head, where they will 

form connective tissue and bone, autonomic and sensory ganglia and pigment cells (Le 

Douarin and Kalcheim, 1999).  

 

It has been demonstrated that migration of NC cells requires non-canonical Wnt signaling 

(De Calisto et al., 2005).  Wnts are secreted ligands that bind to cysteine-rich frizzled and 

ROR receptors and LRP5/6 co-receptors (Bhanot et al., 1996; Wang et al., 1996; Wehrli 

et al., 2000; Hikasa et al., 2002).  After ligand binding, non-canonical Wnt-proteins 

signal through disheveled (Dsh) to activate the Wnt/Ca++ pathway or the planar cell 

polarity pathway (PCP) (Reviewed in Pandur et al., 2002a).  One of the non-canonical 

Wnt proteins, Wnt11, is known to be required for a number of cell and tissue movements 

(Heisenberg et al., 2000; Tada and Smith, 2000; Rosso et al., 2005; De Calisto et al., 

2005; Matsui et al., 2005; Garriock et al., 2005).  Previous studies in the frog embryo 

have demonstrated that disruption of non-canonical Wnt signaling through either over-
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expression or inhibition of Wnt11 activity results in defective gastrulation (Tada and 

Smith, 2000).  Similarly, mutants of the Wnt11 gene in zebrafish (silberblick) exhibit 

gastrulation defects (Heisenberg et al., 2000).  It has been proposed that the effects of 

Wnt11 are mediated through the stabilization of polarized cell protrusions and fibronectin 

fibril deposition allowing for organized cell movements (Wallingford et al., 2000; Ulrich 

et al., 2003; Goto et al., 2005; De Calisto et al., 2005).  Additional experiments show 

reduced cell adhesion when function of a Wnt11 gene is inhibited in the developing heart 

(Garriock et al., 2005), modulation of cadherin mediated cell cohesion (Ulrich et al., 

2005) and orientation of polarized cell division (Gong et al., 2004). 

 

We have recently determined that Xenopus expresses two related Wnt11 genes, Wnt11 

and Wnt11-R and that Wnt11-R is the orthologue of the single Wnt11 gene found in 

humans and mice (Garriock et al., 2005).  Previous studies using a dominant negative 

Wnt11 construction have implicated Wnt11 signaling in regulation of CNC migration 

(De Calisto et al., 2005).  At present however, the relative contribution of the two 

Xenopus Wnt11 genes (Wnt11 and Wnt11-R) to regulation of CNC cell migration is 

unclear.  In this report we show that Wnt11 and Wnt11-R are both expressed in CNC, but 

with distinct expression patterns.  We find that the two Wnt11 genes can function 

redundantly to regulate migration of CNC cells into the pharyngeal arch region of the 

embryo, however, Wnt11 plays the major role during the early stages of CNC migration.   
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4.3.  Materials and Methods 

4.3.1. Embryology and microinjection 
 
Xenopus laevis embryos were staged according to Nieuwkoop and Faber (1994) and 

cultured in 0.2x MMR.  Microinjections occurred in 4% Ficoll in 0.4xMMR and embryos 

were maintained in this medium for the first 12 hours.  Embryos were then cultured in 

0.2xMMR until harvested. Morpholino oligos were designed to sequences in the 5� UTR 

of Wnt11 and Wnt11-R which were common to both pseudotetraploid copies of the gene 

(Pandur et al., 2002b; Garriock et al., 2005).  Wnt11-R MO1 (5�-

AATCATCTTCAAACCCAATAACAA-3�), Wnt11 MO1 (5�- 

CCAGTGACGGGTCGGAGCCATTGGT -3�) and control MO (5�-

CTTGTACTTCTATAGCCTATAAGAA-3�).  MOs were stored in 50 mM HEPES pH 

8.0, diluted in water and heated to 65 oC for 10 minutes prior to injection. For targeting to 

the neural crest, 15 to 30 ng of MO was targeted to the NC in medium containing 

0.4xMMR and 4% Ficoll. Morpholino oligonucleotides were coinjected with 500 pg of 

synthetic GFP mRNA transcribed from linearized template (GFP-T7TS) using 

MEGASCRIPT T7 kit (Ambion).  NC explants were taken from stage 15 donors using 

watchmans forceps and adhered onto host embryos in 0.2x MMR.  Tissue grafts were 

held in place by gentle compressive force in embryo-sized wells excavated from the 

bottom of dishes coated with (1-2mm thick) 1% agarose in 0.2x MMR. 
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4.3.2. Whole-mount in situ hybridization 
 
Whole-mount in situ hybridization was carried out using a modification of the protocol by 

Harland, (1991), with antisense digoxigenin-labeled probes to Wnt11, Twist, Slug and Wnt11-R.  

Plasmids were linearized and transcribed with T7 RNA polymerase using the MEGAscript kit 

(Ambion).  

 

4.4.  Results 
 

4.4.1. Wnt11 and Wnt11-R marks cranial neural crest 
 
Both Wnt11 and Wnt11-R are expressed in NC populations in developing frog embryos.  

The expression pattern of Wnt11 has been reported previously (Ku and Melton, 1993; De 

Calisto et al., 2005) but expression of Wnt11-R has not been examined in detail.  We 

have therefore directly compared the expression patterns of Wnt11 and Wnt11-R, 

together with the established NC markers, Slug and Twist (Hopwood et al., 1989; Nieto 

et al., 1994).  Slug marks premigratory and early migratory NC cells but is subsequently 

down-regulated (Linker et al., 2000) whereas expression of Twist persists in NC cells 

throughout migration (Linker et al., 2000).  At stage 14, prior to extensive CNC 

migration, Slug is expressed at high levels at the lateral margin of the anterior neural 

plate (Fig. 4.1A) and twist is expressed somewhat more weakly in the same population 

(Fig. 4.1B).  At this stage Wnt11 is expressed at high levels in the anterior border of the  
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FIGURE  4.1 In situ hybridization analysis of Wnt11 and Wnt11-R expression during Xenopus 

cranial neural crest development. Whole mount in situ hybridization analysis.  (A) Dorso-lateral view 

of stage 14 embryo showing slug transcripts marking the pre-migratory population of cranial neural 

crest (cnc) cells and also in the trunk neural crest (tnc).  (B) Dorsal lateral view of stage 14 embryo 

showing Twist transcripts in the pre-migratory CNC.  (C) Dorso-lateral view of stage 14 embryo 

showing Wnt11 transcripts in the extreme lateral margins of the CNC population. (D) Dorso-lateral 

view of stage 14 embryo showing Wnt11-R transcripts in the trunk neural crest (tnc).  Note that 

Wnt11-R was not detected in the premigratory CNC at this stage.  (E-H) Lateral views and (I-L) 

dorsal views of stage 24 embryos showing expression of Slug, Twist, Wnt11, and Wnt11-respectively 

in migrating CNC cells.  (M-P) Lateral views of stage 34 embryos showing the detection of 

transcripts of Slug, Twist, Wnt11, and Wnt11-respectively.  Note that expression of Twist, Wnt11, 

Wnt11-R persists in the migrating CNC as they enter the pharyngeal arch region of the embryo. 

Abbreviations:  cnc, cranial neural crest; tnc trunk neural crest.  
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NC population (Fig. 4.1C) in a pattern very similar to that of Slug.  In contrast, 

expression of Wnt11-R was not detected in the CNC population (Fig. 4.1B).  Instead, 

Wnt11-R transcripts are confined to the trunk NC population (Fig. 4.1D).  At stage 24, 

Slug expression decreases in CNC cells once they have initiated ventral migration (Fig. 

1E, I) whereas Twist continues to be expressed robustly (Fig. 4.1F, J).  At this stage, both 

Wnt11 and Wnt11-R transcripts are present in the CNC cells that are in the process of 

migrating into the pharyngeal region (Fig. 4.1K, L).  We note however, that Wnt11 

appeared to be expressed at higher levels than Wnt11-R at this stage.  At stage 34, Twist 

expression marks the CNC cells within the pharyngeal arches (Fig. 4.1N) and Wnt11 and 

Wnt11-R transcripts are detected in the same cell population (Fig. 4.1O, P).  Slug 

expression was undetectable in the CNC at this stage (Fig. 4.1I).  To summarize the 

results of this expression analysis, Wnt11 is expressed at high levels in the CNC 

population from the very earliest stages of migration and then persists in the migrating 

CNC.  Wnt11-R is not expressed in the premigratory population of CNC cells but 

becomes co-expressed with Wnt11 once NC cells are actively migrating.   

 

4.4.2. Wnt11 and Wnt11-R are both required for neural crest 
migration 

 
Previous experiments using a dominant negative construction have suggested that Wnt11 

signaling is required for CNC cell migration (De Calisto et al., 2005).  However, 

dominant negative proteins of this nature are not strictly specific for a particular class of 

Wnt protein (Hoppler et al., 1996;  Person et al., 2005) and so the involvement of 
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additional Wnt ligands in regulation of CNC migration cannot be excluded.  Furthermore, 

when this work was carried out, the existence of Wnt11-R was not known (Garriock et 

al., 2005).  At present therefore, the relative contributions of Wnt11 and Wnt11-R to 

regulation of CNC migration is not clear, and a role for additional Wnt ligands remains a 

possibility.  To address these questions, we have used morpholino oligomers (MOs) to 

specifically inhibit expression of Wnt11 and Wnt11-R, both separately and in 

combination.  For these experiments we used MO sequences that have previously been 

shown to be effective (Pandur et al., 2002b; Garriock et al., 2005).  We have also 

included a dominant negative Wnt11-R construction (dn-Wnt11-R) to serve as a positive 

control for blocking of CNC migration.  Unilateral expression of dn-Wnt11-R in the CNC 

proved to be extremely effective at blocking migration when assayed at stage 26 using 

Twist as a NC marker (Fig. 4.2A, B, G).  In all cases, the uninjected side of the embryo 

served as a control for CNC migration.  However, use of MOs (30ng) to separately 

inhibit expression of each of the Wnt11 ligands never produced a detectable effect on 

CNC cell migration.  As shown in Fig. 4.2, the distribution of Twist expressing NC cells 

was apparently unaltered by knockdown of Wnt11 expression (Fig. 2C-D,G) or Wnt11-R 

expression (Fig. 4.2E-G).  Identical results were obtained when embryos were assayed 

using slug as a marker for the NC population (data not shown).  A summary of these 

experiments, together with control MO studies, is presented in Fig. 4.2G.  These results 

indicate that neither Wnt11 nor Wnt11-R alone plays an essential role in CNC cell 

migration. 
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FIGURE  4.2 Inhibition of Wnt11-signaling by dominant negative Wnt11-R (dn-Wnt11-R) and 

Wnt11 or Wnt11-R morpholinos (MO). All embryos were assayed at stage 26 by whole-mount in situ 

hybridization for Twist to mark CNC cells.  (A) The uninjected side of an embryo showing normal 

CNC cell migration.  (B) Injected side of the embryo shown in (A) in which Wnt11 function has been 

inhibited using a dn-Wnt11-R construction.  Migration of CNC cells (marked with arrow) is strongly 

inhibited.  (C) Control side and (D) experimental side of a stage 24 embryo injected with 30 ng of 

Wnt11 MO showing normal CNC cell migration.  (E) The control side and (F) the experimental side 

of an embryo injected with 30 ng of Wnt11-R MO showing normal CNC cell migration.  (G) 

Summary of single MO knockdown experiments assaying for defects on CNC migration.  The 32% of 

embryos exhibiting migration defects when injected with dn-Wnt11-R is statistically different from 

the other treatments (Chi squared test).  The number of embryos assayed in each experiment is 

indicated. 
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In order to examine knockdown of both Wnt11 and Wnt11-R function, we co-injected 15 

ng of each MO into the NC precursor cells.  Since the total amount of MO (30ng) was 

equivalent to the amount of MO injected for a single sequence (see above) it is 

reasonable to conclude that any observed effects will be due to the combination of MO 

and not non-specific effects resulting from a doubling of MO concentration.  When we 

assayed for Twist or slug as markers for migrating NC cells in stage 24 embryos, we now 

observed dramatic differences in NC cell migration.  On the control side of the embryo 

(Fig. 4.3A, D), NC cells were located along the normal migration route and moving into 

the pharyngeal arch region.  However, on the MO treated side of the embryo NC cells 

were observed at the margin of the neural plate, consistent with a failure to undergo 

migration (Fig. 4.3B, C, E, F).  Major disruption of migration was observed in 

approximately half of all embryos treated with both Wnt11 and Wnt11-R MOs (Fig. 

4.3G).  Embryos treated with Wnt11, Wnt11-R or control sequences alone showed 

negligible disruption of the normal pattern of migration (Fig. 4.3G).  

 

Previous experiments have suggested that Wnt11 expressing cells at the leading edge of 

the CNC population act as an attractant for the trailing NC cells (De Calisto et al., 2005).  

This model is called into question however, by the observation that NC migration still 

occurred normally when Wnt11 expression was inhibited using MO methods.   Since 

Wnt11-R is not expressed in the leading edge of the migrating NC population (see Fig. 

4.1B), this second Wnt activity would not appear to be located in the correct place to 

compensate for the loss of Wnt11 activity.  We therefore tested whether Wnt11 
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knockdown might result in upregulation of Wnt11-R in a compensatory mechanism.  

Analysis of Wnt11 MO treated embryos however, showed no detectable increase in 

Wnt11-R expression on the injected side, relative to controls (Fig. 4.3H-J).  It seems 

unlikely therefore that increased Wnt11-R expression can compensate for loss of Wnt11 

expression. 

 

It has been suggested that Wnt11 expressing cells at the leading edge of the CNC 

population establish a gradient that regulates migration of trailing NC cells (De Calisto et 

al., 2005).  This model is called into question however, by the observation that NC 

migration still occurred normally when Wnt11 expression was inhibited using MO 

methods.  Since Wnt11-R is not expressed at the leading edge of the migrating NC 

population (compare Figs. 4.1C, D), this second Wnt activity would not appear to be 

located in the correct place to compensate for the loss of Wnt11 activity.  We therefore 

tested whether Wnt11 knockdown might result in up-regulation of Wnt11-R in a 

compensatory mechanism.  Analysis of Wnt11 MO treated embryos however, showed no 

detectable alteration to the pattern of Wnt11-R expression or to the intensity of staining 

(Fig. 4.3H-J).  At stage 15, wnt11 expression is already prominent in the anterior neural 

folds (Fig. 4.1C) but after MO treatment, Wnt11-R remains very low in this region 

(arrow in Fig. 4.3H).  Similarly, no up-regulation of Wnt11-R expression is observed at 

stage 19, after the onset of active migration (Fig. 4.3I, J). 
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FIGURE  4.3  Dual inhibition of Wnt11 and Wnt11-R by morpholinos results in cranial neural crest 

migration defects. (A) control side and (B) experimental side of stage 26 embryo injected with 15 ng 

Wnt11 MO and 15 ng of Wnt11-R MO showing inhibition of CNC cell migration (marked with an 

arrow). (C) Dorsal view of the same embryo showing inhibition of CNC migration on the injected 

side (arrow). (D-F) Whole-mount in situ hybridization for Slug marker. (D) control side and (E) 

experimental side of stage 24 embryo injected with 15 ng Wnt11 MO and 15 ng of Wnt11-R MO 

showing inhibition of CNC cell migration (marked with an arrow).  (F) Dorsal view of same embryo 

showing inhibition of CNC migration on the injected side (arrow).  (G) Summary of CNC cell 

migration defects observed MO knockdown experiments.  The 48% and 60 % defects observed in 

double MO injected embryos assayed with Twist and Slug respectively are statistically different from 

other treatments (Chi squared test).  (H-J) Whole mount in situ hybridization analysis for Wnt11 

expression.  (H) Dorsal view of stage 15 embryo injected with 30 ng of Wnt11 MO on the right side of 

the embryo (arrow) showing no difference in Wnt11-R expression compared to the uninjected left 

side.  (I) Lateral view of control side and (J) experimental side of a stage 19 embryo injected with 30 

ng of Wnt11 MO on the right side of the embryo (arrow).  No difference is observed in the pattern or 

intensity of Wnt11-R expression on the control compared to the injected side. 

 

In the studies described above, CNC migration was determined by in situ hybridization 

for marker gene sequences in fixed embryos.  These experiments cannot strictly 

distinguish between inhibition of NC cell migration and down-regulation of marker gene 

expression.  To directly test whether CNC migration was inhibited, we carried out lineage 

tracing experiments using transplants of labeled tissue.  Prior to NC migration, CNC 

tissue was isolated from embryos treated with control MO, single Wnt11 or Wnt11-R 

MOs, or embryos treated with both Wnt11 and Wnt11-R MOs and then homotopically 

implanted into wild type recipient embryos (Fig. 4.4A).  The transplanted tissue was 

marked by fluorescence from co-injected GFP mRNA (Fig. 4.4A) and migration of GFP 

labeled CNC cells was assayed at stage 34, by which time cells would normally have 

migrated into the pharyngeal arch region.  In transplants treated with control MO, labeled 
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NC cells migrated as expected and distributed in a characteristic pattern in the pharyngeal 

arch region of the recipient embryos (n=9) (Fig. 4.4B, C).  Effectively identical results 

were obtained using transplants from Wnt11 MO or Wnt11-R MO treated embryos (Fig. 

4.4E and 4.4G respectively).  In each case (5 embryos each), migration of GFP labeled 

CNC cells into the pharyngeal arches was indistinguishable from controls.  However, 

CNC cells from transplants treated with both Wnt11 and Wnt11-R MO failed to undergo 

detectable migration and GFP fluorescence remained at the site of implantation (Fig. 

4.4H, I).  This complete block to migration was observed in 3 or the 5 experimental 

embryos, approximately the same frequency of defects observed for previous double 

Wnt11/Wnt11-R MO experiments in whole embryos (Fig. 4.4G).  Overall, these results 

confirm that Wnt11 and Wnt11-R function redundantly to regulate CNC cell migration.   

4.4.3. CNC migration is delayed in the absence of Wnt11 function 
 
Despite the results of previous experiments indicating functional redundancy of Wnt11 

and Wnt11-R, the two sequences do not share identical expression patterns and so it is  
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FIGURE  4.4 Dual inhibition of Wnt11 and Wnt11-R by morpholinos results in cranial neural crest 

(cnc) cell migration defects in labeled NC explants. (A) Cartoon illustrating the explant system where 

MO-treated NC explants expressing GFP (green) are implanted on wild type donors. (left) Embryos 

are viewed under standard illumination where the implanted tissue can sometimes be discerned by 

pigmentation. (right) Embryos viewed by fluorescent imaging of GFP showing the location of 

implanted NC cells. (B-C) Control MO showing normal ventral migration of cnc cells. (D-E) Wnt11 

MO showing ventral migration of cnc cells. (F-G) Wnt11-R MO showing normal ventral migration of 

cnc cells.  (H-I) Both MO (Wnt11 and Wnt11-R) showing fully inhibited cnc cell migration.  By 

standard illumination that the implanted tissue appears as a conspicuous raised surface only in the 

dual Wnt11 MO treatment further illustrating the absence of migration (arrow).   

 

somewhat surprising that no defects were observed with single MO knockdowns (Fig. 

4.2).  In particular, Wnt11 is expressed prominently at stage 14 at the leading edge of the 

very early migrating CNC population, at which time Wnt11-R expression appears to be 

absent.  We have carried out additional MO experiments to determine whether the initial 

stages of CNC migration may be altered in the Wnt11 knockdown embryos. 

To investigate this question, two cell embryos were injected on one side with 30 ng of 

control MO or 30 ng of Wnt11 MO and then cultured to stages 15, 18, 23 and 25, at 

which time the embryos were assayed for slug expression.  Slug was chosen because it is 

a robust marker of early migrating CNC cells (Fig. 4.1).  At stage 15, prior to obvious 

CNC cell migration, the Wnt11 MO-injected side of the embryo was indistinguishable 

from the uninjected side of the embryo (Fig. 4.5A-B).  At stage 18, when migration of 

CNC cells was obvious on the uninjected side, 58% of Wnt11 KD embryos showed 

defective cell migration (11 of 19 embryos - Fig. 4.5O).  Indeed, the CNC cells appeared 

to be located at the same position as those in control stage 15 embryos (Compare Fig. 

4.5A with Fig. 4.5F). Approximately 10 hours later, at stage 23, when CNC cells have 
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entered the pharyngeal arch region in distinct streams, defective migration was now only 

detected in 26% of Wnt11 MO injected embryos (Fig. 4.5L, O).  We note that all CNC 

cells of Wnt11 MO treated embryos showed some migration at stage 23, but the distance 

of migration was less then the uninjected side (Fig. 4.5L).  When embryos were assayed 

at stage 25 no differences in CNC cell migration were observed on the Wnt11 MO treated 

side of the embryo relative to the uninjected side (Fig. 4.5O).  These results suggest that 

Wnt11 plays a primary role during the early stages of CNC cell migration, but that initial 

delays in migration can be rescued by subsequent expression of the Wnt11-R ligand. 

 

4.5.  Discussion 

4.5.1. Wnt11-signaling and CNC cell migration 
 
Non-canonical Wnt-signaling plays a role in cell and tissue movements required for 

embryonic development and organogenesis (Reviewed in Tada et al., 2002; Wallingford 

and Habas, 2005).  Amongst the best studied of these embryonic events is the 

requirement for Wnt11 signaling during gastrulation of the frog and fish embryo (Tada 

and Smith, 2000; Heisenberg et al., 2000).  Wnt11 is also expressed in neural crest cells 

and recent functional studies have strongly suggested a role for Wnt11 signaling in 

regulation of cranial migration of the CNC cell population in the frog embryo (De Calisto 

et al., 2005).  Since these studies were carried out, we have determined that frog neural 

crest cells express a second Wnt11-related gene, Wnt11-R (Garriock et al., 2005 and Fig. 

4.1).  Although both Wnt genes are expressed in NC cells, there expression patterns are 

distinct.  Wnt11 exhibits prominent expression in the CNC during the early stages of  
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FIGURE  4.5 Inhibition of Wnt11 results in a transient delay in cranial neural crest (CNC) cell 

migration. Whole-mount in situ hybridizations detect Slug transcripts to mark migrating cranial 

neural crest. (A) Dorsal view of stage 15 embryo injected with 30 ng Control MO on the left side of 

the embryo showing a normal distribution of Slug expressing cells. (B) Dorsal view of stage 15 

embryo injected with 30 ng Wnt11 MO on the left side of the embryo showing no bisymetric 

differences in the distribution of Slug expressing cells. (C) Dorsal view of stage 18 embryo injected 

with 30 ng Control MO on the left side of the embryo showing a normal distribution of Slug 

expressing cells. (D) Lateral view of the uninjected side and (E) Cont. MO injected side of the embryo 

in (C) showing normal migration of CNC cells. (F) Dorsal view of stage 18 embryo injected with 30 

ng Wnt11 MO on the left side of the embryo showing inhibited migration of Slug expressing CNC 

cells. (G) Lateral view of the uninjected side and (H) Wnt11 MO injected side of the embryo in (F) 

showing impaired ventral migration of CNC cells. (I) Dorsal view of stage 23 embryo injected with 30 

ng Cont. MO on the left side of the embryo showing normal migration of Slug expressing CNC cells. 

(J) Lateral view of the uninjected side and (K) Cont. MO injected side of the embryo in (I). (L) 

Dorsal view of stage 23 embryo injected with 30 ng Wnt11 MO on the left side of the embryo showing 

inhibited migration of Slug expressing CNC cells. (M) Lateral view of the uninjected side and (N) 

Wnt11 MO injected side of the embryo in (L) showing impaired ventral migration of CNC cells. (O) 

Chart of percent CNC cell migratory defects observed in Control MO and Wnt11 MO treated 

embryos as marked by Slug expression at stage 15, 18, 23 and 26.  

 

migration whereas Wnt11-R is expressed most strongly in trunk NC, and only later 

during migration of the CNC.  The experiments of De Calisto et al (2005) that 

demonstrated a likely role for Wnt11 signaling in neural crest migration used C-terminal 

truncated Wnt11 peptides that function as dominant inhibitory factors, by competing with 

the wild type protein for binding to the frizzled receptors (Hoppler et al., 1996; Tada and 

Smith, 2000).  However, this type of dominant negative Wnt protein lacks specificity and 

can be shown to dose-dependently inhibit signaling by other Wnt ligands (Hoppler et al., 

1996; Person et al., 2005).  Since two Wnt11 related genes are expressed in CNC cells 
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the dominant negative experiments cannot distinguish possible distinct roles for the two 

Wnt11 proteins in regulation of CNC cell migration.  In order to address this issue, we 

used sequence specific MOs to inhibit expression of Wnt11 and Wnt11-R, both 

separately and in combination.  We find that when both Wnt11 and Wnt11-R are 

inhibited, CNC migration is completely blocked.  This result independently confirms the 

results of the previous dominant negative studies (De Calisto et al., 2005).  When Wnt11 

or Wnt11-R expression is inhibited separately, CNC cells are found to undergo migration 

into the pharyngeal arch region (Fig. 4.2C, E), thereby indicating functional redundancy 

of Wnt11 and Wnt11-R during CNC cell migration.  However, as noted above, the two 

Wnt11 related genes are not expressed identically within the NC population, suggesting 

that the some differences should be observed when Wnt11 or Wnt11-R is inhibited.  

Indeed, examination of early time points in CNC migration indicated that inhibition of 

Wnt11 function delayed the initial migration of CNC into the pharyngeal arches (Fig. 

4.5).  Slightly later expression of Wnt11-R in the CNC cells was sufficient to rescue this 

delayed migration during subsequent development (Figs 4.4 and 4.5).  Taken together our 

studies indicate that Wnt11 and Wnt11-R function redundantly to regulate migration of 

CNC cells.  Furthermore, since elimination of Wnt11 plus Wnt11-R function totally 

blocks CNC migration, it is not necessary on invoke the participation of other non-

canonical Wnts as regulators of CNC cell movements. 
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4.5.2. Cell-Autonomous or Non Cell Autonomous Wnt11 signaling? 
 

The cellular mechanisms of Wnt11-signaling have been best described in amphibian 

gastrulation where Wnt11 appears to signal cell-autonomously to direct polarized cell 

movements of mesodermal cells during convergent extension (Tada and Smith, 2000; 

Wallingford et al, 2000).  During this process, Wnt11 regulates the stability of polarized 

cell protrusions and organized fibronectin deposition by a currently uncharacterized 

mechanism, (Wallingford et al., 2000; Goto et al., 2005).  It has been proposed however, 

that Wnt11 may also signal non cell-autonomously.  During the initial stages of CNC 

migration, Wnt11 is expressed at highest levels in cells just lateral to the CNC (De 

Calisto et al., 2005 and see Fig. 4.1).  This lateral location was based on the apparent non-

overlap of Wnt11 expressing cells and slug expressing cells at the margin of the 

premigratory CNC, with slug being used as a definitive marker of NC cells.  Although 

they do not specifically state that Wnt11 acts as an attractant for CNC cells, De Calisto et 

al (2005) argue that the localized source of Wnt11 is important for NC migration and 

they propose a mechanism where a gradient of Wnt11 might regulate asymmetric 

localization of molecules in responding CNC cells that will then orient cell migration.  

This would be consistent with the known properties of Wnt11 in establishing the 

orientation of the cell protrusions that are likely to precede active cell migration 

(reviewed Wallingford et al., 2002; Wallingford and Habas, 2005).  In its simplest form 

this model of CNC migration suggests that non-cell autonomous expression of Wnt11 is 

important to establish cell polarity (Goto and Keller, 2005; De Calisto et al, 2005).  In 

this respect the model differs from the perceived view of a cell autonomous role for 
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Wnt11 during frog gastrulation, where the cells expressing Wnt11 are also the cells that 

are forming polarized cell extensions (Tada and Smith, 2000; Wallingford et al., 2000; 

Ulrich et al., 2003).   

 

Although we have not specifically addressed the cellular mechanisms by which Wnt11 

signaling regulates CNC migration, our experiments do shed some light on possible 

models for Wnt11 activity.  First, we observed that MO mediated inhibition of Wnt11 

alone does not abolish CNC cell migration (Fig. 4.2).  In the absence of Wnt11 activity, 

initial migration of the CNC is delayed, but cells subsequently migrate along the normal 

pathways (Fig. 4.5).  The recovery of CNC cell migration after stage 23 in Wnt11 MO 

treated embryos correlates with the onset of expression of Wnt11-R in CNC cells at 

approximately stage 23 (Fig. 4.1 and 4.5).  Although Wnt11-R is sufficient to ensure 

CNC migration, this gene is always expressed within the CNC population and is never 

detected in a concentrated domain adjacent to, or at the leading edge of, the migrating 

CNC cells (Fig. 4.1B, F, J. N).  Furthermore, our studies demonstrate that the expression 

domain of Wnt11-R is not altered by MO knockdown of Wnt11 function (Fig. 4.3H, I).  

These observations do not appear to be consistent with a model in which a gradient of 

non-cell autonomous Wnt11 expression is required for directed CNC migration.  Perhaps 

it is not necessary to strictly distinguish between cell-autonomous and non cell-

autonomous mechanisms.  At least some of the inconsistencies could be avoided if 

Wnt11 and Wnt11-R function redundantly as promigratory factors, i.e. molecules that 

facilitate polarization and migration of cells or that function to instruct cells to condition 
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the local environment in order to facilitate directional cell movements.  This is equivalent 

to the previously described roles of non-canonical Wnt signaling in modulating cell 

polarity and cell adhesion (Tada and Smith, 2000; Wallingford et al., 2000; Garriock et 

al., 2005) and also influencing the polarity of deposition of fibronectin fibrils (Goto et al., 

2005) or localization of cell adhesion molecules (Ulrich et al., 2005).  Overall therefore, 

the precise source of the secreted Wnt11 or Wnt11-R ligand may not be critical, 

providing that the migrating cells are able to respond to the signal.   
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5. OVERALL CONCLUSION 
 

5.1.  The diversity of Wnt11 genes  
 
One of the most important scientific observations during my graduate career was the 

discovery that the Wnt11 class was encoded by two evolutionary conserved genes.  

Previously the Wnt11 class was considered to be represented by a single gene as there 

was only a single Wnt11 gene identified in most organisms (human, mouse, chicken, frog 

and fish).  However, Wnt11 genes from different vertebrates did not share a completely 

conserved pattern of expression.   Mouse and chicken Wnt11 was predominantly 

expressed in the embryonic heart and in the somite (Kispert et al., 1997; Eisenberg et al., 

1997) while frog and fish Wnt11 was not expressed in the heart but was predominantly 

expressed during gastrulation (Ku and Melton, 1993; Heisenberg et al., 2000).  My 

finding of a second Wnt11 gene (i.e. Wnt11-R) paved the way to the discovery, that 

evolutionarily, the Wnt11 class is encoded by two separate genes (Garriock et al., 2005).  

It is now known that in frog and fish embryos, there are two Wnt11 genes (Wnt11 and 

Wnt11-R) where Wnt11-R is the clear ortholog of mammalian Wnt11 by comparison of 

peptide sequence and of genomic synteny.  Additionally, frog and fish Wnt11-R are also 

expressed in the heart (Garriock et al., 2005; Matsui et al., 2005). The other frog and fish 

Wnt11 gene is not as closely related to mammalian Wnt11 by comparison of peptide 

sequence and shares no genomic synteny (Garriock et al., 2005; data not shown). 
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In unpublished and on going studies, we examined Wnt11 genes expressed in the chicken 

embryo.  Like frog and fish, the chicken genome encodes two Wnt11 genes (Wnt11 and 

Wnt11b) where chicken Wnt11 is the ortholog of mouse Wnt11 and frog and fish Wnt11-

R.  Alternatively, chicken Wnt11b is the ortholog of frog and fish Wnt11.  These 

observations strongly suggest that the current nomenclature is misleading where the 

naming of Wnt11 genes in frog and fish does not reflect the evolutionary relationship to 

human and chick Wnt11 genes.  I propose that the Wnt11 nomenclature should be 

changed to reflect a two gene class (Wnt11 and Wnt11b) where only a single Wnt11 gene 

is present in mammals presumably since the Wnt11b gene was lost.  

5.2.  The role of Wnt11 genes during embryonic development 
 
With the identification of the frog ortholog of human Wnt11, I conducted gain of 

function and loss of function studies to address the role of Wnt11 on the development of 

the heart and neural crest.  I have also shown that Wnt11-R regulates a calcium sensitive 

EMT event, a role never described for a non-canonical Wnt.  Wnt11 signaling, from first 

descriptions, was suggested to play a predominant role in local alterations in cell behavior 

but did alter cell identity when Wnt11 was mis-expressed or Wnt11-signaling was 

inhibited (Ku and Melton, 1993; Heisenberg et al., 2000; Tada and Smith, 2000).  

Alternatively, Wnt11 signaling has been proposed to function as a cardiac inducer and as 

a neural crest attractant (Eisenberg et al., 1997; Pandur et al., 2002b; De Calisto et al., 

2005; Eisenberg and Eisenberg, 2006).  The suggestion that Wnt11-signaling could play a 

role as a heart inducer or as a neural crest cell attractant was very different from the 

previously described role of Wnt11.  In the first example, Wnt11-signaling was thought 
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to be necessary and sufficient for the induction of the cardiac lineage in Xenopus embryos 

(Pandur et al., 2002b).  These studies in frog were largely initiated as mouse and chicken 

Wnt11 is predominantly expressed in the heart (Kispert et al., 1997; Eisenberg et al., 

1997).  My research has shown that the Xenopus Wnt11 gene that was studied in Pandur 

et al (2002b) was not the equivalent of Wnt11 in chicken and mouse.  In fact, the frog 

Wnt11 gene studied in Pandur et al (2002b) does not show cardiac expression and would 

not be expected to function as a heart inducer (Ku and Melton, 1993).  Through studies of 

frog Wnt11-R, which is expressed in the heart and is the equivalent of mouse and chicken 

Wnt11 a role for as a regulator of heart morphology has been established (Garriock et al., 

2005).  The ultimate role of Wnt11-R signaling was for proper heart morphogenesis 

likely regulating the adhesive properties of cardiomyocytes.   

 

In the second example, Wnt11-signaling was thought to be necessary and sufficient for 

cranial neural crest migration as an attractant (De Calisto et al., 2005).  In De Calisto et al 

(2005) Wnt11 was reported to be expressed in cells just distal to the premigrating cranial 

neural crest cells (NC) suggesting that Wnt11 expression signaled to the cranial NC cells 

to direct migration.  I have shown that in fact Wnt11 and Wnt11-R are co-expressed in 

the migrating cranial NC cells, thus the migrating cells are the same cells expressing 

Wnt11 and are unlikely to be migrating to Wnt11.  Wnt11 and Wnt11-R are also 

redundantly required for the migration of cranial NC cells as only when both genes are 

inhibited do significant defects in cranial NC cell migration occur.  My work proposes 
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that Wnt11-signaling is predominantly required within the migrating cranial NC cells as a 

permissive local regulator of cell behavior.   

 

Finally, I presented evidence that Wnt11-R signaling is involved in a calcium sensitive 

EMT event.  EMT events are important aspects of development and disease, and 

understanding what regulates EMT is of fundamental scientific interest.  During the 

development of the frog tadpole dorsal fin we have shown that Wnt11-R is required for 

migration of a population of trunk NC cells into the dorsal fin where they make up the 

majority of the supportive cells.  Prior to migrating into the fin, Wnt11-R expressing cells 

undergo an EMT event from the somite where they reside.  By studying this cell 

population we have shown that the Wnt-calcium pathway can regulate EMT which has 

broad application to other EMT events and non canonical Wnt-dependent developmental 

events. 
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