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ABSTRACT 
 

Gastrulation is a key early developmental event that generates the three primary germ 

layers (ectoderm, mesoderm, and endoderm) from which organ systems subsequently 

develop. The physical mechanisms of germ layer formation differ significantly in 

amniotes (reptiles, birds, and mammals) and anamniotes (e.g. frog and fish), as amniote 

gastrulation includes an epithelial-mesenchymal transition (EMT) that is absent from 

anamniote gastrulation. Despite this striking difference, much of our knowledge 

regarding the mechanisms underlying gastrulation is derived from frog and fish studies. 

To better understand amniote gastrulation, the work herein investigates three signaling 

pathways that regulate amniote gastrulation with distinct and overlapping functions. The 

central hypothesis is that multiple signaling pathways function cooperatively to precisely 

modulate cell migration through the primitive streak during avian gastrulation. 

 

First, I describe a novel function of Fibroblast Growth Factor (FGF) signaling in the 

preingression epiblast adjacent to the avian primitive streak, where it governs the 

expression of molecules from diverse signaling pathways and transcription factor 

families, and which is mediated largely through the Ras/MAPK pathway. Importantly, 

FGF signaling also regulates cell migration during avian gastrulation.  

 

Next, I report the isolation of a novel chicken non-canonical Wnt ligand (Wnt11b) that is 

specifically expressed in the primitive streak and adjacent preingression epiblast during 

gastrula stages. In gain and loss of function studies, Wnt11b and Wnt5a/b participate in 
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regulating cell migration through the streak in a largely redundant fashion. Signaling 

specifically targets the non-canonical pathway, as similar cell migration defects are 

observed with a non-canonical mutant of Dishevelled, and activating the canonical 

pathway has no effect on cell migration.  

 

Finally, I investigate the function of A-class Eph-ephrin signaling during avian 

gastrulation, and describe that Eph receptor forward signaling negatively regulates the 

migration of cells through the primitive streak. This modulation of cell migration occurs 

independently of the EMT that accompanies avian gastrulation, as cells are able to 

undergo the normal cadherin transition and the basal lamina is unaffected.  

 

Altogether, the work presented herein provides a significant contribution to our 

understanding of signaling pathways that modulate gene expression and ongoing cell 

migration during germ layer formation in amniote gastrulation. 
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CHAPTER ONE: INTRODUCTION 

 

The avian embryo is a widely utilized and highly valuable model for scientific research. 

Chicken (Gallus gallus) and quail are the most popular avian species, because eggs are 

easily obtainable, are relatively inexpensive, and development closely mimics that of 

human in terms of basic organ development. Unlike mammalian model systems, chicken 

embryos initially develop as a flat disc of cells atop a large yolk. This is advantageous for 

experimental analyzes, as embryos can be cultured outside of the egg, embryo 

visualization is relatively easy and microscopic manipulation of the embryo is possible. 

 

1.1: EARLY EMBRYOGENESIS IN BIRDS 

 

1.1.1: Fertilization and Cleavage 

 

Fertilization of the bird egg occurs in the oviduct before albumin and the shell is 

deposited on to the egg, and one chicken egg can be fertilized by as many as 26 sperm 

(Waddington et al., 1998). Following fertilization, the early cleavage of cells (mitotic 

divisions that divide the egg cytoplasm into numerous smaller cells) occurs in only a 

portion of the egg cytoplasm (meroblastic) in a disc-shaped pattern (discoidal; Fig. 1A) 

(Bellairs et al., 1978). This pattern of cleavage is due to the large volume of dense yolk 

throughout the egg. As the dividing egg travels down the oviduct, the shell is deposited 

and, by the time of laying (~20 hours post-fertilization), the embryo already comprises 

upwards of 20,000 cells in a flat disc shape atop the yolk. 
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1.1.2: Formation of the Hypoblast 

 

The primitive disc of cells making up the early (pregastrula) embryo (stage 1 of the 

Hamburger and Hamilton staging series; Hamburger and Hamilton, 1951) is 

predominantly organized as a simple columnar epithelial sheet (epiblast) termed the area 

pellucida (Fig. 1A) (Bellairs et al., 1975). Peripheral cells are not maintained as a single 

layer and remain adherent to the yolk, making up the extraembryonic area opaca. Epiblast 

cells are a classic epithelium with apical-basal polarity: apical tight junctions, 

predominantly basolateral adherens junctions, and a basal lamina (Fig. 1B-E). Epiblast 

cells absorb water from albumin at the apical surface and secrete it basally, forming a 

cavity between the epiblast layer and the yolk (subgerminal space) (New, 1956). By a 

mechanism that is not well understood, cells in the epiblast ingress into the subgerminal 

space and form "islands" (arrows in Fig. 1B-E), which subsequently fuse to form the 

hypoblast cell layer (Eyal-Giladi and Kochav, 1976; Weinberger et al., 1984). This 

process probably defines the first epithelial-to-mesenchymal transition (EMT) to occur 

during development, as ingressing cells downregulate E-cadherin (arrow in Fig. 1B), lose 

tight junctions (arrow in Fig. 1C), and breach the basal lamina (arrow in Fig. 1E) to 

migrate as individual cells: all of which are classic features of EMT (Shook and Keller, 

2003). The hypoblast does not form any part of the embryo proper, but instead is 

displaced during gastrulation and contributes only to extraembryonic structure, such as 

the yolk sac (Rosenquist, 1966). 
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Figure 1: Pregastrula embryonic development in chicken. A: Cartoon depicting meroblastic 
discoidal cleavage of the early bird egg. During this time, the egg is still in the hen's oviduct. B-E: 
Protein expression in the pregastrula embryo. Cross-sections illustrate epiblast and hypoblast 
layers, and likely describes the first epithelial-mesenchymal transition during development. The 
epiblast is a classic epithelium expressing E-cadherin (B-B"), has apical-basal polarity as depicted 
by ZO-1 expression (C-C") and is subtended by a basal lamina expressing laminin (E-E"). All of 
these features are lost by ingressing hypoblast cells (arrowheads in B'-E"). Abbreviations: EPI, 
epiblast; HYP, hypoblast. Adapted from (Gilbert, 2003). 
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1.1.3: Primitive Streak Formation 

 

The primitive streak is the first distinct embryonic structure to form during development 

(seen first as a thickening of cells at the posterior at stage 2; Fig. 2B). It appears 

extremely rapidly (only ~30 minutes separates stage 1 and stage 2) and is a defining 

feature of gastrulation in amniotes (birds, reptiles, and mammals) (Hamburger and 

Hamilton, 1951). Through a combination of inductive signals, the primitive streak forms 

from epiblast at the posterior of the area pellucida, extending in an anterior direction 

during stage 3 (Fig. 2C) to essentially bisect the embryonic midline: forming from a 

pattern of mediolateral intercalation, convergent extension and large-scale cell migration 

movements (Bertocchini and Stern, 2002; Chuai et al., 2006; Voiculescu et al., 2007).  

 

1.1.4: Gastrulation 

 

Gastrulation essentially brings about formation of the three primary germ layers. Cells 

move into the primitive streak, undergo an individual EMT, and migrate as individual 

cells into the blastocoel to form the endoderm and mesoderm. Cells remaining in the 

epiblast that do not enter the primitive streak become the ectoderm layer. The endoderm 

faces the inside of the body, giving rise to the epithelial lining of the digestive tube and 

all glands opening into the digestive tube (e.g. liver, pancreas, thyroid, lungs). The 

mesoderm, lying between the endoderm and ectoderm, establishes the body cavity and 

generates a variety of tissues that include the skeleton, connective tissue, muscle and the  
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Figure 2: Stages of early chicken development. A-F: Brightfield images of early developmental 
stages in chicken according to the staging series of Hamburger and Hamilton, 1951. The embryo 
is a disc of cells organized as the area pelludica and area opaca at stage 1 (A). The primitive 
streak rapidly forms as a thickening of cells at the posterior of the area pellucida at stage 2 (B), 
and the primitive streak extends towards the anterior to bisect the midline during stage 3 (C). The 
streak is fully extended at stage 4 and is capped by Hensen's node (D). As the primitive streak 
retracts starting at stage 5, the notochord is laid down (E) and subsequent anterior structures form 
while gastrulation continues to occur in the retracting primitive streak (F). G: Cartoons depict the 
fate map of the epiblast at stage 4 and stage 7. Adapted from (Gilbert, 2003). 
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circulatory system. The central nervous system and epidermis are derived from the 

ectoderm layer. 

 

The first cells to ingress through the primitive streak at stage 3+ displace the hypoblast to 

form the endoderm, pushing the hypoblast to the anterior of the blastoderm (Lawson and 

Schoenwolf, 2003). The primitive streak at its fullest (stage 4; Fig. 2D) extends two-

thirds to three-quarters of the length of the embryo, and has a structure known as 

Hensen's node at its anterior that is analogous to the dorsal lip of the blastopore (i.e. 

organizer) in amphibians (Boettger et al., 2001). The majority of cells traversing the 

primitive streak contribute to the mesoderm. Depending upon their anterior-posterior 

position, emerging mesoderm cells will contribute to different populations of mesoderm, 

which go on to form distinct mesodermal derivatives. Fate maps of epiblast cells at early 

stages of chick development have been carefully elucidated (Hatada and Stern, 1994; 

Callebaut et al., 1996; Bachvarova et al., 1998). The mechanisms that regulate EMT and 

ongoing migration through the primitive streak have received less attention. This gap in 

knowledge forms the basis of the body of work presented herein. 

 

Epithelial-mesenchymal transition (EMT) is broadly characterized as the cellular loss of 

epithelial characteristics (i.e. a coherent sheet with apical-basal polarity) that are replaced 

by mesenchymal properties (such as front-back polarity and the ability to migrate as 

individual cells). EMT during gastrulation includes a series of complex events that 

probably occur more simultaneously than stepwise (Shook and Keller, 2003). Epiblast 
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cells above the primitive streak change shape, constricting at their apex and expanding 

the basolateral domains (forming "bottle cells"). Cells become released from the apex, 

maintaining contacts with neighboring cells but losing apical junctions while the epiblast 

itself remains intact. As cells ingress into the streak, epiblast cells move medially towards 

the primitive streak to replace their positions at the apex of the streak. Within the streak, 

junctional remodeling and changes in protein expression (including the downregulation 

of E-cadherin and the upregulation of N-cadherin) occur on a largely individual basis, 

such that side-by-side cells may express different cadherins (Hardy et al., 2008b). 

Coincident with this, the basal lamina underlying the epiblast is breached and dissolved 

in the primitive streak region, leaving only small fragments (Lawson and Schoenwolf, 

2003; Hardy et al., 2008b; Nakaya et al., 2008). Transitions in the expression of a number 

of proteins have been associated with the epithelial or mesenchymal phenotype during 

EMT (Hay, 2005; Thiery and Sleeman, 2006). These include: 1) downregulation of E-

cadherin, claudins and occludin, desmoplakin, and cytokeratins; and 2) upregulation of 

fibronectin, vitronectin, vimentin, and smooth-muscle actin. At least some of these 

molecular transitions are observed during the EMT that accompanies avian gastrulation 

(Fig. 20) (Edelman et al., 1983; Hatta and Takeichi, 1986; Duband et al., 1988; Lawson 

and Schoenwolf, 2003; Hardy et al., 2008b; Nakaya et al., 2008).  
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1.1.5: Regression of the Primitive Streak 

 

As the embryo develops beyond the so-called gastrula stage (ending at stage 4+), the 

primitive streak begins to regress towards the embryonic posterior, enabling anterior 

structures (such as the head mesoderm and notochord) to form while more posterior cells 

are still undergoing gastrulation (stage 5 onwards; Fig. 2E-F) (Spratt, 1947). The whole 

embryo narrows and elongates as the primitive streak continues to retract, and axial and 

paraxial mesoderm are generated.  When EMT ceases (at least stage 12), primitive streak 

cells remaining at the posterior of the embryo (i.e. the tail bud) eventually contribute to 

the ventral ectodermal ridge (Ohta et al., 2007).   

 

1.2: GASTRULATION IN OTHER VERTEBRATES 

 

The physical mechanisms of gastrulation are strikingly different between amniotes and 

anamniotes. As much of our knowledge of the regulatory mechanisms governing 

vertebrate gastrulation has been derived from species other than chicken, gastrulation in 

these species [mouse, frog (Xenopus) and zebrafish] will also be briefly described. 

 

1.2.1: Mammalian Gastrulation 

 

Despite the absence of a yolky egg, mammals undergo gastrulation in a similar fashion to 

birds. The embryonic epiblast forms from the inner cell mass, and contains all of the cells 

that will actually contribute to the embryo proper (Luckett, 1978; Sutherland et al., 1990). 
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As in other amniotes, early mammalian embryos form a primitive streak, and generate the 

primary germ layers by a combination of cell migration, ingression and EMT during 

gastrulation (Shook and Keller, 2003). In rodents, the epiblast is curved into a cup shape 

with the apical surface facing inwards. However, if laid out flat, the gastrula stage mouse 

embryo resembles the chick at the same stage. The definitive endoderm displaces the 

visceral endoderm (equivalent of the chick hypoblast) and cells migrate laterally into the 

blastocoel between the endoderm and epiblast (ectoderm) to generate the mesoderm 

layer. Cell ingression through the primitive streak is characterized by changes in adhesion 

molecules and disruption of the basal lamina (Takeichi, 1988; Burdsal et al., 1993; Tam 

et al., 1993; Ciruna and Rossant, 2001). The ability to inactivate specific genes in mice 

has provided insight into the regulation of cell migration through the mammalian 

primitive streak by signaling pathways and individual molecules. Some of these will be 

presented in more detail. 

 

1.2.2: Gastrulation in Frog 

 

Despite bringing about formation of the three primary germ layers, the mechanism of 

gastrulation differs significantly between amphibians and amniotes. In the frog embryo, 

cleavage is holoblastic (complete) but unequal, as there is a concentration of yolk towards 

the vegetal pole that impedes the speed of division towards the vegetal pole (Valles et al., 

2002). This results in blastomeres of different sizes in the animal and vegetal 
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hemispheres. A cavity is formed in the animal hemisphere that expands during 

subsequent cleavage events to form the blastocoel. 

 

Gastrulation is initiated on the future dorsal side of the embryo where a small group of 

cells invaginate and change shape ("bottle cells"), forming an opening called the 

blastopore (Keller, 1981). The dorsal lip of the blastopore is analogous to Hensen's node 

in amniotes. The first cells to involute into the dorsal lip of the blastopore are marginal 

zone cells at the equator between the animal and vegetal hemispheres. As a sheet, cells 

turn inwards and migrate back along the ceiling of the blastocoel roof essentially in the 

opposite direction, back towards the animal pole. As involution continues, the blastopore 

lip expands in lateral and ventral directions, and cells making up the blastopore lip 

change constantly as they move through into the blastocoel. Cells undergo convergent 

extension, intercalating and elongating to narrow the involuting mesoderm streams 

(Keller and Danilchik, 1988; Keller et al., 2000). Concurrent with this, the ectoderm 

expands by epiboly and the endoderm becomes internalized (Keller, 1980). The result is 

ectoderm on the outside, endoderm on the inside, and mesoderm between the two layers. 

The major difference from amniote gastrulation is the involution of mesoderm as a sheet 

of cells and the absence of a true EMT.  

 

Much of the research into the regulation of vertebrate gastrulation is derived from the 

amphibian embryo, as experimental manipulations such as gene knockdown and ectopic 

expression are possible at the early cleavage stages of development. Despite major 
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differences in the physical mechanisms of gastrulation between frog and amniote species, 

amphibians have provided much insight into the regulation of gastrulation cell 

movements, mesoderm formation and patterning (Stern, 2004). It is becoming 

increasingly apparent that many of the intracellular signaling pathways active during 

gastrulation are conserved among diverse species. 

 

1.2.3: Gastrulation in Zebrafish 

 

Like birds, fish have a yolky egg and so cleavage is meroblastic. However, rather than 

forming a disc of cells atop the yolk, the blastoderm expands over the yolk by epiboly 

(Warga and Kimmel, 1990). A thickening throughout the margin of the blastoderm (the 

germ ring) composes the outer epiblast and inner hypoblast. These cells undergo 

convergent extension to form the embryonic shield (functional equivalent of dorsal 

blastopore lip and Hensen's node) on the future dorsal side of the embryo (Cooper and 

D'Amico, 1996). A combination of epiboly, involution at the margin and convergent 

extension cell movements bring the embryo around the yolk and the mesoderm into the 

space between the epiblast and future endoderm (Glickman et al., 2003).  

 

The use of mutagenesis screens and forward genetics in zebrafish has proven valuable for 

identifying genes important in regulating gastrulation cell movements. Fish are screened 

for morphological gastrulation defects, and the responsible genetic locus is then 

determined by positional cloning. A number of molecular mechanisms controlling 
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convergent extension gastrulation movements have been identified in this way 

(Heisenberg and Tada, 2002).  

 

1.3: SIGNALING PATHWAYS INVOLVED IN VERTEBRATE GASTRULATION 

 

Many conserved signaling pathways are active during gastrulation to induce gastrula 

structures, regulate morphogenesis, and control cell specification. The body of this 

dissertation is focused on three major signaling pathways (FGF, Wnt, and Eph-ephrin 

pathways), and these will be introduced next. It is noteworthy that additional signaling 

pathways also regulate aspects of vertebrate gastrulation, including the transforming 

growth factor (TGFβ) superfamily (BMP signaling and Nodal/Activin-type signals), 

platelet derived growth factor (PDGF) signaling, and the Notch-Delta pathway. These 

pathways will not be presented herein, but are described in detail elsewhere (Stern, 2004; 

Keller, 2005).  

 

1.3.1: Fibroblast Growth Factor Signaling 

 

Fibroblast growth factor (FGF) signaling is a highly modulated pathway with complex 

positive and negative feedback loops that regulates multiple aspects of vertebrate 

development. Here, only known functions in vertebrate gastrulation will be introduced. 
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1.3.1.1: FGF ligands and receptors 

 

The FGFs are a large family of growth factors (22 ligands in human; 13 in chicken) that 

elicit biological responses by binding and activating the single transmembrane receptor 

tyrosine kinases (RTKs) called FGF receptors: of which 4 have been identified in 

vertebrates (Ornitz and Itoh, 2001; Thisse and Thisse, 2005). FGFs bind to FGF receptors 

(FGFRs) promoting receptor dimerization and autophosphorylation of the intracellular 

tyrosine kinase domain, ultimately leading to phosphorylation and activation of 

downstream signaling pathways (Thisse and Thisse, 2005).  

 

1.3.1.2: FGF signaling in mesoderm formation 

 

The first evidence of the involvement of FGF signaling in the patterning of mesoderm 

came from Xenopus animal cap assays. Treatment of naïve animal cap explants with 

FGF1 or FGF2 was shown to alter animal cap fate from ectoderm to mesoderm, thus 

acting as mesoderm inducers (Kimelman and Kirschner, 1987; Slack et al., 1987). 

Subsequently, other components of the FGF pathway have been shown to mimic the 

ability to induce mesoderm genes in animal cap assays (Whitman and Melton, 1992; 

MacNicol et al., 1993; LaBonne et al., 1995; Weinstein et al., 1998; Kusakabe et al., 

2001; Akagi et al., 2002; Park et al., 2002). While transforming naïve animal cap assays 

can imply sufficiency (that is, the ability to induce a response), this does not necessarily 

indicate actual in vivo function, where the environment is extremely complex. To 
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ascertain a requirement for FGF signaling, a dominant negative version of FGFR1 

(lacking the intracellular kinase domain) was expressed in vivo, resulting in inhibition of 

mesoderm formation and disruption of anterior-posterior axis formation in Xenopus and 

zebrafish (Amaya et al., 1991; Amaya et al., 1993; Griffin et al., 1995). Whether FGF 

signaling was directly regulating gastrulation cell movements or disrupted axis formation 

as a secondary consequence of failure to generate mesoderm was not clear from these 

studies. Subsequent separation of distinct signaling pathways downstream of FGFR 

activity has enabled resolution of this ambiguity, indicating that FGF signaling functions 

to regulate both mesoderm patterning and gastrulation cell movements (Nutt et al., 2001; 

Sivak et al., 2005). The functions of downstream pathways will be described later. 

 

1.3.1.3: FGF signaling in gastrulation cell movements 

 

FGF signaling regulates cell movements during gastrulation in amniotes and anamniotes. 

As mentioned, FGF signaling regulates both mesoderm patterning and convergent 

extension movements in Xenopus, albeit via distinct downstream pathways and 

modulated by different regulatory proteins (Bottcher and Niehrs, 2005). Mouse embryos 

lacking FGFR1 die during gastrulation with defects in cell migration and mesoderm 

patterning (Deng et al., 1994; Yamaguchi et al., 1994). Chimeric analysis of FGFR1-

mutant embryos revealed a failure of cells to express mSnail in the primitive streak and 

consequent inability to downregulate E-cadherin, suggesting FGF signaling regulates 

EMT in mammalian gastrulation (Ciruna and Rossant, 2001). Though primitive streak 
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cells in FGF8-mutant mice exhibit the morphology of mesenchymal cells (so they likely 

underwent EMT), cells fail to migrate away from the streak, so endoderm and mesoderm 

do not form (Sun et al., 1999). As FGF4 and FGF8 are both lost in FGF8-mutant 

embryos, it is not clear if one or both of these ligands regulate migration. In chick, 

mesoderm cells will migrate laterally towards an ectopic source of FGF4 and away from 

FGF8, suggesting a role in chemotaxis (Yang et al., 2002). It is not clear how this is 

achieved, as FGF receptors are not obviously expressed in the mesoderm (Lunn et al., 

2007). Pregastrula chicken embryos electroporated with dominant-negative FGFR1 are 

unable to form a primitive streak (Chuai et al., 2006) and ectopic FGF8 can induce 

expression of genes involved in primitive streak morphogenesis (Voiculescu et al., 2007). 

Whether FGF signaling regulates EMT and ongoing cell migration through the avian 

primitive streak has not been addressed, and is the focus of Chapter Two.  

 

1.3.1.4: FGF signal transduction 

 

Signal transduction downstream of FGFR activity is propagated via three main pathways 

that are dynamically modulated at various levels by positive and negative feedback loops: 

the Ras/mitogen-activated protein kinase (MAPK) pathway, the Phospholipase C gamma 

(PLCγ)/Calcium (Ca2+) pathway, and the phosphatidylinositol 3-kinase (PI3K)/Akt 

pathway. 
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The Ras/MAPK pathway stimulates a MAP kinase cascade that ultimately activates 

extracellular-related kinase (ERK; also termed MAPK), enabling it to translocate to the 

nucleus and activate certain transcription factors. A number of transcription factors have 

been identified as targets of ERK activity, including c-myc, AP-1 and Ets transcription 

factors (Davis, 1995; Michiels et al., 2001; Chang et al., 2003; Yang and Sharrocks, 

2006). Signaling through the Ras/MAPK pathway typically alters gene transcription and 

is required for mesoderm patterning (Umbhauer et al., 1995; Fernandez-Serra et al., 

2004). For example, Ras/MAPK signaling regulates Brachyury (Bra) expression in 

diverse vertebrate species (Umbhauer et al., 1995; Kawachi et al., 2003; Yao et al., 2003; 

Sivak et al., 2005). However, downstream pathways other than Ras/MAPK may regulate 

mesoderm formation in some vertebrates, as despite a requirement for FGFR function in 

the expression of mesoderm genes, ERK is not active in the mouse primitive streak 

(Corson et al., 2003). Furthermore, genes involved in modulating distinct branches of the 

FGF pathway are also transcriptionally regulated by FGF-Ras/MAPK signaling (Nutt et 

al., 2001; Lunn et al., 2007), demonstrating the sheer complexity of signaling.  

 

PLCγ/ Ca2+ signaling is initiated by the binding of PLCγ to activated FGFR. Active PLCγ 

hydrolyses phosphatidlyinositol-4,5-diphosphate to inositol-1,4,5-triphosphate (IP3) and 

diacylglycerol (DAG). DAG activates protein kinase C (PKC) that can, in turn, 

phosphorylate an array of target proteins. IP3 stimulates intracellular Ca2+ release. This 

pathway may specifically regulate convergent extension migration movements that 

accompany Xenopus gastrulation. XSproutys, a family of negative modulators of FGF 
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signaling, inhibit Ca2+ mobilization and PKC signaling during amphibian gastrulation, 

but not the Ras/MAPK pathway (Nutt et al., 2001; Sivak et al., 2005). The consequence 

of this specific modulation is that mesoderm gene expression is not affected, but 

convergent extension cell movements are severely impaired. In contrast, a second family 

of negative regulators of FGF signaling named XSpreds block ERK activation and 

mesoderm gene expression (or at least expression of Xbra), while having no impact upon 

gastrulation cell movements (Sivak et al., 2005). Together, this provides evidence that 

separate pathways downstream of the FGF ligand-receptor interaction can modulate 

distinct aspects of gastrulation.  

 

PI3K signaling downstream of FGFR activity either directly or indirectly activates Akt 

and other target proteins. While classically involved in the cell survival pathway 

(Manning and Cantley, 2007), PI3K signaling also functions in mesoderm induction 

during Xenopus gastrulation (Carballada et al., 2001). Either overexpression of a 

dominant-negative version of the PI3K catalytic subunit p85 or pathway inhibition with a 

chemical inhibitor (LY294002) impairs mesoderm formation and specifically XBra 

expression. PI3K signaling represents a mesoderm induction pathway parallel to 

Ras/MAPK, as ERK activity is independent of PI3K activity, and PI3K and ERK can 

synergize to induce mesodermal differentiation in animal cap assays. 
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1.3.2: Wnt signaling 

 

Wnts are a large family of secreted growth factors (19 in humans; at least 12 in chicken) 

that typically bind seven-pass transmembrane domain frizzled receptors to propagate 

downstream signaling (Montcouquiol et al., 2006). Signaling can be propagated via 

canonical or non-canonical pathways, resulting in changes in gene transcription or direct 

effects on the arrangement of the cytoskeleton. 

 

1.3.2.1: Canonical Wnt signaling pathway 

 

Canonical Wnt signaling is the "classic" Wnt signal transduction pathway that leads to 

the stabilization and nuclear localization of β-catenin (Nusse, 2005). In the absence of a 

Wnt ligand, a multiprotein "destruction" complex in the cytoplasm consisting of APC, 

GSK3β, and Axin binds and phosphorylates β-catenin, targeting it for degradation by the 

proteosome. The binding of a Wnt ligand to the frizzled receptor activates cytoplasmic 

Dishevelled (Dsh), which liberates β-catenin from the destruction complex. Stabilization 

allows its accumulation and subsequent nuclear translocation, where it binds to 

transcriptional cofactors such as members of the LEF/TCF family to activate or derepress 

transcriptional targets. 
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1.3.2.2: Function of the canonical Wnt pathway in gastrulation 

 

Canonical Wnt signaling plays a major role in the regulation of axis formation. In frog 

and fish, manipulation of canonical Wnt components such as XWnts, XDsh, GSK3, and 

β-catenin can induce formation of a secondary axis and are required for formation of the 

organizer (Sokol et al., 1991; McCrea et al., 1993; Heasman et al., 1994; Sokol et al., 

1995; Wylie et al., 1996). In mammals, canonical Wnt signaling via Wnt3 is required for 

primitive streak formation, as embryos lacking Wnt3 or β-catenin fail to form the 

primitive streak (Haegel et al., 1995; Liu et al., 1999). In the posterior marginal zone of 

the pregastrula chick embryo, Wnts (or at least Wnt8c) may cooperate with the TGFβ 

family member Vg1 to induce primitive streak formation, as antagonists blocked the 

ability of Vg1 to induce a primitive streak and misexpression of Wnt1 in the area 

pellucida was sufficient for Vg1 to stimulate an ectopic primitive streak (Skromne and 

Stern, 2001).  

 

Formation of the mesoderm is also regulated by canonical Wnts. Mouse embryos 

deficient in Wnt3a form the primitive streak, but paraxial mesoderm is not generated, as 

cells fail to migrate away from the primitive streak and instead form an ectopic neural-

tube like structure beneath the streak (Takada et al., 1994; Yoshikawa et al., 1997). A 

similar phenotype was also observed in embryos null for both LEF1 and TCF1 (Galceran 

et al., 1999), suggesting that LEF/TCF transcription factors act downstream of canonical 

Wnts during gastrulation. Wnt3a-dependent paraxial mesoderm development occurs, at 
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least in part, via direct regulation of the Brachyury (T) gene by LEF/TCF transcriptional 

activity (Yamaguchi et al., 1999b). Consistent with this, zebrafish embryos lacking the 

Wnt8 locus exhibit an enlargement of axial mesoderm and a deficiency in vetrolateral 

mesoderm (Lekven et al., 2001). It is not clear how canonical Wnts function in mesoderm 

formation in birds, though stabilization of β-catenin by lithium chloride treatment 

(essentially activating the canonical pathway) at gastrula stages results in 

disproportionate development of anterior structures at the expense of the posterior 

primitive streak, and loss of posterior Tbx6 expression (Roeser et al., 1999). This may 

reflect a role in neural or ectodermal decisions rather than gastrulation per se, as 

overexpression of canonical Wnts or β-catenin in Xenopus animal cap assays can induce 

neural fate (Baker et al., 1999), while exposure of chick epiblast explants to canonical 

Wnts promotes epidermal fate (Wilson et al., 2001). 

 

1.3.2.3: Non-canonical Wnt signaling pathway 

 

Non-canonical Wnt signaling encompasses those downstream Wnt pathways that do not 

converge on β-catenin function. Activation of the non-canonical Wnt pathway like the 

canonical pathway occurs through ligand binding typically to a Fz receptor. However, the 

non-canonical pathway is activated by a subgroup of Wnt ligands typically distinct from 

those that promote the canonical pathway (Veeman et al., 2003). Dsh becomes activated 

upon ligand binding, but the important functional domain of the protein differs from 

canonical activation (Julius et al., 2000; Rothbacher et al., 2000; Wallingford et al., 
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2000). The Dsh protein contains three functional domains: DIX (mediates the canonical 

pathway), DEP and PDZ (involved in non-canonical signal propagation). Non-canonical 

signal propagation is independent of GSK3 and β-catenin, rather activates small GTPases 

(Wnt-PCP) or intracellular calcium release (Wnt-Ca2+). The non-canonical downstream 

pathways are probably not entirely distinct, and there is likely to be overlap and/or cross-

talk between the two (Kohn and Moon, 2005). 

 

1.3.2.3.1: Wnt-PCP signal transduction 

 

One pathway downstream of the Wnt ligand-Fz receptor interaction utilizes Dsh to 

regulate the generation of planar cell polarity (PCP; the coordinate organization of cells 

within the plane of a single layered sheet). Activation of Dsh in turn stimulates small 

GTPases (Rho, Rac, and Cdc42) and C-Jun N-terminal Kinase (JNK) activity, which 

modulate cytoskeletal elements including actin and microtubules, and trigger cytoskeletal 

rearrangements (Kuhl, 2002; Malbon and Wang, 2006). During gastrulation, this 

essentially translates to regulation of mediolateral cell intercalation and convergent 

extension movements, and will be described later. 

 

1.3.2.3.2: Wnt-Ca2+ signal transduction 

 

Non-canonical Wnt signaling can also regulate intracellular calcium levels independent 

of β-catenin activation. Activation of non-canonical Wnt signaling can promote calcium 
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release and stimulate calcium-regulated kinases, such as calmodulin-dependent protein 

kinase II (CamKII) and protein kinase C (PKC) (Sheldahl et al., 1999; Kuhl et al., 2000a; 

Sheldahl et al., 2003). This pathway likely participates in early dorsal-ventral patterning 

in Xenopus, as early expression of constitutively active CamKII inhibits dorsal marker 

expression and notochord formation, and upregulates ventral markers, whereas CamKII 

antagonism with dominant-negatives blocks expression of ventral markers (Kuhl et al., 

2000a). Wnt-Ca2+ signaling may also play a role in regulating convergent extension cell 

movements (Wallingford et al., 2001a).  

 

1.3.2.4: Function of non-canonical Wnt signaling in gastrulation 

 

The role of non-canonical Wnt signaling in regulating convergent extension during 

amphibian gastrulation has been established from a combination of activin-treated animal 

cap, Keller explant, and whole embryo studies. The ability of non-canonical Wnt ligands 

(e.g. Wnt5a, Wnt11), Fz receptors (e.g. Fz7, Fz8), and downstream effectors (e.g. Cdc42, 

Dsh, Daam1, JNK) to regulate convergent extension has been well described, and have 

provided great insight into precise mechanisms of downstream signaling (Deardorff et al., 

1998; Xu et al., 1998; Djiane et al., 2000; Tada and Smith, 2000; Wallingford et al., 

2000; Habas et al., 2001; Wallingford et al., 2001b; Penzo-Mendez et al., 2003; Takeuchi 

et al., 2003; Kim and Han, 2005). Expression of a dominant negative version of XWnt11 

in Xenopus embryos, and the zebrafish mutant silberblick (slb; which maps to the Wnt11 

locus) both exhibit disrupted convergent extension during gastrulation, resulting in 
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truncation of the embryonic body axis (Heisenberg et al., 2000; Tada and Smith, 2000). 

This phenotype could be rescued by coexpression of a Dsh mutant defective only in the 

ability to signal canonically (DshΔDIX), suggesting that Wnt11 functions specifically in 

the non-canonical pathway (Heisenberg et al., 2000; Tada and Smith, 2000). Similarly, 

Wnt5 ligands also regulate convergent extension (Moon et al., 1993; Wallingford et al., 

2001b; Kilian et al., 2003), and these two proteins may, at least in some species, function 

cooperatively, as zebrafish slb/ppt (Wnt11/Wnt5) double mutants exhibit more severe 

convergent extension defects than either alone (Kilian et al., 2003). Furthermore, levels 

of signaling appear to be discretely maintained as both dominant-negative and wild-type 

overexpression of Wnt ligands can result in similar convergent extension defects (Ku and 

Melton, 1993; Moon et al., 1993; Wallingford et al., 2001b). 

 

In amniotes, non-canonical Wnt signaling has recently been linked to primitive streak 

formation, axis elongation and ongoing cell migration through the primitive streak during 

gastrulation (Chuai et al., 2006; Voiculescu et al., 2007; Hardy et al., 2008a). In one 

study, expression of a dominant negative version of Dsh (DshΔDEP) in pregastrula chick 

embryos impaired normal formation of the primitive streak (Voiculescu et al., 2007). 

This was a result of specific inhibition of the non-canonical pathway and not coincident 

activation of the canonical pathway (DshΔDEP is impaired in non-canonical activity but 

retains the capacity to activate the canonical pathway), as a stabilized version of β-

catenin did not impact streak morphogenesis and simultaneous expression of morpholinos 

to three non-canonical effector proteins (FMI1, VANGL2 and PRICKLE1) mimicked 
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this effect. In a second study, early electroporation of a dominant negative Wnt11 

(though it is not expressed in the avian primitive streak) or an alternate Dsh mutant 

(Xdd1) resulted in impaired elongation of the anterior-posterior axis, though specific 

defects were not described (Chuai et al., 2006). Importantly, lacking from both of these 

studies was the Wnt ligand (or ligands) responsible for propagating the non-canonical 

pathway during these early stages of development. As described in Chapter Three, our 

recent work has shed light on this caveat by describing the identification of a second 

Wnt11 gene (termed Wnt11b) expressed exclusively in the primitive streak during 

gastrulation (Hardy et al., 2008a). We show that non-canonical Wnt signaling likely 

functions redundantly through Wnt11b and Wnt5a/b to regulate ongoing cell migration 

movements through the avian primitive streak during gastrulation (see Chapter Three). 

 

1.3.3: Eph-Ephrin Signaling 

 

There is little data describing a role for Eph-ephrin signaling during gastrulation, despite 

expression across vertebrate species. Eph-ephrin signaling has diverse functions in early 

vertebrate development; for example, in somite boundary formation, in axon guidance 

patterns, and in neural crest migration. Details of these other functions can be found in a 

number of excellent recent reviews (Poliakov et al., 2004; Pasquale, 2005; Egea and 

Klein, 2007).  
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1.3.3.1: Eph receptors and ephrin ligands 

 

Ephs are the largest described family of receptor tyrosine kinases, and surpsingly, more 

receptors than ligands have so far been identified in vertebrates (16 Ephs and 9 ephrins) 

(Lackmann and Boyd, 2008). Ephs are typical RTKs in that they are single 

transmembrane receptors with an intracellular tyrosine kinase domain, but unique in that 

their ephrin ligand partners are also membrane-bound proteins, so are dependent upon 

cell-cell communication for signaling. In fact, cell-cell interaction is required for 

signaling as exogenously expressed soluble ligand derivatives do not promote signaling, 

but rather are antagonistic (Himanen and Nikolov, 2003). Another distinctive feature of 

Eph-ephrin signaling is that signaling can be simultaneously propagated in both forward 

and reverse directions: through the receptor-bound cell and the ligand-bound cell.  

 

Ephs and ephrins are classified into two subgroups based upon binding specificities and 

sequence homology (Himanen and Nikolov, 2003). A-class Ephs typically bind A-class 

ephrins that are glycosylphosphatydlinositol (GPI)-anchored to the plasma membrane. 

These ligands can, in some cases, recruit other proteins with kinase activity to initiate 

reverse signaling. B-class Ephs usually bind B-class ephrins. These ligands are 

transmembrane proteins that become phosphorylated on the cytoplasmic side to 

propagate downstream signaling. A few receptors are promiscuous and can interact with 

ligand of both classes: EphA4 can bind ephrinB2 and ephrinB3, while EphB2 can bind 

ephrinA5 (Gale et al., 1996; Himanen et al., 2004). 
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1.3.3.2: Eph-ephrin downstream signaling 

 

Eph-ephrin signaling is complex because bidirectional signaling can promote multiple 

pathways, sometimes with opposing effects. Signaling has been linked to diverse cellular 

processes, including tissue boundary formation, cell migration, and cell adhesion 

(Poliakov et al., 2004; Pasquale, 2005; Egea and Klein, 2007; Pasquale, 2008). Ephs are 

atypical RTKs in that downstream signal transduction can be propagated through 

different cascades depending upon the cell type and context of signaling, and can 

ultimately result in either activation or inhibition of downstream effectors. Signal 

propagation can include modulation of classic Ras/MAPK and PI3K pathways, but also 

of small GTPases (Rho, Rac and Cdc42) and cytoplasmic kinases such as Src and FAK 

(Noren and Pasquale, 2004). As many of these downstream cascades are also influenced 

by other pathways, it is likely that there is a significant degree of cross-talk between Eph-

ephrin and other signaling pathways (Arvanitis and Davy, 2008).  

 

1.3.3.3: Eph-ephrin signaling in gastrulation 

 

Almost nothing is known about Eph-ephrin signaling during gastrulation despite receptor 

and ligand expression at gastrula stages in many vertebrate species (Ruiz and Robertson, 

1994; Winning and Sargent, 1994; Xu et al., 1994; Weinstein et al., 1996; Oates et al., 

1999; Chan et al., 2001; Baker and Antin, 2004; Bothe and Dietrich, 2006; Duffy et al., 

2006). Two studies in zebrafish describe gastrulation defects in embryos expressing 
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inhibitory soluble versions of either human EphA3 or ephrinA5 (Oates et al., 1999), or 

with zebrafish ephrinB2b (Chan et al., 2001). Despite investigating different Eph-ephrin 

subclasses, both studies describe similar defects in epiboly, anterior-posterior axis 

elongation, and mesodermal tissue boundaries as a consequence of pathway antagonism. 

Interestingly, the morphological abnormalities observed were somewhat reminiscent of 

the convergent extension defects seen in silberblick (slb/wnt11) and other mutants 

(Heisenberg et al., 2000; Kilian et al., 2003). This raises the possibility that Eph-ephrin 

signaling may modulate convergent extension through effectors of the cytoskeleton such 

as small GTPases, rather like non-canonical Wnt signaling. 

 

There is no evidence that Eph-ephrin regulates aspects of gastrulation in mammals. Mice 

lacking EphA2, which is normally expressed within the primitive streak (Ruiz and 

Robertson, 1994), have no phenotype (or exhibit only a "kinky" tail) suggesting that this 

protein is dispensable for gastrulation (Chen et al., 1996; Naruse-Nakajima et al., 2001). 

However, a second EphA receptor, EphA1, is also expressed at the primitive streak in 

mice (Duffy et al., 2006). As no EphA1 or double EphA1/EphA2 mutants have been 

described, it is possible that only EphA1 is critical or that these receptors function 

redundantly to maintain signaling. Consistent with this idea, our work in chick (described 

in Chapter Four) suggests that EphA1 and EphA4 (the two Eph receptors expressed in the 

primitive streak) function redundantly to regulate cell migration through the primitive 

streak, as simultaneous antagonism of EphA1 and EphA4, but not EphA1 alone, disrupts 

normal cell migration patterns (Hardy et al., 2008b). 
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1.4: SUMMARY 

 

Gastrulation in amniote and anamniotes differs significantly in their underlying physical 

mechanisms (Shook and Keller, 2003). Of particular importance is that mesoderm 

formation during amniote gastrulation involves a true epithelial-mesenchymal transition, 

while in anamniotes cells ingress as a contiguous sheet of cells.  Despite this mechanistic 

difference, many of the signaling pathways regulating the formation of the primary germ 

layers are conserved across species (Stern, 2004). In chicken, much research has been 

devoted to the understanding of early cell specification and cell fate, as well as induction 

and formation of the primitive streak (Rosenquist, 1966; Schoenwolf et al., 1992; Hatada 

and Stern, 1994; Skromne and Stern, 2001; Lawson and Schoenwolf, 2003; Stern, 2004). 

However, the formation of endoderm and mesoderm does not occur until the primitive 

streak has formed, and continues through much of the early stages of development. The 

regulation of ongoing cell movements associated with germ layer formation in amniotes 

has received little attention.  

 

The work presented in the next three chapters contributes significantly to our 

understanding of signaling pathways regulating gastrulation in the amniote chicken 

embryo. Studies presented in Chapter Two show that FGF signaling regulates large-scale 

changes in gene expression in the preingression epiblast, including upregulation of 

members of the canonical and non-canonical Wnt, Notch and Eph-ephrin signaling 

pathways. FGF signaling is required for epiblast cells to migrate through the primitive 
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streak and contribute to the mesoderm. Importantly, among the genes identified as 

transcriptionally regulated by FGF signaling are Wnt5b and EphA1. These molecules are 

components of key signaling pathways that modulate cell migration through the primitive 

streak, as described in subsequent chapters: Non-canonical Wnt signaling in Chapter 

Three, and Eph-ephrin signaling in Chapter Four. Altogether, this suggests a complex 

signaling network is at work to precisely modulate gastrulation cell movements. 
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CHAPTER TWO: ROLE OF FIBROBLAST GROWTH FACTOR SIGNALING 
DURING CHICKEN GASTRULATION 

 
[Prepared for publication as: 
Hardy KM, Yatskievych TA, and Antin PB (2008). A novel function for FGF signaling in 
modulating preingression gene expression and cell migration through the primitive streak during 
gastrulation in chicken.] 
 
2.1: ABSTRACT 

Amniote gastrulation is characterized by extensive cell migration and epithelial-

mesenchymal transition (EMT) within the primitive streak. Here we investigate the 

contribution of FGF signaling to the regulation of gene expression and cell movements 

during avian gastrulation.  Although gene ablation studies in mice suggest that FGF 

signaling regulates EMT in the primitive streak by a Snail-dependent mechanism, in 

chicken embryos we find that FGF signaling regulates large-scale changes in expression 

of diverse genes specifically in the epiblast adjacent to the primitive streak (preingression 

epiblast), including genes representing multiple signaling pathways and transcription 

factors. FGF-dependent transcriptional regulation of many, but not all, genes expressed in 

the preingression epiblast occurs via a Ras/MAPK downstream pathway that likely 

involves Ets transcription factors.  FGF signaling is also required for cell migration 

through the primitive streak, although independently of Ets transcriptional activity. In 

contrast to results in mice, we find that Snail expression in the primitive streak does not 

require FGF signaling, although a previously unrecognized domain of Snail expression in 

the preingression epiblast is FGF-dependent. FGF signaling in the preingression epiblast 

region therefore regulates key aspects of avian gastrulation, including cell migration and 

gene expression, by modulating a broad program of gene activation and repression. 
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2.2: INTRODUCTION 

 

Vertebrate gastrulation is a highly coordinated process that leads to formation of the three 

primary germ layers (ectoderm, mesoderm and endoderm) and sets up the body plan for 

subsequent organ development. During gastrulation, extensive cell movements occur 

simultaneously with inductive interactions that elicit large scale and dynamic changes in 

gene expression.  Regulatory mechanisms controlling these processes are interrelated, 

and it has proven challenging to clearly delineate them. Experimental assays have yielded 

considerable information about the inductive signaling interactions and downstream 

transcriptional regulatory pathways leading to mesoderm gene expression (Stern, 2004).  

Less information is available concerning the regulation of gastrulation cell movements, 

including those required for mesoderm formation.   

 

A defining feature of gastrulation in amniotes is that epithelial epiblast cells undergo a 

true epithelial-mesenchymal transition in the primitive streak to form the mesoderm 

(Shook and Keller, 2003). This is contrasted by mesoderm formation in lower 

vertebrates, including frogs and fish, in which presumptive mesodermal cells involute as 

a contiguous sheet through the blastopore.  In amniote embryos, the interrelated functions 

of several signaling pathways appear to be required for primitive streak formation 

(Mishina et al., 1995; Sirard et al., 1998; Liu et al., 1999; Skromne and Stern, 2001; 

Bertocchini et al., 2004; Chuai et al., 2006; Voiculescu et al., 2007).  In chicken embryos, 

FGFR1 signaling is necessary for the primitive streak to form (Chuai et al., 2006).  
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Although mouse embryos lacking FGFR1 initially form a streak, cells fail to undergo 

EMT due to the absence of Snail and failure to downregulate E-cadherin (Ciruna and 

Rossant, 2001).  Other FGF pathway components have been implicated in regulating the 

ability of cells to migrate through the streak (Ciruna et al., 1997; Saxton and Pawson, 

1999; Sun et al., 1999; Ciruna and Rossant, 2001; Garcia-Garcia and Anderson, 2003; 

Gotoh et al., 2005).   

 

Although a function for FGF signaling during gastrulation once the primitive streak has 

formed has not been reported, recent studies have shown that non-canonical Wnt 

signaling and signaling through EphA receptors regulates the movement of cells through 

the primitive streak (Hardy et al., 2008a; Hardy et al., 2008b).  Once mesoderm has 

formed, FGFs appear to act as chemotactic factors influencing mesoderm migration, as 

emerging mesoderm cells will migrate towards a source of FGF4 but away from FGF8 

(Yang et al., 2002), and mesoderm cells fail to migrate away from the primitive streak in 

mouse embryos lacking FGF8 (Sun et al., 1999).  

 

In this study, we investigate the contribution of FGF signaling to the regulation of gene 

expression and cell morphogenesis during avian gastrulation.  Expression studies have 

shown that FGF signaling is restricted by localized FGF receptor and ligand expression to 

the preingression epiblast and early involuting cells (Lunn et al., 2007).  Utilizing 

chemical inhibition to impair FGF receptor (FGFR) activity, we describe the 

downregulation of genes representing multiple signaling pathways present during avian 
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gastrulation; all of which are specifically expressed in preingression epiblast adjacent to 

the primitive streak and in primitive streak cells. Furthermore, FGFR activity is required 

for cells to migrate through the primitive streak and contribute to the mesoderm. Some 

aspects of FGF signaling are propagated via a Ras/MAPK pathway, as ERK activity is 

abolished by inhibition of FGFR activity and most FGF-dependent genes are 

downregulated by chemical inhibition of ERK.   Ets factors are key transcriptional 

mediators of FGF signaling, and forced expression of a repressor version of the Ets factor 

ETV1 downregulated expression of Brachyury. ETV1 repressor activity failed to block 

cell migration, however, suggesting that FGF signaling is mediated by multiple pathways 

downstream of receptor activation.  

 

2.3: MATERIALS AND METHODS 

 

2.3.1: Colorimetric and fluorescence in situ hybridization 

Fertile chicken (Gallus gallus) eggs were incubated to the desired stages in the 

Hamburger and Hamilton staging series, then embryos were either directly fixed in 4% 

paraformaldehyde in PBS (PFA) overnight at 4oC, or were subjected to treatment 

conditions and then fixed. Embryos were dehydrated through a graded methanol series 

and were stored overnight at -20oC. Following rehydration through methanol, embryos 

were prepared for hybridization essentially according to Nieto et al., 1996, but with some 

modifications (Nieto et al., 1996; Antin et al., 2002; Denkers et al., 2004). Digoxigenin-

labeled RNA probes were utilized in both colorimetric and fluorescence (FISH) 



 
 

47 

techniques, and were generated with the following linearizing restriction enzymes 

(Invitrogen) and RNA polymerases (Roche): BRA (R. Runyan, University of Arizona), 

HindIII/T3; Delta1 (BBSRC), Not1/T3; EphA1 (Baker and Antin, 2004), EcoR1/T5; 

EphrinB2 (Baker and Antin, 2004), EcoR1/T7; FGF4 (G. Schoenwolf, University of 

Utah), EcoR1/T7; FGF8 (G. Schoenwolf), EcoR1/T7; FGFR1 (Lunn et al., 2007), 

Xho1/T3; FGFR2 (Lunn et al., 2007), HindIII/T3; Notch1 (BBSRC), Not1/T3; PDGFRα 

(BBSRC), Not1/T3; RAI1 (Bell et al., 2004), Not1/T7; SNAI2 (UDEL), Not1/T3; Tbx6 

(Knezevic et al., 1997), Xba1/T7; Wnt5b (S. Chapman, Clemson University), EcoR1/T3; 

Wnt8c (K. Yutzey, Cincinnati Children's Medical Center), Sph1/SP6. 

 

2.3.2: Embryo culture and pharmacological treatments 

Stage 3d embryos were isolated in New culture on egg agar plates, and submerged in 

either 100µM SU5402 (Pfizer), 100µM U0126 (Invivogen), or DMSO carrier dissolved 

in cell culture medium supplemented with penicillin, streptomycin and glutamate 

(Invitrogen). Embryos were incubated for a period of 5 hours in a cell culture incubator at 

37oC, and then were either 1) fixed in 4% PFA and processed for in situ hybridization, or 

2) were microdissected into an NP-40 extraction buffer (Kaufmann et al., 2001) and 

processed for western blot analysis. In GFP cell migration studies, embryos were 

pretreated with SU5402 or DMSO for 2 hours prior to electroporation, then were 

reincubated in inhibitor for a further 6 hours.  
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2.3.3: Antibodies and western blot analysis 

Rabbit anti-GFP (Invitrogen) and rabbit anti-FLAG (Cell Signaling) were utilized at 

1:500. Rabbit anti-pERK (phospho-p44/42; Cell Signaling) and rabbit anti-ERK (p44/42; 

Cell Signaling) were utilized at 1:1000. Goat anti-rabbit-AF488 (Invitrogen) was used at 

1:500. Donkey anti-rabbit-HRP (Jackson Immunochemicals) was utilized at 1:500 for 

immunocytochemistry and 1:7500 for western blotting.  

 

Gel electrophoresis and western blot analysis was carried out essentially as described 

(Hardy et al., 2008b). Briefly, preingression epiblast and primitive streak regions (Fig. 

6A) were collected from treated embryos, and were lysed and solubilized in Laemmli 

buffer before separation on 7.5% SDS-PAGE gels and transfer to nitrocellulose. 

Membranes were blocked in 5% BSA in TBS-T, and probed sequentially with antibodies 

to p-ERK and total ERK, stripping the membrane of antibody complexes in between. 

 

2.3.4: Experimental constructs, electroporation studies and immunocytochemistry 

ETV1-WRPW was generated based upon a similar construct for Ets1/2 (Mesp-

EtsWRPW) (Davidson et al., 2006). The DNA binding domain of chicken ETV1 (amino 

acids 328-417) was cloned by PCR from stage 4 cDNA and replaced the DNA binding 

domain of Ets1/2 in Mesp-EtsWRPW. The ETV1-WRPW construct was flanked with a 

FLAG tag and subcloned into pBE driven by the chick β-actin promoter (Colas and 

Schoenwolf, 2003). 
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Electroporation was carried out essentially as previously described (Hardy et al., 2008a; 

Hardy et al., 2008b). Briefly, DNA (ETV1-WRPW at 2.5µg/µl plus pBE at 2µg/µl, or 

pBE at 2.5µg/µl) was electroporated into the posterior epiblast of stage 3d embryos 

utilizing the following conditions on an Intracel TSS20 Ovodyne electroporator: three 

400ms pulses at 4V spaced 1s apart. Following electroporation, embryos were allowed to 

develop for 6-7 hours.  

 

Immunocytochemistry followed standard protocols. Fixed electroporated embryos were 

dehydrated through methanol and stored at -20oC overnight. Embryos were quenched in 

0.6% H2O2 in methanol for 15 mins, then rehydrated and blocked in 5% goat serum in 

PBS-T for 1 hour at room temperature. Embryos were incubated in primary antibody 

diluted in block overnight at 4oC, then washed extensively and incubated in secondary 

antibody overnight at 4oC. Following extensive washing, embryos were incubated in 1X 

diaminobenzidine (DAB; Sigma-Aldrich) at RT for 10mins, then in 1X DAB with 0.1% 

H2O2 until distinct brown color was observed (typically 3-5 mins). For 

immunofluorescence, embryos were incubated in primary and AF-conjugated secondary 

antibody following FISH, and were not exposed to DAB. Embryos were imaged and 

processed into Paraplast for sectioning at 8µM.  

 

2.3.5: Microscopy and cell analyses 

Whole-mount embryos were imaged on a Leica MZ16FA stereomicroscope and DFC320 

camera, and FISH/ICC images were also captured on a Zeiss Meta510 confocal 
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microscope with a 10X dry objective. Cross-sections of color-stained embryos were 

analyzed and imaged on a Leica LeitzDMRXE compound microscope with DC500 

camera at 20X magnification. Immunofluorescence images were captured on a Zeiss 

Meta510 confocal microscope with a 25X dry objective. 

 

Cell localization in the epiblast, primitive streak, and mesoderm was analyzed essentially 

as previously described (Hardy et al., 2008a; Hardy et al., 2008b). Positive cells in these 

areas were counted for a region of ~100µM from posterior expression, and results were 

presented as proportions of positive cells. Significant differences were calculated with the 

Student's T-test feature of Microsoft Excel. Cell colocalization experiments were 

performed on images captured by confocal microscopy, and degree of colocalization was 

expressed as a percentage of total positive cells. Standard deviations were calculated in 

Microsoft Excel. 

 

2.4: RESULTS 

 

2.4.1: Multiple signaling pathway genes are expressed in preingression epiblast adjacent 

to the primitive streak. 

In situ hybridization analyses have identified multiple signaling molecules that are 

expressed during gastrula stages in chicken, including FGFs, Wnts, Tgfβs, Ephs and 

Notch (Walshe and Mason, 2000; Caprioli et al., 2002; Chapman et al., 2002; Baker and 

Antin, 2004; Chapman et al., 2004; Lunn et al., 2007; Hardy et al., 2008a). Previous 
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studies in our laboratory have described genes whose expression is localized in the 

preingression epiblast immediately adjacent to the primitive streak of gastrula stage 

embryos. Some of these pathways have been shown to regulate cell migration through the 

primitive streak (Hardy et al., 2008a; Hardy et al., 2008b).   

 

To obtain a broader view of gene expression patterns in the primitive streak, stage 4 

embryos were assayed by in situ hybridization for expression of a candidate group of 

molecules representing ligands and receptors for multiple signaling pathways, plus 

sample transcription factors. Several distinct expression patterns were observed. One set 

of genes, characterized by RAI1 (ribonuclease/angiogenin inhibitor 1) and FGFR2 (Fig. 

3B-C), are expressed throughout the lateral epiblast but not in the preingression epiblast 

adjacent to the primitive streak. A second set of genes characterized by PDGFRα, 

EphA1, Wnt8c, Wnt5b, FGF4, and FGF8 (Fig. 3D- I), show expression in the 

preingression epiblast and primitive streak, but are rapidly downregulated in emerging 

mesoderm cells. A third group of genes, including Notch, Delta, Brachyury (BRA) and 

Snail2 (SNAI2; Fig. 3J-M), are expressed in the preingression epiblast, primitive streak 

and in mesoderm near the streak, while an additional group represented by EphrinB2 

(Fig. 3O) show expression in the primitive streak and broad expression in the mesoderm. 

A final pattern represented by FGFR1 (Fig. 3N) show expression in the lateral and 

preingression epiblast and primitive streak, with downregulation in emerging mesoderm.   
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Figure 3: Gene expression patterns in gastrula stage embryos. All images are cross-sections 
through the primitive streak at stage 4. A: Brightfield image of unlabeled embryo describing a 
model of “morphological zones” across the embryo. B-C: Sections showing expression of 
ribonuclease/angiogenin inhibitor 1 (RAI1; B) and FGFR2 (C) in lateral epiblast, and 
downregulation in preingression epiblast. D-I:  Sections displaying expression of PDGFRα (D), 
EphA1 (E), Wnt8c (F), Wnt5b (G), FGF4 (H), and FGF8 (I) in preingression epiblast and 
primitive steak, and rapid downregulation in emerging mesoderm. J-M: Sections exhibiting 
Notch1 (J), Delta1 (K), Brachyury (BRA; L), and Snail2 (SNAI2; M) mRNA transcripts in 
preingression epiblast, primitive streak and medial mesoderm regions. N: Section showing 
FGFR1 expression in epiblast and primitive streak regions. O: Section displaying ephrinB2 
expression in primitive streak and mesoderm. Abbreviations: EPI, epiblast; MES, mesoderm. 
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These different expression patterns can be described by combinatorial expression in one 

or more of the following “morphological zones”: 1) lateral epiblast; 2) medial epiblast; 3) 

primitive streak; 4) medial mesoderm; and 5) lateral mesoderm. Gene expression within 

each zone may reflect modular regulation of transcriptional regulation. It is noteworthy 

that the FGF ligands and receptors, canonical and non-canonical Wnts, PDGFRα and 

EphA1 are expressed in the preingression epiblast and primitive streak, and are rapidly 

downregulated in emerging mesoderm cells. Published studies have shown that several 

additional FGFs are expressed in the primitive streak, and all four FGF receptors are 

expressed in the epiblast and are downregulated as cells move through the primitive 

streak (Shamim and Mason, 1999; Walshe and Mason, 2000; Karabagli et al., 2002; Lunn 

et al., 2007). These findings suggest that FGF signaling is active specifically in the 

preingression epiblast. 

 

2.4.2: FGF receptor activity is necessary for expression of preingression epiblast genes 

To begin investigating potential regulation of gene expression in the preingression 

epiblast by FGF signaling, stage 3d embryos were incubated with the FGFR inhibitor 

SU5402 for five hours and then assayed by whole-mount in situ hybridization for 

changes in gene expression relative to control embryos treated with DMSO carrier. 

Results showed that expression levels of the receptors Notch1 (Fig. 4A-B), PDGFRα 

(Fig. 4C-D), and EphA1 (Fig. 4E-F) were significantly downregulated by SU5402 

treatment. Expression of several ligands, including Delta1 (Fig. 4G-H), Wnt8c (Fig. 4I-J)  
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Figure 4: FGF receptor inactivation downregulates preingression gene expression. All images 
are paired with DSMO control in the left panel and SU5402 treated in the right panel. A-F: 
Expression of receptors from diverse pathways is affected by FGFR inactivation. Notch1 
(compare A and B), PDGFRα (compare C and D), and EphA1 (compare E and F) transcripts are 
downregulated by SU5402. G-L: Ligands representing distinct signaling pathways require FGFR 
activity for expression. Delta1 (compare G and H), Wnt8c (compare I and J), and Wnt5b 
(compare K and L) expression is downregulated by SU5402. M-P': Select transcription factors are 
regulated by FGFR activity. BRA expression in the primitive streak region (preingression 
epiblast, primitive streak, and mesoderm) is downregulated by SU5402 (compare M and N), 
whereas node and notochord expression is unaffected (arrowheads in M and N). Tbx6 transcripts 
are globally downregulated by SU5402 treatment (compare O and P). SNAI2 expression is 
largely independent of FGFR activity (compare Q and R), with the exception of transcripts in the 
preingression epiblast that are specifically downregulated by SU5402 (compare Q' and R'). 
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and Wnt5b (K-L), were also downregulated by inhibition of signaling through FGFRs. Of 

transcription factors assayed, Tbx6 was globally downregulated by SU5402 treatment  

 (Fig. 4O-P), while expression of BRA was downregulated in the primitive streak (Fig. 

4M-N) but not in Hensen’s node or the notochord (arrowheads in Fig. 4M-N), indicating 

an FGF-independent mechanism of regulation in these tissues. Surprisingly, SNAI2 also 

showed differential response to SU5402 treatment. Whereas in control embryos SNAI2 is 

expressed in the preingression epiblast, primitive streak and medial mesoderm (Fig. 3M), 

following SU5402 treatment SNAI2 expression was abolished only in the preingression 

epiblast (Fig. 4Q-R'). This finding reinforces the notion of modular regulation of gene 

expression, and also suggests a role for SNAI2 function as one downstream effector of 

the FGF signaling in the preingression epiblast. Since SNAI2 is a transcriptional 

repressor, repression of some genes within the preingression epiblast is also likely 

regulated by downstream FGF signaling. Taken together, these results indicate that 

components of several signaling pathways specifically expressed "upstream" of the 

primitive streak in preingression epiblast are dynamically regulated by FGF signaling. 

 

2.4.3: FGF signaling is required for cell migration through the primitive streak 

To determine if FGF signaling regulates morphogenesis as well as gene expression 

during avian gastrulation, stage 3d embryos pretreated with SU5402 or DMSO as a 

control for 2 hours were electroporated with GFP and assayed for positive cell 

localization after a further 6 hours of SU5402 exposure. Electroporation is specifically  
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Figure 5: Inhibition of FGFR function impairs cell migration through the primitive streak. A-C: 
Migration of GFP-positive epiblast cells was analyzed following treatment with DMSO (control) 
or SU5402. DMSO control embryo expressing GFP-positive cells (A) exhibits typical migration 
of cells through the primitive streak (A'-A"). GFP-expressing embryo treated with SU5402 (B) 
displays GFP-positive cells in the epiblast and primitive streak, but not in the mesoderm (B'-B"). 
Bar graph (C) represents the relative proportion of GFP-positive cells in the epiblast, primitive 
streak, and mesoderm regions of DMSO (black; n=7) and SU5402 (grey; n=6) treated embryos, 
and indicates more positive cells in the epiblast and streak, and fewer cells in the mesoderm in 
SU5402-treated embryos. Differences observed are statistically significant as determined with a 
Student's T test. 
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targeted to the epiblast of embryos, so any positive cells observed in the mesoderm 

following a period of development must have traversed the primitive streak in order to  

contribute to the mesoderm layer (Hardy et al., 2008a). Initial whole-mount observations 

indicated that GFP-electroporated embryos treated with SU5402 were developmentally 

delayed compared with DMSO controls. SU5402 embryos typically did not develop 

beyond stage 4-5, whereas DMSO embryos typically developed to stage 6 or 7.  

 

To ascertain if cell movements through the primitive streak differed in SU5402- and 

DMSO-treated embryos, cross-sections were analyzed for the localization of GFP-

positive cells. DMSO controls showed typical migration patterns of cells through the 

primitive streak, with GFP-positive cells in the epiblast, primitive streak, and mesoderm 

layers (Fig. 5A-A"). In contrast, positive cells in SU5402-treated embryos typically 

contributed to the epiblast and primitive streak regions, but were rarely observed in the 

mesoderm layer (Fig. 5B-B"). In SU5402- compared with DMSO- embryos, cell counts 

indicated that significantly more positive cells were retained in the epiblast (71.7% versus 

53.9% respectively; p<0.005) and primitive streak (23.1% versus 17.6%; p<0.05), and 

fewer cells contributed to the mesoderm (5.2% versus 28.5%; p<0.001; Fig. 5C). This 

data indicates that FGF signaling is required for cell movement through the primitive 

streak and contribution to mesoderm. 
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2.4.4: FGF signaling during gastrulation is propagated via a Ras/MAPK pathway 

FGF signaling can activate a number of downstream signaling cascades, including Ras to 

mitogen-activated protein kinase (MAPK; known as Ras/MAPK signaling), 

phospholipase C gamma (PLC-γ) and phosphatydylinositol-3 kinase (PI3K; reviewed in 

Bottcher and Niehrs, 2005). FGF signaling during gastrulation in mouse is unlikely to be 

propagated via Ras/MAPK, as ERK does not appear to be active in primitive streak cells 

(Corson et al., 2003). In chick, however, ERK activity is detected at the primitive streak 

suggesting the possibility that activity is regulated by FGF signaling (Lunn et al., 2007). 

To ascertain if FGF signaling regulates the phosphorylation (and hence activity) of ERK, 

the preingression epiblast and primitive streak regions of embryos treated with SU5402 

were microdissected into a cell lysis buffer, and then the phosphorylation state of ERK1/2 

in these regions was determined by western blot analysis. Compared with control 

embryos treated only with DMSO carrier, SU5402 treatment completely abolished 

phosphorylation of ERK (Fig. 6A,B), despite control and treated regions displaying 

similar levels of total ERK. 

  

U0126 is a widely utilized inhibitor of ERK activity, acting by blocking the activation of 

MEK (a direct activator of ERK). To determine of ERK activity is specifically impaired 

by inhibition of MEK activity, embryos were treated with U0126 or DMSO, and 

preingression epiblast and streak regions were microdissected and biochemically 

analyzed as before. Phosphorylation of ERK was significantly reduced compared with 

control (Fig. 6C). These results indicate that FGF signaling is propagated through  
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Figure 6: ERK activity in the preingression epiblast and primitive streak is regulated by FGF 
signaling. A: Drawing of stage 4 embryo with endoderm and mesoderm removed. Red box 
indicates the preingression epiblast and primitive streak regions collected for western blot 
analysis. B-C: Western blots comparing the phosphorylation of ERK1/2 in DMSO (control) and 
SU5402-treated embryos (B; n=12 in each), or in DMSO (control) and U0126-treated embryos 
(C; n=12 in each). For both, total ERK is shown as a loading control. 
 

 

 

 

 

 

 



 
 

60 

Ras/MAPK pathway during avian gastrulation, though propagation through other 

pathways is also possible. 

 

2.4.5: FGF responsive genes require MAPK activity for expression 

To determine if ERK activity is required for gene expression in the preingression 

epiblast, embryos were treated with the MEK inhibitor U0126 and embryos assayed for 

expression of candidate genes expressed in the preingression epiblast, as above.  

Consistent with results obtained using SU5402, expression of the signaling pathway 

receptors Notch1, PDGFRα, and EphA1 were essentially abolished by U0126 treatment 

(Fig. 7A-F). Similarly, signaling pathway ligands Delta1 and Wnt8c were downregulated 

by inhibition of ERK activity (Fig. 7G-J). Expression of Brachyury was also 

downregulated by ERK inhibition (Fig. 7K-L). In contrast, although Tbx6 was 

downregulated by SU5402, its expression was not affected by U0126 (Fig. 7M-N), 

indicating that a downstream cascade distinct from Ras/MAPK may regulate the 

expression of some FGF-dependent genes. As with results obtained with SU5402, U0126 

abolished SNAI2 expression only in the preingression epiblast, while expression in the 

primitive streak and mesoderm was unaffected (Fig. 7O-P'). Together, these data indicate 

that most, but not all, FGF-responsive genes are regulated via a Ras/MAPK pathway 

through ERK. 

 

 

 



 
 

61 

 

Figure 7: Many FGF-regulated genes require ERK activity for expression. Images are paired with 
DSMO control in the left panel and U0126 treated in the right panel. A-J: Expression of FGF-
regulated receptors and ligands is downregulated by inhibition of ERK activity. Notch1 (compare 
A and B), PDGFRα (compare C and D), EphA1 (compare E and F), Delta1 (compare G and H) 
and Wnt8c (compare I and J) transcripts are downregulated by blocking ERK phosphorylation. K-
P': Select transcription factors were assayed for dependence upon ERK activity. BRA transcripts 
were downregulated by U0126 treatment (compare K and L), whereas Tbx6 transcripts were 
unaffected (compare M and N). SNAI2 expression was affected only in the preingression epiblast 
region (compare O' and P') and not in other regions of expression (compare O and P). 
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2.4.6: Brachyury expression is downregulated by repression of ETV1 function 

To more carefully dissect the mechanisms responsible for the regulation of gene 

expression in the preingression epiblast, we looked for candidate transcription factors 

expressed in the preingression epiblast that might act downstream of FGF signaling. One 

family of transcription factors expressed during gastrula stages of chicken embryos are 

Ets factors, some of which have been described to function downstream of FGF-

Ras/MAPK during development (Kawachi et al., 2003; Brent and Tabin, 2004). Members 

of the Pea3 group of Ets factors are expressed in the epiblast of gastrula stage embryos. 

In particular, ETV1 (also known as ER81) is specifically expressed in preingression 

epiblast and primitive streak cells from stage 3 through at least stage 8 when the primitive 

streak has undergone significant retraction (Lunn et al., 2007). To address if ETV1 

functions to regulate gene expression during gastrulation, we assessed the ability of a 

dominant repressor version of chick ETV1 to downregulate BRA expression. A chimeric 

construct consisting of the ETV1 DNA binding domain and a WRPW repressor sequence 

was generated based upon a similar construct described for Ets1/2 (Davidson et al., 

2006). The resulting ETV1-WRPW expression construct, or GFP as a control, was 

electroporated into the posterior epiblast of stage 3d embryos. Following 6-7 hours of 

incubation, embryos were fixed and processed for dual immunocytochemistry and 

fluorescence in situ hybridization (FISH) to compare patterns of GFP/ETV1-WRPW 

(FLAG) and BRA mRNA localization. Whole-mount examination indicated that embryos 

were similarly electroporated and expressed similar levels of BRA in Hensen's node (Fig. 

8A-B,E-F; open arrows in B and D). However, in the primitive streak region, embryos  
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Figure 8: Repression of ETV1 function downregulates BRA expression. A-H': BRA expression 
was analyzed by fluorescence in situ hybridization (FISH) following electroporation of GFP or 
ETV1-WRPW (a repressor version of ETV1). Control embryo in whole mount showing GFP (A) 
and BRA (B) expression patterns, or colocalization of GFP and BRA (C). Arrowheads in B and F 
indicate similar expression in the node. Cross-section shows typical colocalization of GFP and 
BRA (arrowheads in D and D' and magnified inset), with a few GFP-positive cells devoid of 
BRA expression (arrow in D and D'). ETV1-WRPW experimental embryo showing GFP (E) and 
BRA (F) expression patterns, or both ETV1-WRPW (FLAG) and BRA (G). Experimental 
embryo displays regions devoid of BRA expression (F-G). In cross-section, most FLAG-positive 
cells lack BRA expression (arrowheads in H and H', and magnified inset). Bar graph in I 
represents the degree of colocalization, and indicates that most GFP-positive cells colocalize with 
BRA (88±2.1%), while most ETV1-WRPW cells do not (12.5±21.3%). Bar graph in J represent 
the proportion of positive cells in the epiblast, primitive streak and mesoderm, and shows that 
ETV1-WRPW does not impact cell migration through the streak. 
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electroporated with ETV1-WRPW exhibited distinct regions of BRA downregulation that 

was highly correlated with areas of electroporated cells (Fig. 8B-C;F-G). When embryos 

were analyzed in cross-section (Fig. 8D',H'), GFP-expressing cells were generally 

coincident with BRA expression (88±2.1%; Fig. 8I), while ETV1WRPW-expressing cells 

rarely colocalized with BRA expression (12.5±1.3%; Fig. 8I).  

 

To determine if ETV1 transcriptional activity is required for cell movement through the 

primitive streak, the localization of positive cells in epiblast, primitive streak, and 

mesoderm regions of ETV1WRPW-expressing embryos was compared with GFP 

controls. Analysis indicated no difference between ETV1WRPW-positive and GFP-

positive cells in the epiblast, streak or mesoderm (Fig. 8J), suggesting that transcriptional 

activation by ETV1 is dispensible for cell migration through the primitive streak and 

contribution to the mesoderm layer. Together these results indicate that ETV1 can 

regulate the transcription of BRA during gastrulation, but not the migration of cells 

through the primitive streak. 

 

2.5: DISCUSSION 

 

FGF signaling has important functions in several aspects of early vertebrate development, 

including primitive streak formation, mesoderm and neural patterning, and later 

development of most organ systems (Stern, 2004; Bottcher and Niehrs, 2005; Thisse and 

Thisse, 2005).  Here we identify a role for FGF signaling during amniote gastrulation 
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through the regulation of gene expression in the preingression epiblast and primitive 

streak.  Several distinct patterns of gene expression are observed within cell layers in and 

near the primitive streak, with one group of genes upregulated specifically in the 

preingression epiblast and then downregulated as cells move through the primitive streak.  

Cells transit from preingression epiblast to mesoderm in less than one hour, and so 

transcriptional regulation of these genes is highly dynamic. Genes expressed in the 

preingression epiblast include canonical and non-canonical Wnt, Notch, and FGF 

pathway members, plus the transcription factors Brachyury, Tbx6 and Snail2. We find 

that most of these genes, including Wnt and Notch pathway members, are regulated 

through an FGF-Ras/MAPK pathway, and at least one requires Ets transcription factors 

for expression. FGF signaling therefore appears to lie upstream of Wnt and Notch 

signaling during gastrulation.  Finally, we show that FGF signaling is required for cell 

migration from epiblast through the primitive streak to mesoderm. We hypothesize that 

this migration phenotype is linked to the FGF-dependent transcriptional regulation of 

multiple signaling pathways important in maintaining the precise balance of cell 

migration signals. 

 

2.5.1: Intracellular signaling downstream of the FGF receptor-ligand interaction 

The role of FGF signaling in regulating gastrulation has been most carefully elucidated in 

frog where studies initially showed the ability of FGF ligands to induce mesoderm genes 

in animal cap assays and the requirement for FGFR activity in the formation of 

mesoderm (Kimelman and Kirschner, 1987; Slack et al., 1987; Amaya et al., 1991; 
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Amaya et al., 1993). Although these earlier studies focused on mesoderm gene induction, 

it is now clear that multiple signaling cascades downstream of the receptor-ligand 

interaction regulate both mesoderm induction and some cell movements during 

gastrulation, including convergent extension. The Sprouty and Spred intracellular FGF 

antagonists differentially regulate signaling downstream of the FGF receptor-ligand 

interaction: Sproutys antagonize PLCγ signaling to regulate convergent extension, while 

Spreds regulate the Ras/MAPK pathway to modulate mesoderm gene expression (Nutt et 

al., 2001; Sivak et al., 2005). In chicken, Spred2 and Sprouty2 are expressed in 

preingression epiblast and primitive streak cells, and expression of both genes is 

dependent upon FGF-Ras/MAPK signaling (Chambers and Mason, 2000; K.M.H and 

P.B.A, unpublished). Of the preingression epiblast genes herein described to be regulated 

by FGF signaling, most but not all genes require ERK activity. Surprisingly, we observed 

that Tbx6 expression is independent of ERK activity, suggesting that some genes may be 

regulated via an alternate downstream pathway. Whether PLCγ, PI3K, or other 

downstream signaling pathways regulate morphogenesis and/or gene expression during 

avian gastrulation will require additional studies. 

 

2.5.2: FGF signaling during mammalian gastrulation 

FGF signaling is required for aspects of cell migration both during gastrulation and 

following emergence of mesoderm from the primitive streak. In mice lacking a functional 

FGFR1 gene, the primitive streak forms but EMT is impaired by the absence of Snail 

expression and the persistence of E-cadherin. Embryos lacking FGF8 (which also fail to 
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express FGF4 in the primitive streak) show normal EMT within the primitive streak, 

however mesodermal cells fail to migrate away from the midline (Sun et al., 1999). As 

FGF4 is required for postimplantation development before gastrulation (Feldman et al., 

1995), it is not clear if FGF8 and/or FGF4 are required for cell migration out of the 

primitive streak. It is possible that both ligands regulate the migration of mesoderm cells, 

because in chicken the lateral migration of mesoderm cells is directed towards a source of 

FGF4 but away from FGF8 (Yang et al., 2002). How cells achieve this directional 

migration is unclear, as mesoderm cells do not appear to maintain FGF receptor 

expression (Lunn et al., 2007).  

 

When FGFR activity is blocked, we observe a reduced capacity of electroporated epiblast 

cells to migrate from the epiblast through the primitive streak and failure to contribute to 

mesoderm. Results obtained following SU5402 treatment of chicken embryos appear 

distinct from the phenotype observed in FGFR1 knockout mice, because in our 

experiments Snail expression is maintained within the primitive streak and cells in the 

streak exhibit a mesenchymal morphology. SU5402 inhibits the activity of all FGF 

receptors, and inhibition was initiated pharmacologically after the primitive streak had 

formed (and so presumably after initial activation of FGF signaling). In contrast, FGFR1 

mutant mice lack FGFR1 protein from the onset of zygotic transcription. It is possible 

that these strategic differences account for the discrepancy in the observed primitive 

streak regulation of Snail between amniote species. In mouse, one possibility is that FGF 

signaling initially activates Snail expression that is subsequently maintained via an FGF-



 
 

68 

independent mechanism in primitive streak cells. However, this is not likely as Snail 

expression is apparent during early primitive streak stages in FGFR1 mutant mouse 

embryos, but is then essentially lost by mid-to-late gastrulation (Ciruna and Rossant, 

2001).   

 

A potentially important aspect of Snail gene regulation revealed by our studies is that 

Snail2 expression is maintained in the primitive streak and medial mesoderm following 

SU5402 treatment, but is downregulated in the preingression epiblast. This finding 

reinforces the concept differential regulation of gene expression in the various expression 

“zones” in cell layers near the primitive streak, and also points to a novel function for 

Snail2 within the preingression epiblast.  Our studies show that FGF signaling is required 

for activation of numerous genes within the preingression region, including Snail2, which 

as a transcriptional repressor is likely to downregulate numerous genes within this region. 

Since preingression cells arise from more lateral epiblast, one possibility is that Snail2 

represses transcription of genes as lateral epiblast cells approach the primitive streak. 

Alternatively, Snail2 expression might function to repress genes that show onset of 

expression within the primitive streak but that would be deleterious if expressed 

precociously in the preingression epiblast.  These possibilities are not mutually exclusive.  

While additional studies will be required to identify the underlying biological 

significance, FGF signaling in the preingression epiblast both activates and represses 

gene expression.  
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2.5.3: Multiple signaling molecules are regulated by the FGF-Ras/MAPK pathway 

While FGF signaling has been well documented to regulate the expression of mesoderm 

genes during vertebrate gastrulation (Bottcher and Niehrs, 2005; Thisse and Thisse, 

2005), we describe a requirement for FGFR activity in the regulation of multiple genes 

representing diverse signaling pathways, including the canonical and non canonical Wnt, 

Notch-Delta, and FGF signaling pathways: components of which are normally expressed 

in preingression epiblast and primitive streak, and are downregulated in emerging 

mesoderm cells during gastrula stages (Fig. 3). Expression of many of these genes is 

maintained in this pattern at the avian primitive streak through later stages as the 

primitive streak retracts towards the posterior of the embryo (Kispert et al., 1995; Ehrman 

and Yutzey, 2001; Caprioli et al., 2002; Baker and Antin, 2004; Hardy et al., 2008a). This 

suggests that, as well as controlling gene expression in mesoderm, FGF signaling 

regulates a set of genes whose functions are likely distinct from mesoderm patterning.  

Although it remains unclear how many of these pathways function in the regulation of 

avian gastrulation, distinct roles in regulating cell movements through the avian primitive 

streak have been described for non-canonical Wnt and Eph-ephrin signaling pathways 

mediated at least in part by molecules regulated by FGF-Ras/MAPK signaling (Hardy et 

al., 2008a; Hardy et al., 2008b). Multiple signaling pathways, regulated by FGF 

signaling, may cooperatively function to precisely modulate the balance of cell migration 

signals.  
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In Xenopus, PDGFA/PDGFRα signaling is required for the directional migration of 

mesoderm cells (Nagel et al., 2004), but a function in amniote gastrulation has not been 

described. Notch signaling during early development in Sea Urchin, C. elegans, and 

Xenopus regulates specification of mesoderm versus endoderm (Sherwood and McClay, 

1999; Sherwood and McClay, 2001; Good et al., 2004; Contakos et al., 2005). This may 

not be conserved in amniotes, as no Notch pathway mutant mouse displays a gastrulation 

defect (Shi and Stanley, 2006) and a role for Notch-Delta during avian gastrulation has 

not been described. However, Notch signaling is important in cell fate decisions and cell 

migration in later embryonic processes, including somitogenesis, neurogenesis, 

cardiogenesis, and vasculogenesis (Bolos et al., 2007). Canonical Wnt signaling is 

required for paraxial mesoderm formation in mice (Takada et al., 1994; Yoshikawa et al., 

1997). The absence of Wnt3a in mutant embryos does not affect cell ingression into the 

primitive streak, but cells fail to migrate away from the streak, instead forming an ectopic 

neural tube-like structure at the expense of mesodermal derivatives. In chick, canonical 

Wnt signaling regulates primitive streak formation (Skromne and Stern, 2001; Chuai et 

al., 2006), but a role at subsequent gastrula stages has not been specifically addressed. 

We hypothesize that together these signaling pathways cooperate to precisely regulate 

cell morphogenesis through the primitive streak during avian gastrulation, and that FGF 

signaling lies at the top of this hierarchy of biological function.  
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2.5.4: Ets factors during gastrulation 

Ets transcription factors are direct targets of the MAPK pathway, and their activity can be 

regulated by phosphorylation and by interactions with transcriptional co-factors 

(Sharrocks, 2001; de Launoit et al., 2006). Multiple members of the PEA3 family of Ets 

factors are expressed during gastrula stages in chicken (Lunn et al., 2007). Of particular 

interest, ETV1 (also known as ER81) is specifically expressed in preingression epiblast 

and primitive streak cells, and is maintained at the primitive streak through its retraction. 

Our results suggest that ETV1 may regulate BRA expression during avian gastrulation, as 

a repressor version of ETV1 downregulates BRA expression (Fig. 8) and bioinformatics 

analysis indicates that the chicken BRA promoter contains putative Ets binding sites. 

This is consistent with amphibians, where Ets2 functions downstream of FGF-

Ras/MAPK during Xenopus gastrulation to regulate expression of Xbra and subsequent 

mesoderm patterning (Kawachi et al., 2003). Computer analysis of promoter sequences 

suggests that other FGF-dependent genes may also be regulated by Ets transcriptional 

activation (P.B.A., unpublished). Based upon expression patterns, it is likely that ETV1 

specifically functions downstream of FGF-Ras/MAPK during avian gastrulation to 

regulate preingression gene expression. However, as there is 95% amino acid 

conservation between PEA3 Ets factor DNA binding domains, it is likely that our ETV1 

repressor construct inhibits the activity of all family members. While Ets activity is 

probably required for at least BRA expression during avian gastrulation, it is unlikely that 

transcription is solely regulated by Ets factors, as these molecules usually function with 

transcriptional co-factors (Verger and Duterque-Coquillaud, 2002) and studies in other 
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species have shown that canonical Wnt signaling also regulates Brachyury expression 

(Yamaguchi et al., 1999b; Arnold et al., 2000; Vonica and Gumbiner, 2002). Careful 

promoter analysis is required to dissect the exact role of ETV1 in regulating 

preingression epiblast gene expression. 

 

In summary, we have identified a novel function for FGF sigaling in the preingression 

epiblast of chicken embryos.  FGF signaling in this region lies at the top of a hierarchy of 

gene activation and repression, regulating key aspects of gastrulation that include cell 

migration and morphogenesis, and activation of expression within the mesoderm.  
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CHAPTER THREE: FUNCTION OF NON-CANONICAL WNT SIGNALING 
DURING AVIAN GASTRULATION 

 
 

[Published in Developmental Biology as: 
Hardy KM, Garriock RJ, Yatskievych TA, D'Agostino SL, Antin PB, and Krieg PA (2008). Non-
canonical Wnt signaling through Wnt5a/b and a novel Wnt11 gene, Wnt11b, regulates cell 
migration during avian gastrulation.] 
 

3.1: ABSTRACT 
  

 
Knowledge of the molecular mechanisms regulating cell ingression, epithelial-

mesenchymal transition and migration movements during amniote gastrulation is steadily 

improving.  In the frog and fish embryo, Wnt5 and Wnt11 ligands are expressed around 

the blastopore and play an important role in regulating cell movements associated with 

gastrulation.  In the chicken embryo, although Wnt5a and Wnt5b are expressed in the 

primitive streak, the known Wnt11 gene is expressed in paraxial and intermediate 

mesoderm, and in differentiated myocardial cells, but not in the streak. Here, we identify 

a previously uncharacterized chicken Wnt11 gene, Wnt11b, that is orthologous to the 

frog Wnt11 and zebrafish Wnt11 (silberblick) genes.  Chicken Wnt11b is expressed in 

the primitive streak in a pattern similar to chicken Wnt5a and Wnt5b.  When non-

canonical Wnt signaling is blocked using a Dishevelled dominant negative protein, 

gastrulation movements are inhibited and cells accumulate in the primitive streak.  

Furthermore, disruption of non-canonical Wnt signaling by overexpression of full-length 

or dominant-negative Wnt11b or Wnt5a constructions abrogates normal cell migration 

through the primitive streak.  We conclude that non-canonical Wnt signaling, mediated in 

part by Wnt11b, is important for regulation of gastrulation cell movements in the avian 

embryo. 
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3.2: INTRODUCTION 

 

Gastrulation is a key event in early embryonic development during which the three 

primary germ layers are formed and the body plan is established.  In amniotes, epiblast 

cells ingress at a midline structure known as the primitive streak, undergoing an 

epithelial-mesenchymal transition (EMT) and migrating ventrally and laterally to form 

the endoderm and mesoderm (Lawson and Schoenwolf, 2003; Stern, 2004).  Cells 

remaining in the epiblast become the ectoderm and central nervous system. Simultaneous 

with ingression movements, intercalation and convergent extension movements in the 

epiblast reshape the embryo along the anterior-posterior, dorsal-ventral and medial-lateral 

axes (Lawson and Schoenwolf, 2001a; Chuai et al., 2006; Voiculescu et al., 2007).   

 

Cell fate and specification maps, plus experimental analyses have provided an 

increasingly detailed understanding of the morphogenetic movements and inductive 

events underlying formation of the avian primitive streak (Rosenquist, 1966; Schoenwolf 

et al., 1992; Hatada and Stern, 1994; Skromne and Stern, 2001; Lawson and Schoenwolf, 

2003; Stern, 2004).  Recently, it has been shown that primitive streak formation results 

from combined convergent extension and intercalation movements within the epiblast, 

and that these activities require non-canonical Wnt signaling through the planar-cell-

polarity (PCP) pathway (Voiculescu et al., 2007). Canonical Wnt signaling through Wnt3 

and Wnt8c also plays prominent roles in primitive streak induction in birds and 

mammals, lying downstream of the FGF and Vg1 signaling pathways (Liu et al., 1999; 
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Ciruna and Rossant, 2001; Skromne and Stern, 2001). A limited number of genetic 

studies have identified molecules important in mammalian streak morphogenesis, 

including FGF8 (Sun et al., 1999), FGFR1(Ciruna and Rossant, 2001), RhoA (Fuse et al., 

2004) and Shp2 (Saxton and Pawson, 1999).  

 

In contrast to amniotes in which cells ingress and individually undergo a true EMT, germ 

layer formation in amphibians involves the involution of a contiguous sheet of cells 

through the blastopore (Keller et al., 2000). In Xenopus, Wnt signaling via the non-

canonical/PCP pathway plays an important role in regulating amphibian gastrulation, as 

inhibition of Dishevelled-mediated non-canonical Wnt function disrupts convergent 

extension cell movements (Sokol, 1996; Rothbacher et al., 2000; Wallingford et al., 

2000; Wallingford and Harland, 2001). The non-canonical Wnt11 and Wnt5a ligands are 

expressed around the blastopore lip during gastrulation in Xenopus (Ku and Melton, 

1993; Moon et al., 1993; Tada and Smith, 2000), and their roles in regulating convergent 

extension movements in both frog and fish have been well documented. For example, in 

Xenopus inhibition of Wnt11 function with a dominant negative construction impairs 

convergent extension in intact embryos and in activin-induced animal cap assays (Tada 

and Smith, 2000). Similarly, the zebrafish silberblick (slb) mutant, which lacks Wnt11 

activity, fails to undergo correct convergent extension movements (Heisenberg et al., 

2000). A second zebrafish mutant known as pipetail (ppt; mapping to Wnt5) shows 

defective elongation and convergent extension cell movements at the posterior of the 

embryo (Rauch et al., 1997; Kilian et al., 2003). The slb/ppt (Wnt11/Wnt5) double 
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mutant exhibits a more severe convergent extension defect than either single mutant 

alone, and overexpression of either Wnt11 or Wnt5a in Xenopus causes similar 

convergent extension defects (Moon et al., 1993; Du et al., 1995; Djiane et al., 2000; 

Kilian et al., 2003).  These results indicate that normal cell migration during frog and fish 

gastrulation requires careful regulation of Wnt11 and Wnt5a activity levels.  

 

In avian embryos, relatively little information is available regarding the regulation of cell 

ingression, EMT and migration movements during gastulation.  By the time the primitive 

streak has fully elongated the majority of endodermal cells have already ingressed and so 

it is largely formation of the mesoderm that is determined during later stages of 

gastrulation (Hatada and Stern, 1994; Lawson and Schoenwolf, 2003; Kimura et al., 

2006). Although non-canonical Wnt signaling has recently been implicated in regulating 

the cell intercalation event that promotes initial formation of the primitive streak 

(Voiculescu et al., 2007), Wnt signaling has not been linked to cell ingression and 

migration movements associated with mesoderm formation. 

 

In this study, we identify a novel chicken Wnt11 gene (Wnt11b), which unlike the 

originally described chicken Wnt11 gene, is expressed within and surrounding the 

primitive streak.  This pattern is similar to that of the chicken Wnt5a and Wnt5b genes. 

Based upon primary sequence conservation, synteny and temporospatial expression, 

Wnt11b is the ortholog of the Wnt11 gene in frogs and fish.  To address the functional 

roles of Wnt11b- and Wnt5-signaling in regulating cell migration during avian 
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gastrulation, we have carried out a series of loss and gain of function experiments.  

Inhibition of non-canonical Wnt signaling in general, and inhibition or overexpression of 

Wnt5a and Wnt11b specifically, results in disruption of normal cell migration from the 

primitive streak to the mesoderm. This study is the first to describe an essential 

requirement for non-canonical Wnt signaling in cell migration during gastrulation in 

amniotes, consistent with its known function in frog and fish. 

 

3.3: MATERIALS AND METHODS 

 

3.3.1: Identification of chicken Wnt11b and genomic analysis 

Chicken Wnt11b was identified by searching the chicken genome for sequences similar 

to Xenopus laevis Wnt11 (Accession number NM_001090858).  The entire coding region 

of chicken Wnt11b was PCR-amplified using Pfu polymerase (Stratagene, La Jolla, CA), 

cloned into the EcoRV site of pBS SK+ and the nucleotide sequence determined 

(Accession number EU693243). Gene synteny was determined using Ensembl 

(www.ensembl.org). The evolutionary tree was produced using MacVector software by a 

comparison of peptide sequence, excluding the highly variable signal sequence. 

 

3.3.2: In situ hybridization 

Fertile chicken eggs (Gallus gallus) were obtained from Hy-Line International (Spencer, 

IA), and fertile quail eggs were obtained from Strickland Game Bird Farm Inc (Pooler, 

GA). Eggs were incubated in a humid chamber at 38oC until embryos reached desired 
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stages in the Hamburger and Hamilton (HH) staging series (Hamburger and Hamilton, 

1951). In situ hybridizations were carried out essentially according to Nieto et al, but with 

minor modifications (Nieto et al., 1996; Antin et al., 2002). Antisense digoxigenin-

labeled probe was generated for Wnt11b by linearization with XhoI and transcription 

with T3 RNA polymerase (Roche). Wnt5a (Accession# AB006014) and Wnt5b 

(Accession# AY753289) templates were prepared by linearizing with EcoRI and 

transcribing with T3 polymerase. The Wnt11 probe was derived from a clone in the 

GEISHA database that encompasses the entire open reading frame (Bell et al., 2004), and 

was generated by linearizing with XbaI and transcribing with SP6 polymerase.  The 

brachyury (Accession# NM_204940) template was prepared by linearizing with HindIII 

and transcribing with T3 polymerase. For cross-sections, embryos were dehydrated in a 

graded methanol series, embedded in Paraplast and serial sectioned at 10µm.    

 

3.3.3: Experimental constructions 

The dominant negative Dishevelled construction XdshΔPDZ (originally described as 

deletion D2 in Rothbacher et al., 2000) lacks the PDZ domain (Wallingford et al., 2000). 

XdshΔPDZ was PCR amplified to carry a C-terminal FLAG tag and was ligated in place 

of GFP in the chicken pBE expression vector (Colas and Schoenwolf, 2003). All other 

constructions were PCR amplified from HH4 chicken cDNA and cloned in place of GFP 

in the pBE expression vector. Dominant negative Wnt11b and Wnt5a constructions were 

prepared by removal of the C-terminal region of the protein analogous to that described 

for XWnt11 (Tada and Smith, 2000). Briefly, fragments were PCR amplified with 
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primers designed to truncate the Wnt11b or Wnt5a DNA sequence following nucleotides 

corresponding to the peptide SPDYC (Hoppler et al., 1996), such that dominant negative 

Wnt11b (dnWnt11b) retained amino acids 1-280 and dominant negative Wnt5a 

(dnWnt5a) contained amino acids 1-314. Full-length Wnt11b and Wnt5a constructions 

(wtWnt11b and wtWnt5a respectively) comprised the entire coding regions. All 

constructions were flanked with a C-terminal FLAG tag upstream of the Stop codon, 

except wtWnt5a that carried a C-terminal myc-tag.  An activated version of human b-

catenin, DN-b-catenin, lacking the N-terminal GSK-3b destabilization domain (Tetsu and 

McCormick, 1999) was subcloned into pBE. GFP control experiments utilized the 

unmanipulated pBE vector and RFP expression was from the pCAGGSRFP vector (Das 

et al., 2006).  

 

3.3.4: Embryo culture and electroporation 

Electroporation was carried out using a variation of the method described by Colas and 

Schoenwolf (2003).  Quail eggs were incubated at 38oC in a humid environment until 

HH3d-4. Embryos were removed from the egg and cultured in modified New culture on 

egg agar plates (New, 1955). Embryos were transferred to a wetted modified agar plate 

containing a suspended tungsten electrode of 0.008" diameter such that the primitive 

streak was aligned over the electrode. New culture rings were one-quarter filled with 

PBS, and DNA (pBE at 2µg/µl plus or minus tagged constructions at 3µg/µl final 

concentration) plus 0.01% fast green dye (Sigma-Aldrich Corp., St Louis, MO) was 

injected under the dorsal side of the embryo (between the epiblast and vitelline 
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membrane). An upper electrode of silver (0.02" diameter) was hand held above the 

midline of the embryo and partially submerged in the PBS for the period of 

electroporation.  Electroporations utilized the following conditions: three 400ms pulses of 

4 volts spaced 1s apart, on an Intracel TSS20 Ovodyne electroporator.  Following 

electroporation, PBS was removed and embryos were placed on egg agar plates, then 

incubated at 37oC in a cell culture incubator for 7-8 hours. Embryos were removed from 

the vitelline membrane, then fixed overnight in 4% paraformaldehyde (PFA) in PBS at 

4oC. PFA was replaced with PBS, and brightfield and GFP fluorescence images were 

taken on a Leica MZ16FA stereomicroscope and DFC320 camera.  

 

3.3.5: Immunohistochemistry 

Electroporated embryos were processed by dehydration through a graded methanol series 

in PBS, then stored overnight at -20oC. Endogenous peroxidases were quenched in 0.3% 

hydrogen peroxide (H2O2) in methanol for 15 minutes, then rehydrated through graded 

methanol. Embryos were blocked in 5% normal goat serum in PBS plus 0.1% Triton X-

100 (PBT) for 30-60 minutes, then incubated overnight at 4 oC in a rabbit anti-GFP 

antibody (gift of WD Stamer, University of Arizona) diluted in blocking solution at 

1:500. Embryos were washed at room temperature (RT) for 5 x 1 hour in PBT, then 

incubated overnight at 4 oC in donkey anti-rabbit-HRP (Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA) diluted in blocking solution at 1:500. Following 5 x 

1 hour RT washes, and one overnight wash at 4 oC in PBT, embryos were incubated at 

RT in the dark for 10 mins in 1X diaminobenzidine (DAB), then in 1X DAB with 0.1% 
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H2O2 until distinct brown color was observed (typically 3-5 mins). The expression of 

recombinant proteins was verified with rabbit anti-myc or anti-FLAG antibodies (Cell 

Signaling Technology, Inc., Danvers, MA), followed by donkey anti-rabbit-HRP 

secondary antibody and DAB reactivity. Because antibodies to the myc and FLAG tags 

gave more background than the GFP antibodies, all analyzed embryos were stained for 

GFP to ensure consistency in positive cell analyses. Labeled embryos were photographed 

in whole-mount, then dehydrated in methanol and embedded in paraplast. Embryos were 

sectioned at 10µM, cleared in Histoclear (National Diagnostics USA, Atlanta, GA) and 

mounted with Cytoseal-XYL (Richard-Allan Scientific, Kalamazoo, MI). 

 

3.3.6: Cell analyses 

Embryo sections were analyzed and photographed on a Leica LeitzDMRXE compound 

microscope with DC500 camera at 40X magnification. Briefly, analyses started at the 

posterior-most region of the primitive streak with observed positive cell staining, then 

positive cell localization was tabulated for a region of 60-100µm in an anterior direction. 

Cells were counted in epiblast, primitive streak, and mesoderm. Epiblast was defined as 

the epithelial epiblast layer to the area opaca plus dorsal-most streak cells in contact with 

epithelium. Primitive streak was considered to exclude the dorsal-most cells in contact 

with epithelium and extended lateral to the edge of the ingression zone.  Mesoderm was 

defined as cells outside of the ingression zone extending to the border with the area 

opaca. Raw numbers in each region were counted for each embryo and expressed as a 

percentage of total positive cells. The mean and standard error was calculated for each 
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group within experiments, then any difference compared with the student’s T-test 

assuming unequal variances feature of Microsoft Excel. Calculated significance levels are 

reported in individual figures. 

 

3.4: RESULTS 

 

3.4.1: Identification of Wnt11b, a second chicken Wnt11 gene.  

In gastrulating frog and fish embryos, Wnt11 is expressed at high levels in marginal zone 

cells prior to involution (Ku and Melton, 1993; Makita et al., 1998; Matsui et al., 2005).  

In contrast, the mouse and avian Wnt11 genes are expressed generally throughout the 

pregastrula embryo, and later in paraxial mesoderm and somites (Christiansen et al., 

1995; Kispert et al., 1996; Eisenberg et al., 1997; Skromne and Stern, 2001).  By 

searching the chicken genomic sequence, we identified a second Wnt11 sequence 

(Wnt11b) that is distinct from the previously described chicken Wnt11 gene. The chicken 

Wnt11b coding region is 1056 nucleotides long and encodes a 351 amino acid preprotein 

with a calculated MW of 38kDa.  Chicken Wnt11 and Wnt11b are 60% identical in 

amino acid sequence, excluding the highly variable signal sequence (Fig. 9A).  

Phylogenetic analysis of Wnt11 proteins from chicken, frog and fish where two Wnt11 

genes exist reveals a tree with two distinct branches (Fig. 9B).  The main branch, which 

includes human and mouse Wnt11, groups chicken Wnt11 with frog Wnt11-R and 

zebrafish Wnt11-r.  The other branch groups the novel chicken Wnt11b gene with frog 

and zebrafish Wnt11, indicating that chicken Wnt11b is closely related to frog and fish  
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Figure 9: A second chicken Wnt11 sequence, Wnt11b, is closely related to frog and fish Wnt11.  
A: Alignment of the protein sequences of chicken Wnt11 and Wnt11b.  Identical residues are 
blocked.  Excluding the signal sequence the proteins are 60% identical.  GenBank Accession 
number of chicken Wnt11b is EU693243.   B: Phylogenetic analysis of Wnt11 proteins describes 
the relationships between Wnt11, Wnt11b and Wnt11-R proteins across species. Tree branch 
lengths are proportional to the evolutionary distance measured by amino acid changes per residue. 
C:  Synteny map shows conservation of chromosome regions surrounding the frog Wnt11 and 
chicken Wnt11b.  The equivalent region of the human genome lacks a Wnt11 gene. Orthologous 
genes share the same symbol.  The chromosomal segment shown to the right of Wnt11 is inverted 
in the Xenopus genome, as indicated by the arrow. 
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Wnt11. Comparison of the equivalent regions of the human, chicken and frog genomes 

shows that chicken Wnt11b is syntenic with Xenopus tropicalis Wnt11 and confirms that 

the genes are orthologs (Fig. 9C).  In contrast, no Wnt11 gene is present at this location in 

the human genome despite strong conservation of synteny for adjacent genes.  Since 

onlya single Wnt11 gene is present in all mammalian genomes examined, we conclude 

that Wnt11b was probably lost from the mammalian lineage sometime after divergence 

from birds (Hedges and Kumar, 2002).  

 

3.4.2: Wnt11b is expressed at the primitive streak during early development. 

Expression of chicken Wnt11b was examined by in situ hybridization during early stages 

of chicken embryo development. Wnt11b transcripts were first detected weakly in the 

forming primitive streak at Hamburger and Hamilton stage 2 (HH2) (Fig. 10A), and were 

maintained during subsequent streak elongation (HH3; Fig. 10B). At HH 4-5, Wnt11b 

was strongly expressed throughout the full length of the primitive streak (Fig. 10C-D) in 

preingressing epiblast, primitive streak cells and in the newly emerging mesoderm (Fig. 

10C’). When compared to Wnt5a/b (Fig. 10M-N), Wnt11b was not strongly expressed in 

the extreme caudal region of the streak.  By HH6-7, Wnt11b transcript levels were 

diminished (Fig. 10E-F), and were undetectable in the primitive streak by HH11 (Fig. 

10G). 

 

In contrast, the originally described Wnt11 gene was undetectable in the primitive streak 

region of gastrula stage embryos (Fig. 10H). Wnt11 transcripts were first detected at 
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Figure 10: In situ hybridization analysis of non-canonical Wnt ligand expression during early 
chicken development.  For all panels, whole mount embryos are photographed in the ventral view 
with anterior at the top and transverse sections are oriented with the dorsal surface upwards. A-G: 
Wnt11b is expressed in the primitive streak beginning at HH2 (A) and continuing through 
gastrula stages (B-D). Transcripts are localized to the preingression epiblast, primitive streak and 
emerging mesoderm cells (C’). Later stage embryos (HH6-8; E-F) show progressively weaker 
Wnt11b expression that disappears from the streak by HH11 (G). Expression of the originally 
described Wnt11 gene is undetectable at HH4 (H), but by HH5 transcripts are detected in the 
paraxial mesoderm adjacent to the anterior primitive streak (I, I’). At later stages, Wnt11 
expression is restricted to the presomitic mesoderm in the region of the newest somite (J-L) and 
by HH12 is also apparent in the intermediate mesoderm and the differentiated heart (L). Wnt5a 
and Wnt5b are expressed in the primitive streak region throughout early development (M-Q). 
Abbreviations: en, endoderm; ep, epiblast; ms; mesoderm; ps, primitive streak. 
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HH4-5 in a chevron pattern in the mesoderm adjacent to the anterior primitive streak 

(Fig. 10I, I’). At later stages, Wnt11 expression was retained in this paraxial mesoderm 

pattern at the level of the newest forming somite (Fig. 10J-K). By HH12, Wnt11 

transcripts were detected in the presomitic and intermediate mesoderm, and in the 

differentiated heart (Fig. 10L). The onset of Wnt11 expression in the heart coincided with 

formation of the primitive heart tube (data not shown).  By in situ hybridization, the non-

canonical Wnt5a and Wnt5b ligands were also detected in the primitive streak (Fig. 10M-

O; Chapman et al., 2004). Similar to Wnt11b, both ligands are expressed in the 

preingressing epiblast adjacent to the primitive streak and within the primitive streak, and 

are downregulated in emerging mesoderm cells (Fig. 10M’, O’). Both Wnt5a and Wnt5b 

continue to be expressed in the primitive streak through at least HH11 (Fig. 10M-Q; data 

not shown). 

 

3.4.3: Non-canonical Wnt signaling is required for normal cell migration during avian 

gastrulation. 

The Wnt11 and Wnt5 ligands have been shown to regulate cell movement via non-

canonical Wnt signaling pathways during frog and fish gastrulation (Heisenberg et al., 

2000; Smith et al., 2000; Wallingford et al., 2001b; Kilian et al., 2003).  The strong and 

specific expression of non-canonical Wnt ligands (Wnt11b, Wnt5a and Wnt5b) in cells in 

and around the avian primitive streak, suggested that non-canonical Wnt signaling might 

play a role in regulating cell movements during gastrulation in amniotes. To address this 

possibility we used electroporation to introduce a number of constructions into the avian 
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embryo, either to stimulate or inhibit non- canonical Wnt signaling.  Before commencing 

studies with Wnt reagents, we carried out a series of experiments to characterize the 

electroporation procedure.  In all cases, constructions were electroporated at the posterior 

primitive streak region of HH3d-4 embryos (Fig. 11A).  Using GFP as a control, 

expression from transfected constructions was first detected approximately 2-3 hours 

after electroporation (Fig. 11B,C).  Sectioning of embryos at the 3 hour time point shows 

that electroporation targets DNA constructions specifically to the epiblast layer of the 

embryo (Fig. 11C',C'').  Quantitation of the distribution of GFP expressing cells at 3 

hours (Fig. 11F) shows that approximately 95% of cells are located in the epiblast layer 

and the remaining cells are located in the primitive streak region.  No cells were detected 

in mesodermal tissue.  Seven hours after transfection, however, a significant number of 

GFP expressing cells were located in the mesoderm (Fig. 11D-E'') and we conclude that 

transfected cells have undergone normal gastrulation movements through the streak and 

then migrated laterally to contribute to the mesodermal layer.  Since a number of our 

proposed experiments required co-expression of proteins from different DNA 

constructions, we tested the frequency of co-expression following electroporation of two 

plasmids encoding GFP and RFP (Fig. 11G-I).  Quantitation of multiple embryos showed 

that, on average, 94.2 (+/- 2.4) % of cells co-expressed both constructions (n=24).   

 

We first tested whether blocking non-canonical Wnt signaling downstream of the ligand-

receptor interaction would affect the ability of epiblast cells to traverse the primitive 
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Figure 11: Electroporation of DNA constructions into the epiblast of the avian embryo.  A:  
Electroporation was carried out at HH3d-4 into the posterior region of the embryo over the 
primitive streak. The turquoise circle shows the typical directed area of DNA, and positive and 
negative electrodes are indicated.  B-C: Embryo visualized 3 hours after electroporation showing 
GFP fluorescence (B) and GFP protein detected by antibody staining (C).  C'-C'': Transverse 
section through GFP-antibody stained embryo (C) showing presence of GFP expressing cells 
exclusively in the epiblast layer.  D-E'': Embryo visualized 7 hours after electroporation, showing 
presence of GFP expressing cells in the mesoderm lateral to the streak. F: Quantitation of GFP 
expressing cells 3 hours after electroporation indicating that no cells are detected in the 
mesoderm.  G-I: Transverse sections through embryos coelectroporated with DNA constructions 
encoding GFP (G) or RFP (H).  Merged image (I) shows that the great majority of cells coexpress 
both constructions.  Arrowheads indicate individual cells expressing one construction only.  
Abbreviation: ps, primitive streak. 
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streak and contribute to mesoderm. We utilized a dominant negative Dishevelled 

construction lacking the PDZ domain (dshΔPDZ – detailed descriptions of all 

constructions are included in Materials and Methods), and therefore lacking the capacity 

to propagate signaling through the non-canonical pathway but able to function in the 

canonical Wnt pathway (Rothbacher et al., 2000; Wallingford et al., 2000). The primitive 

streak region epiblast of HH3d-4 quail embryos was co-electroporated with dshΔPDZ 

and GFP expression constructions, or with the GFP expression construction alone, and 

embryos were allowed to develop for 7-8 hours to HH7-8. The ability of electroporated 

cells to enter/exit the primitive streak and contribute to mesoderm was then analyzed 

statistically in transverse sections by determining the proportion of electroporated cells in 

the epiblast, primitive streak or mesoderm. In contrast to GFP control embryos, dshΔPDZ 

expressing cells showed a reduced ability to migrate through the primitive streak to 

populate the mesoderm (Fig. 12A-D'). A greater proportion of dshΔPDZ -expressing cells 

were observed in the epiblast and primitive streak compared to GFP controls (55% versus 

39%, and 29% versus 19%, respectively; Fig. 12E). Conversely, many fewer dshΔPDZ -

expressing cells contribute to mesoderm than GFP control cells (16% and 42% 

respectively). The differences observed between dshΔPDZ -expressing and GFP-

expressing embryos (more cells in the epiblast and streak, fewer cells in the mesoderm) 

were statistically significant in all cell regions assessed (p<0.05). These data indicate that 

cells unable to signal through the non-canonical Wnt pathway are impaired in their ability 

to migrate through the epiblast and primitive streak and to contribute to the mesoderm.  
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Figure 12:  Expression of a Dishevelled mutant incapable of non-canonical Wnt signaling impairs 
cell migration during gastrulation. A-B': Example of a control embryo expressing GFP and 
visualized under UV light (A), then labeled with an antibody to GFP (B). A representative 
transverse section shows the typical amount of cell migration through the primitive streak (B'). C-
D': Example of experimental embryo co-electroporated with dshΔPDZ and GFP (C), then labeled 
with an antibody to GFP (D), and cross-sectioned (D').  DshΔPDZ experimental embryos exhibit 
many fewer positive cells in the mesoderm (D'). E: Bar graph represents the proportion of 
positive cells located in the epiblast, primitive streak and mesoderm of control (blue; n=7) and 
experimental (orange; n=7) embryos, and shows that experimental embryos have significantly 
more positive cells in the epiblast (p<0.05) and primitive streak (p<0.005), and significantly 
fewer positive cells in the mesoderm (p<0.001). Abbreviations: ep, epiblast; ps, primitive streak; 
ms, mesoderm. 
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3.4.4: Increase or decrease of Wnt11b activity impairs normal cell migration through the 

primitive streak. 

Studies in amphibian embryos have shown that normal gastrulation cell movements only 

occur when Wnt11 signaling is maintained within a narrow range.  Either blocking or 

activating Wnt11 signaling results is serious disruption of morphogenetic movements (Du 

et al., 1995; Djiane et al., 2000; Tada and Smith, 2000). Thus, we reasoned that closely 

regulated levels of Wnt11b signaling might also be critical for normal avian gastrulation. 

In order to reduce effective levels of Wnt11b signaling in the avian embryo, we used an 

expression plasmid encoding a dominant negative chicken Wnt11b construction, 

dnWnt11b (see methods for details).  This was electroporated along with a GFP 

expression construction into the epiblast of quail embryos at HH3d-4, and the distribution 

of GFP-positive cells was analyzed 7-8 hours later. Experimental embryos visualized in 

whole mount preparation exhibited an accumulation of electroporated cells at the 

embryonic midline compared with GFP controls (Fig 5A-D).  While dnWnt11b-positive 

cells did not differ from GFP controls in epiblast distribution (52% versus 48%, 

respectively; Fig. 13E), significantly more dnWnt11b-expressing cells accumulated in the 

primitive streak compared with GFP controls (25% versus 10%) and were less competent 

to migrate to the mesoderm cell layer (24% versus 44%; compare Fig. 13D' with 5B'). 

These data indicate that signaling through Wnt11b is necessary for normal cell migration 

out of the primitive streak and into mesoderm. 

 

To test for the effects of increased Wnt11b activity, a full-length Wnt11b (wtWnt11b)  
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Figure 13: Inhibition or activation of Wnt11b signaling blocks cell exit from the primitive streak. 
A-E: Cell migration was assessed after blocking Wnt11b signaling with a dominant-negative 
version of Wnt11b (dnWnt11b). Control embryo expressing GFP (A), then labeled with a GFP 
antibody (B). Experimental embryo co-electroporated with dnWnt11b and GFP (C), then labeled 
with a GFP antibody (D).  dnWnt11b-expressing cells have accumulated at the midline (compare 
arrowheads in D and B). Transverse sections through the primitive streak show typical cell 
migration to the mesoderm in controls (B') and the reduced cell contribution to mesoderm in 
dnWnt11b-expressing experimental embryos (D'). E: Bar graph represents the percentage of 
positive cells located in the epiblast, streak, and mesoderm in control (blue; n=5) and dnWnt11b-
expressing embryos (red; n=10). Positive cells accumulate in the primitive streak of experimental 
embryos relative to controls (p<0.05) and less reside in the mesoderm (p<0.005). F-J: Cell 
migration was evaluated following overexpression of a full-length Wnt11b construction 
(wtWnt11b). Example of a GFP control embryo imaged by UV (F), then labeled with anti-GFP 
antibody (G). Experimental embryo co-electroporated with wtWnt11b and GFP (H), then labeled 
with anti-GFP antibody (I). Positive cells have accumulated at the midline in wtWnt11b-
expressing embryos (compare arrowheads in K and I). Transverse sections through the primitive 
streak show normal migration in controls (G') and limited contribution to the mesoderm in 
experimental embryos (I'). Bar graph (J) represents the proportion of cells located in the epiblast, 
streak, and mesoderm in control (blue; n=7) and experimental embryos (purple; n=7), and shows 
a significant increase of positive cells in the primitive streak and a reduction of positive cells in 
the mesoderm in wtWnt11b-expressing embryos (p<0.001). Abbreviations: ep, epiblast; ps, 
primitive streak; ms, mesoderm. 
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expression construction was co-electroporated with a GFP construction (or GFP was 

electroporated alone) into the embryonic epiblast as previously described. Embryos were 

allowed to develop, and then analyzed for the distribution of electroporated cells. By 

gross examination, wtWnt11b-electroporated embryos, but not GFP control embryos, 

displayed an accumulation of cells at the posterior midline (Fig. 13F-I). As observed for 

dnWnt11b, embryos expressing wtWnt11b exhibited similar proportions of positive cells 

in the epiblast as GFP control embryos (46% versus 35%, respectively; Fig. 13J), but a 

significantly larger proportion of positive cells in the primitive streak versus GFP 

controls (19% versus 6%) and proportionally fewer cells in the mesoderm (19% versus 

58%; compare Fig. 13I' with 13G'). Taken together, these data indicate that Wnt11b 

signaling activity must be maintained within a narrow range for normal cell migration 

from the primitive streak to the mesoderm during avian gastrulation.  

 

Recent studies have shown that in some instances Wnt11 can activate the canonical Wnt 

pathways through stabilization of β-catenin (Tao et al., 2005; Kofron et al., 2007).  To 

determine whether overexpression of wtWnt11b might influence cell migration through 

activation of the canonical Wnt pathway we electroporated a construction encoding a 

stabilized β-catenin protein (ΔN-βcatenin) into the embryo and then assayed for 

distribution of expressing cells exactly as in previous experiments (Fig. 14A-D').  

Quantitation of results shows that stimulation of canonical Wnt signaling had no effect on 

cell migration compared to control embryos expressing GFP alone (Fig. 14E).  This result 

strongly suggests that cell migratory activity during avian gastrulation is not regulated  
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Figure 14:  Activation of canonical Wnt signaling does not change cell migration and modulation 
of non-canonical Wnt signaling does not alter cell specification.  A-E:  Cell migration was 
analyzed following activation of canonical Wnt signaling by expression of a stabilized form of b-
catenin (DN-b-catenin).  Control embryo expressing GFP (A), then stained using a GFP antibody 
(B).  Experimental embryo co-expressing ΔN-βcatenin and GFP (C), then stained using GFP 
antibody (D).  Transverse sections through control (B') and experimental (D') embryos show no 
difference in distribution of cells.  Bar graph (E) shows no statistical difference in relative cell 
numbers in epiblast, streak and mesoderm, between control and experimental treatments.  F-N: 
Modulation of non-canonical Wnt signaling does not alter cell fate specification.  Embryos 
expressing GFP alone (F-H), GFP plus dnWnt11b (I-K) or GFP plus wtWnt11b (L-N) show 
identical patterns of expression of the pan-mesodermal marker, brachyury (BRA), suggesting no 
change in cell fate specification.     
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through canonical Wnt pathways.  We also considered the possibility that activation or 

repression of Wnt signaling pathways might lead to alterations of cell fate in the embryo, 

which in turn could result in secondary effects on cell movements. When assayed with 

the pan-mesodermal marker, brachyury, we found that activation of Wnt signaling using 

wtWnt11b, or inhibition using dnWnt11b, caused no detectable changes in cell 

specification relative to controls (Fig. 14F-N).  This result implies that the observed 

inhibition of migration of cells into the mesoderm layer caused by disruption of non-

canonical Wnt signaling (Figs. 12,13) is likely to be a direct result of alterations in cell 

behavior and not an indirect consequence of changes in cell specification. 

 

3.4.5: Signaling through Wnt5a regulates cell migration during avian gastrulation.  

Expression of Wnt5a and Wnt5b in and around the primitive streak (Fig. 10M-Q, M’, O’; 

Chapman et al., 2004) suggest that these non-canonical Wnt ligands may also function 

during avian gastrulation. To investigate this possibility, a dominant negative Wnt5a 

expression construction (dnWnt5a) was electroporated into the epiblast and effects on 

cell migration assessed as described above.  Since Wnt5a and Wnt5b proteins are 80% 

identical, we reasoned that the dnWnt5a would competitively inhibit the function of both 

proteins.  In whole mount analysis, cells electroporated with dnWnt5a accumulated at the 

midline relative to cells expressing GFP alone (Fig. 15A-D). Cell counts confirmed that 

dnWnt5a-positive cells were preferentially localized within the primitive streak (21% 

versus 8% for dnWnt5a and GFP respectively; Fig. 15E), while a significantly lower 

percentage of Wnt5a expressing cells were observed in the mesoderm compared with  
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Figure 15: Inhibition or activation of Wnt5-signaling limits cell migration through the primitive 
streak. A-E: Cell migration was analyzed following expression of a dominant negative version of 
Wnt5a (dnWnt5a) to inhibit Wnt5-signaling. Control embryo expressing GFP (A), then labeled 
with an antibody to GFP (B). Experimental embryo co-expressing dnWnt5a and GFP (C), then 
labeled with an antibody to GFP (D). Positive cells are amassed at the embryonic midline in 
dnWnt5a embryos (compare arrowheads in D and B). Transverse sections indicate normal cell 
migration patterns in controls (B') and limited positive cell contribution to the mesoderm in 
dnWnt5a-expressing embryos (D'). Bar graph (E) shows relative cell numbers observed in 
epiblast, streak and mesoderm for control (blue; n=8) and dnWnt5a (turquoise; n=14) embryos, 
and demonstrates significantly more positive cells in the streak and fewer cells in the mesoderm 
in dnWnt5a experimental embryos (p<0.001). F-J: Cell distribution was assayed following 
overexpression of a full-length Wnt5a construction (wtWnt5a). Control embryo expressing GFP 
(F), then labeled with an antibody to GFP (G). Experimental embryo co-electroporated with 
wtWnt5a and GFP (H), then labeled with anti-GFP antibody (I). Positive cell accumulation at the 
midline is apparent in experimental embryos (compare arrowheads in G and I). Transverse 
sections indicate that compared to typical migration patterns in controls (G'), wtWnt5a-positive 
cells contribute less to the mesoderm (I'). This is represented graphically (J) as percentage of 
positive cells in the epiblast, streak and mesoderm for controls (blue; n=7) and wtWnt5a (grey; 
n=9).  Experimental embryos expressing wtWnt5a exhibited significantly more cells in the 
epiblast and primitive streak, and fewer cells in the mesoderm (p<0.001). Abbreviations: ep, 
epiblast; ps, primitive streak; ms, mesoderm. 
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GFP controls (22% versus 40%; compare Fig. 15D' with 7B').  Expression of dnWnt5a 

did not lead to a statistically significant increase in the percentage of cells in the epiblast 

(57% versus 52%; Fig. 15E). Similar to the results obtained following overexpression of 

Wnt11b (Fig. 13F-I'), cells overexpressing a wild type Wnt5a (wtWnt5a) accumulated at 

the midline relative to controls (Fig. 15F-I'). In this case, wtWnt5a-expressing cells were 

significantly more prevalent in the epiblast (67% versus 52%) and streak (17 % versus 

7%), while many fewer expressing cells were present in the mesodermal region (16% 

versus 41%; Fig. 15J). We conclude from these inhibition and activation studies that 

deviation from precisely regulated levels of Wnt5 activity disrupts normal migration 

movements during gastrulation. 

 

3.4.6: Wnt11b and Wnt5 probably function redundantly to regulate cell migration 

through the primitive streak. 

Results so far indicate that signaling via both Wnt11b and Wnt5a is important for cell 

migration through the primitive streak. We performed an experiment to investigate 

whether Wnt11b and Wnt5a signal cooperatively or redundantly to regulate cell 

migration. Embryos were electroporated with either dnWnt11b alone, or with both 

dnWnt11b and dnWnt5a. The amounts of dnWnt5a and dnWnt11b plasmid in the 

coexpression experiment were halved (1.5mg/ml each) in order to keep the total amount 

of dominant negative plasmid equivalent to dnWnt11b alone (3mg/ml total plasmid 

DNA). As expected, embryos co-expressing dnWnt11b and dnWnt5a displayed a midline 

accumulation of cells (Fig. 16A-D'), a significantly higher percentage of electroporated  



 
 

98 

 

 

 

 

Figure 16: Coexpression of dnWnt11b and dnWnt5a suggests redundant activity in regulating cell 
exit from the primitive streak. A-D': Embryos were electroporated either with GFP alone (A) or 
with dnWnt11b plus dnWnt5a and GFP (dnWnt11b+5a; C), then labeled with an antibody to GFP 
(B, D). Constructions encoding dnWnt11b and dnWnt5a were used at half the concentration 
typically used for single constructions (1.5µg/µl each versus 3µg/µl), so total DNA was 
consistent between experiments. Embryos expressing dnWnt11b+5a exhibited an accumulation of 
positive cells at the embryonic midline (compare arrowheads in D and B). Transverse sections 
show an abundance of positive cells in the mesoderm in controls (B'), but a limited number of 
positive mesoderm cells in experimental embryos (D'). Panel E shows the proportion of positive 
cells in the epiblast, streak and mesoderm in controls (blue; n=5), dnWnt11b+5a (yellow; n=10), 
and dnWnt11b (red; n=10) and highlights a significant increase of positive cells in the primitive 
streak (p<0.001) and a significant decrease in the mesoderm (p<0.05) in dnWnt11b+5a embryos 
compared with controls, consistent with single dominant negative experiments (red bars, panel E; 
Fig. 12E and Fig. 13E). Direct comparison between dnWnt11b+5a (yellow; n=10) and dnWnt11b 
(red; n=10) shows a significant increase in cells in the primitive streak of dnWnt11b+5a embryos 
(~20% more; p<0.05), but no difference in the mesoderm. Abbreviations: ep, epiblast; ps, 
primitive streak; ms, mesoderm. 
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cells in the primitive streak region compared with GFP controls (29% versus 10%) and 

significantly fewer electroporated cells in the mesoderm than GFP controls (26% versus 

43%; Fig. 16E). However, when compared to embryos electroporated with dnWnt11b 

alone, the results showed almost no difference between the experimental treatments (Fig. 

16E).  A slight but statistically significant increase was observed in the percentage of 

cells retained in the primitive streak in dnWnt11b plus dnWnt5a embryos versus 

dnWnt11b alone (29% versus 25%; p<0.05; Fig. 16E), indicating a slight additive 

inhibition of cell migration. However, cell numbers in the mesoderm did not differ 

between treatments (26% versus 24%). These results provide little evidence to suggest 

that Wnt11b and Wnt5a/b are activating different signaling pathways in order to regulate 

gastrulation movements and instead suggest that their activities are largely redundant. 

Although the activities of the different ligands appear to be equivalent, it is likely that 

their expression levels are carefully controlled to maintain a precise level of non-

canonical Wnt signaling activity required for regulated migration of gastrulating cells. 

 

3.5: DISCUSSION 

 

3.5.1: Expression of Wnt signaling components during avian gastrulation 

We have identified and characterized Wnt11b, a novel Wnt11 gene in chicken.  While the 

Wnt11 genes in Xenopus and zebrafish are expressed in involuting cells during 

gastrulation, the genes designated Wnt11 in chicken and mouse are not expressed during 

gastrulation (Fig 2; Christiansen et al., 1995; Eisenberg et al., 1997).  Rather, sequence 
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conservation, synteny and expression patterns indicate that the genes designated Wnt11 

in chicken and mouse are orthologs of the Xenopus and zebrafish Wnt11-Related genes 

(Wnt11-R and Wnt11-r respectively) (Garriock et al., 2005; Matsui et al., 2005). Chicken 

Wnt11b is expressed in preingressing epiblast, primitive streak and emerging mesoderm 

cells during gastrulation in a pattern analogous to Wnt11 at the Xenopus blastopore (Ku 

and Melton, 1993). Genomic analysis suggests that chicken Wnt11 and Wnt11b arose 

through an ancient duplication event, and that the Wnt11b ortholog was lost in mammals 

(Garriock et al., 2007).  This nomenclature confusion has implications for studies that 

have attempted to compare functions of Wnt11 genes across model organism species. For 

example, experiments in Xenopus and chicken embryos have suggested that Wnt11 

signaling regulates early stages of cardiac myogenesis (Eisenberg et al., 1997; Eisenberg 

and Eisenberg, 1999; Pandur et al., 2002; Eisenberg and Eisenberg, 2006).  With the 

characterization of chicken Wnt11b as the true orthologue of Xenopus Wnt11, it is now 

clear that these studies actually focused on different Wnt11 genes with temporally 

distinct and non-overlapping expression patterns.  

 

Although recent studies have shed light on the role of Wnt signaling during primitive 

streak formation (Chuai et al., 2006; Voiculescu et al., 2007), a potential function for Wnt 

signaling in regulating subsequent cell movements through the streak and laterally into 

the mesoderm layer have not previously been addressed.  Numerous Wnt ligands are 

expressed in the primitive streak, including Wnts 3, 3a, 5a, 5b and 8c (8a), and now 

Wnt11b. Several Wnt receptors are also expressed in the streak region, with Fz7 and 
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Fz10 detected at particularly high levels (Chapman et al., 2004). Of the Wnt ligands 

detected in the avian primitive streak region, only Wnts 5a, 5b and 11b, are known to 

signal through the non-canonical Wnt pathway and the expression of all three of these 

ligands at gastrula stages suggests a role for non-canonical Wnt signaling in avian 

gastrulation. 

 

3.5.2: Non-canonical Wnt signaling in avian gastrulation 

Non-canonical Wnt signaling via the PCP or Ca2+ mediated pathways has been 

implicated in regulating embryonic morphogenesis in a number of systems, typically by 

controlling cell migration and behavior (Kuhl et al., 2000b; Kuhl, 2002; Miller, 2002). In 

frog and fish, non-canonical Wnt signaling, activated by Wnt11 and Wnt5a ligands, 

regulates convergent extension cell movements (Moon et al., 1993; Smith et al., 2000; 

Tada and Smith, 2000; Wallingford et al., 2001b; Ulrich et al., 2003). In this study, we 

investigated whether non-canonical Wnt signaling is also involved in cell migration 

during avian gastrulation by expressing a dominant negative Dishevelled mutant 

(dshDPDZ) that cannot participate in non-canonical Wnt signaling but retains canonical 

activity (Rothbacher et al., 2000; Wallingford et al., 2000; Kim and Han, 2005). Results 

clearly show that blocking non-canonical Wnt signaling in dshDPDZ-electroporated cells 

in avian embryos causes impairment of migration through the primitive streak and results 

in a lower contribution of positive cells to the mesoderm.  However, even cell-

autonomous blocking of non-canonical Wnt signaling using this construction still allowed 

some electroporated cells to migrate into the mesoderm, and there are a number of 
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possible explanations for this observation.  First, temporal studies have shown that 

detectable transgene expression can normally be observed about 3 hours following 

electroporation (Fig. 11B-C").  Since electroporation targets a region of the epiblast that 

includes cells immediately above the streak, it is likely that some cells migrated into the 

primitive streak and possibly as far as the mesoderm before transgene expression levels 

were high enough to block signaling.  Second, it is conceivable that some cells were not 

expressing sufficient levels of dshDPDZ to completely block signaling. Finally, although 

co-electroporation studies using RFP and GFP constructions showed that greater than 

90% of cells consistently express both markers (Fig. 11G-I), it is highly likely that a 

proportion of the GFP-expressing cells observed in the mesoderm were not expressing 

the dshDPDZ construction. Consistent with this idea, a similar fraction of electroporated 

cells was observed in the mesoderm region in all experiments regardless of the non-

canonical pathway construction utilized.  

 

Both inhibition of Wnt5a or Wnt11b signaling using dominant-negative constructions, 

and increased expression of Wnt5a or Wnt11b, reduced cell migration from the primitive 

streak to the mesoderm (Figs. 13,15,16). These results are reminiscent of previous studies 

in Xenopus, which also reported that either increasing or reducing overall non-canonical 

Wnt signaling inhibited cell migration during gastrulation (Moon et al., 1993; Smith et 

al., 2000; Tada and Smith, 2000; Wallingford et al., 2001b; Ulrich et al., 2003). Control 

studies suggest that the canonical Wnt pathway acting through β-catenin is unlikely to 

play a role in regulating migration of gastrulating cells in the avian embryo (Fig. 14A-E) 
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and that alterations in non-canonical Wnt signaling are unlikely to lead to alterations in 

cell specification (Fig. 14F-N).  The observation that Wnt5a/b and Wnt11b possess 

largely redundant activities in regulation of cell migration may be attributable to the 

specific Wnt receptor proteins expressed in the streak region.  At present, the specificity 

of Wnt-Fz interactions is rather uncertain (Kikuchi et al., 2007).  However, both Wnt5a 

and Wnt11 are capable of binding to Fz5 and Fz7, and probably other Fz family members 

(Djiane et al., 2000; Umbhauer et al., 2000; Penzo-Mendez et al., 2003; Cavodeassi et al., 

2005; Blumenthal et al., 2006).  It is also possible that Wnt5a/b and Wnt11b interact with 

additional non-Frizzled receptors expressed in the streak.  For example, the alternative 

Wnt5a and Wnt11 receptor, Ror2 facilitates signaling through the non-canonical pathway 

and is expressed in the primitive streak of the mouse embryo (Hikasa et al., 2002; Oishi 

et al., 2003; Wang et al., 2006), though early expression of Ror2 has not been analyzed in 

chick embryos.  Overall, rather than indicating an essential role for individual Wnt 

ligands, our results suggest that a precisely regulated level of non-canonical Wnt 

signaling, mediated through Wnt11b and Wnt5a/b, is required for normal cell migration 

during avian gastrulation.   

 

3.5.3: Non-canonical signaling in mammalian gastrulation 

While the gene orthologous to Xenopus Wnt11 and chicken Wnt11b is not present in 

mammalian genomes, Wnt5a and Wnt5b are both expressed in the primitive streaks of 

mice (Yamaguchi et al., 1999; O Cleaver, personal communication).  Evidence to date, 

however, suggests that non-canonical Wnt signaling may play a reduced role in 
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regulating cell migration during mammalian gastrulation.  For instance, mice with a 

deficiency in the alternative non-canonical Wnt receptor Ror2 do not exhibit gastrulation 

defects (Takeuchi et al., 2000) and mutations in the Wnt/PCP pathway member Van 

Gogh 2/Strabismus cause severe neural tube closure defects attributed to defective neural 

convergent extension but not defects in gastrulation (Kibar et al., 2001). Mouse embryos 

deficient in two of the three Dishevelled genes (Dvl1 and Dvl2) exhibit only minor 

differences in node and primitive streak development (Hamblet et al., 2002; Wang et al., 

2006).  While it is possible that the ubiquitously expressed Dv13 compensates for the loss 

of Dvl1 and Dvl2, mice expressing a dominant-negative Dishevelled construction that 

blocks non-canonical Wnt signaling on a Dvl1-/-;Dvl2-/- background fail to show 

gastrulation defects (Wang et al., 2006). Finally, mice null for the Wnt5a gene show 

normal gastrulation movements (Yamaguchi et al., 1999a), although a Wnt5a/Wnt5b 

double knockout has not been reported.  Despite the strong conservation of many aspects 

of gastrulation across amniotes, alternative pathways may regulate cell migration during 

gastrulation in mammals.  
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CHAPTER FOUR: ROLE OF A-CLASS EPH-EPHRIN SIGNALING IN  
AVIAN GASTRULATION 

 
 

[Submitted for publication as: 
Hardy KM, Yatskievych TA, and Antin PB (2008). Eph-Ephrin signaling through EphA1 and 
EphA4 regulates cell migration during avian gastrulation.] 
 

 

4.1: ABSTRACT 

 

Gastrulation is a key event in early development that establishes the three primary germ 

layers of the embryo and sets up the body plan. In many vertebrate organisms, one or 

more EphA receptors are expressed in cells that will undergo gastrulation, however their 

function has not been investigated.  In chicken embryos, EphA1 and EphA4 are 

expressed in primitive streak and adjacent preingression epiblast cells during gastrula 

stages and are rapidly downregulated in emerging mesoderm cells. Here, we identify a 

role for A-class Eph-ephrin signaling during avian gastrulation in regulating the 

migration of cells through the primitive streak. When Eph-ephrin forward signaling is 

blocked with dominant-negative EphA1 and EphA4 proteins, cells exit the epiblast layer 

and populate the primitive streak region at an enhanced rate. In contrast, constitutive 

activation of the pathway impairs cell migration through the primitive streak and limits 

the contribution of cells to the mesodermal layer. This negative regulation of cell 

migration apparently affects cell behavior independently of the EMT that takes place 

within primitive streak cells. We conclude that Eph-ephrin signaling via EphA1 and 

EphA4 functions to negatively modulate cell migration through the primitive streak, 

independent of EMT, to control cell contribution to the mesoderm. 
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4.2: INTRODUCTION 

 

Gastrulation is an important early developmental process that promotes formation of the 

three primary germ layers (ectoderm, mesoderm, and endoderm) and sets up the body 

plan. In amniotes (reptiles, birds, and mammals), gastrulation occurs at the midline 

structure known as the primitive streak. Here, cells in the epiblast ingress into the 

primitive streak, undergo an epithelial-mesenchymal transition (EMT), and then 

individually migrate into the blastocoel to form the mesoderm or displace the hypoblast 

to form the endoderm (Lawson and Schoenwolf, 2003; Stern, 2004). Cells remaining in 

the epiblast become the non-neural or neural ectoderm.  

 

A defining characteristic of gastrulation in amniotes is that cells undergo EMT 

individually, rather than as a contiguous sheet of cells (Shook and Keller, 2003; Stern, 

2004). EMT during gastrulation includes loss of epithelial apical-basal polarity, cell-type 

specific protein switching, dissolution of the basal lamina, and the initiation of directional 

migration as individual cells (Shook and Keller, 2003). The mechanisms that regulate this 

process are poorly defined.  FGF and non-canonical Wnt signaling pathways have so far 

been described to regulate morphogenetic movements or EMT within the amniote 

primitive streak (Sun et al., 1999; Ciruna and Rossant, 2001; Hardy et al., 2008a), and 

only a few transcriptional or cytoskeletal targets of these pathways have been identified 

(Saxton and Pawson, 1999; Fuse et al., 2004; Arnold et al., 2008). 
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Eph receptors are a large family of receptor tyrosine kinases that bind membrane 

anchored ephrin ligands to regulate multiple aspects of embryonic development, 

including tissue boundary formation, axon guidance, blood vessel patterning, and 

convergent extension movements during gastrulation (Coulthard et al., 2002; Pasquale, 

2005). Eph receptors are classified as two subgroups based upon sequence homology and 

binding specificity. EphA receptors preferentially bind the glycosylphospatidyl inositol 

(GPI)-linked ephrinA ligands, while EphB receptors typically show specificity for the 

transmembrane ephrinB ligands, though exceptions exist as EphA4 and EphB2 can bind 

both ephrinA and ephrinB ligands (Gale et al., 1996; Himanen et al., 2004). EphrinBs 

have a cytoplasmic tyrosine kinase domain, and so interaction of ephrinBs with an Eph 

receptor can lead to bidirectional signaling. EphrinA ligands are not transmembrane 

proteins and so do not directly transduce bidirectional signaling, though they can do so 

through interactions with other cytoplasmic kinases or transmembrane proteins (Huai and 

Drescher, 2001; Pasquale, 2008). 

 

A-class Eph receptor expression during gastrulation is highly conserved across vertebrate 

species (Ruiz and Robertson, 1994; Winning and Sargent, 1994; Xu et al., 1994; 

Weinstein et al., 1996; Baker and Antin, 2004; Bothe and Dietrich, 2006; Duffy et al., 

2006). Two EphA receptors (EphA3 and the EphA4 homolog, rtk1) are expressed during 

gastrula stages in zebrafish (Xu et al., 1994; Oates et al., 1999), and Eph-ephrin signaling 

may regulate convergence of cells to the midline as pathway antagonism with human 

proteins disrupts formation of mesodermal derivatives (Oates et al., 1999). Xenopus 
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homologs of EphA2 and EphA4 (Pagliaccio) are expressed around the blastopore in 

gastrula stage embryos (Winning and Sargent, 1994; Weinstein et al., 1996), and EphA1 

and EphA2 transcripts are detected in and around the mouse primitive streak during 

gastrulation (Ruiz and Robertson, 1994; Duffy et al., 2006). EphA2 mutant mice display 

no gastrulation phenotype (Chen et al., 1996; Naruse-Nakajima et al., 2001), and EphA1 

mutant or EphA1/EphA2 double mice have not been reported.  Two EphA receptors, 

EphA1 (also known as EphA9) and EphA4, are also expressed in the primitive streak 

region of gastrulating chicken embryos (Baker and Antin, 2004; Bothe and Dietrich, 

2006). Both receptors are detected in the preingression epiblast immediately adjacent to 

the primitive streak and in streak cells, and are rapidly downregulated as mesoderm and 

endoderm cells emerge from the streak.  Although the potential function for EphA 

signaling during gastrulation in amniotes remains unknown, their highly regulated 

expression in epiblast cells just prior to undergoing gastrulation suggests some role in this 

process.   

 

In this study, we utilize gain and loss of function approaches to investigate the 

contribution of EphA forward signaling to cell migration through the avian primitive 

streak. Competitive inhibition of both EphA1 and EphA4 receptors (but not EphA1 

alone) enhances cell migration into the primitive streak region, while expression of a 

constitutively active version of EphA1 impairs cell migration through the primitive 

streak.  Neither inhibition nor constitutive activation of EphA signaling affects the 

integrity of the basal lamina adjacent to the primitive streak or the timing of expression of 
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EMT markers, suggesting that the normal function of EphA signaling is to negatively 

modulate the progression of cells through the primitive streak without impacting the 

overall EMT program.    

 

4.3: MATERIALS AND METHODS 

 

4.3.1: Real-time polymerase chain reaction 

Fertile chicken eggs (Gallus gallus), obtained from Hy-Line International (Spencer, IA), 

were incubated in a humid egg incubator at 38oC until embryos reached stage 4 in the 

Hamburger and Hamilton staging series (Hamburger and Hamilton, 1951). Embryos were 

removed from the egg and temporarily secured on glass rings while the endoderm and 

mesoderm was carefully removed with a sharpened tungsten needle. The preingression 

epiblast region from both sides of the primitive streak (epiblast directly adjacent to the 

primitive streak and extending the full length of the primitive streak excluding Hensen's 

node; see Fig. 17A for visual) was collected from 15 embryos on ice and RNA isolated 

with an RNEasy kit (Qiagen). Real time PCR was performed using a Corbett Research 

Rotor-Gene 6000 real-time rotary analyzer and accompanying software.  First strand 

cDNA synthesis and SYBR-Green assays were performed using a Superscript III Two-

Step qRT-PCR SYBR Green kit (Invitrogen). 15µl reactions were run in triplicate 

according to manufacturer's instructions, in the presence of cDNA and 100nM of each 

primer pair. Results were normalized to expression of EphA1. 
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4.3.2: Whole-mount in situ hybridization 

Embryos incubated to the desired stages in the Hamburger and Hamilton staging series 

were isolated and fixed in 4% paraformaldehyde (PFA) in PBS overnight at 4oC. 

Embryos were dehydrated through a graded methanol series in PBS with 0.1% Triton-

X100 (PBS-T) and stored overnight at -20oC. Following rehydration through a graded 

methanol series, in situ hybridization was carried out essentially according to Nieto et al., 

1996, but with modifications (Nieto et al., 1996; Antin et al., 2002). Anti-sense RNA 

probes were generated as previously described (Baker and Antin, 2004). 

 

4.3.3: Experimental constructs and embryo electroporation 

All experimental constructs were expressed in the chicken pBE vector (Colas and 

Schoenwolf, 2003), and were subcloned either in place of GFP or upstream of GFP to 

generate a GFP fusion protein. Dominant negative EphA1 was cloned from stage 4 

chicken cDNA using primers designed to isolate amino acids 1-567 with a flanking myc-

tag. Dominant negative EphA4 was derived from kiEphA4 (Eberhart et al., 2004), a 

truncated version of EphA4 containing the extracellular and transmembrane domains of 

the protein (amino acids 1-574), and was subcloned upstream of GFP to create an 

EphA4-GFP fusion construct. Constitutively active EphA1 was modeled upon a similar 

construct described for human EphA2 (Carter et al., 2002), where the entire intracellular 

domain (amino acids 563-914) was fused in-frame to the leucine zipper from the 

Saccharomyces cerevisiae GCN4 protein (to facilitate dimerization) and an amino 
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terminal myristoylation sequence (to direct the protein to the plasma membrane). Control 

experiments utilized the empty pBE vector, which encodes GFP protein. 

 

Embryo electroporation was carried out essentially as previously described (Hardy et al., 

2008a). Briefly, stage 3d-4 chicken embryos were set up in New culture, then DNA 

(experimental constructs at 2.5µg/µl plus/minus pBE at 2µg/µl, or pBE at 2.5µg/µl) was 

electroporated into the posterior epiblast using the following conditions: three 400ms 

pulses at 4V spaced 1s apart, on an Intracel TSS20 Ovodyne electroporator. Embryos 

were then incubated on egg agar plates at 37oC in a cell culture incubator for 6-7 hours, 

followed by fixation and processing for immunocytochemistry. 

 

4.3.4: Antibodies and immunocytochemistry 

All primary and secondary antibodies were purchased commercially and utilized at the 

indicated concentrations: rabbit anti-GFP (1:500; Invitrogen), mouse anti-GFP (1:250; 

Covance), rabbit anti-myc (1:500; Cell Signaling), mouse anti-c-myc (9E10 ascites; 

1:250; Developmental Studies Hybridoma Bank), mouse anti-E-cadherin (1:500; BD 

Biosciences), mouse anti-A-CAM (N-cadherin; 1:250; Sigma-Aldrich), rabbit anti-

laminin, alpha1 (1:250; Abcam), rabbit anti-phospho-p44/42 Map Kinase (p-ERK1/2; 

1:1000; Cell Signaling), and rabbit anti-ERK1/2 (1:1000; Chemicon). Alexafluor(AF)-

conjugated secondary antibodies (AF488 goat anti-rabbit IgG, AF488 goat anti-mouse 

IgG, AF594 goat anti-rabbit IgG, AF555 goat anti-mouse IgG1, AF647 goat anti-mouse 

IgG2a) were purchased from Invitrogen and utilized at 1:500. Donkey anti-rabbit-HRP 
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was purchased from Jackson Immunochemicals and used at 1:500 for 

immunocytochemistry or 1:7500 for western blotting.  

 

Electroporated embryos were fixed in 4% PFA (or 4% PFA in calcium- and magnesium-

free PBS for N-cadherin labeling) overnight at 4oC, then dehydrated through methanol 

and stored overnight at -20oC. Next, endogenous peroxidases were quenched by 

incubation in 0.6% hydrogen peroxide (H2O2) in methanol for 15 minutes at room 

temperature, then embryos were rehydrated and washed in PBS-T. After 1-2 hours in 

blocking solution (5% goat serum in PBS-T), embryos were incubated overnight in 

primary antibodies at 4oC. Following 5x 1 hour washes at RT, embryos were incubated in 

either HRP-conjugated or AF-conjugated secondary antibodies overnight at 4oC. 

Embryos were washed for a further 5x 1 hour at RT, then overnight at 4oC. For color 

reaction, embryos were incubated in the dark in 1X diaminobenzidine (DAB; Sigma-

Aldrich) at RT for 10mins, then in 1X DAB with 0.1% H2O2 until distinct brown color 

was observed (typically 3-5mins). For all experiments, whole-mount embryos were 

imaged on a Leica MZ16FA stereomicroscope and DFC320 camera. Embryos were 

dehydrated through graded methanol and embedded in paraplast, then were sectioned at 

8µM, cleared in Histoclear (National Diagnostics USA), and mounted in Cytoseal-XYL 

(for color-labeled embryos; Richard-Allen Scientific) or rehydrated through ethanol and 

mounted in ProLong Gold antifade medium (for immunofluorescence; Invitrogen). 

Brightfield images were captured on a Leica LeitzDMRXE compound microscope with 
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DC500 camera at 20X magnification. Fluorescent images were captured on a Zeiss 

Meta510 confocal microscope with a 25X dry objective. 

 

4.3.5: Cell analyses 

Cell localization in the epiblast, primitive streak, and mesoderm was analyzed in color-

labeled embryos essentially as described in Hardy et al., 2008a, but with minor 

modifications. Epiblast was defined as the epithelial epiblast layer from the area opaca 

border to the dorsal-most streak cells contacting the epiblast layer. Primitive streak 

included cells extending laterally to the edge of the ingression zone (i.e. the edge of intact 

basal lamina), and excluded the dorsal-most cells in contact with the epiblast. Mesoderm 

was characterized as cells outside of the ingression zone and extending to the area opaca 

border. Cell analysis was initiated at the posterior-most region of the primitive streak 

with observed positive staining, and the localization of positive cells in the areas 

described was tabulated for every other section in an anterior direction for a region of 

200µM. Raw numbers were counted and expressed as a percentage of total positive cells, 

and the mean and standard error calculated. Differences were compared with the 

Student's T-test assuming unequal variances feature of Microsoft Excel. 

 

4.3.6: Pharmacological treatments 

In separate experiments, embryos were exposed to either 100µM SU5402 (Pfizer) or 

100µM U0126 (Invivogen), or to DMSO (Sigma-Aldrich) as a control. Embryos isolated 

in New culture at stage 3d were submerged in inhibitors (dissolved in DMSO) or DMSO 
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diluted in DMEM supplemented with penicillin, streptomycin and glutamate (Invitrogen), 

and incubated for 5 hours in a cell culture incubator at 37oC in an oxygen-enriched 

environment. Following exposure, embryos were either fixed in 4% PFA overnight at 4oC 

and processed for in situ hybridization as described, or were isolated for western blot 

analysis. 

 

4.3.7: Western blot analysis 

Embryos treated with pharmacological inhibitors were washed with PBS, then endoderm 

and mesoderm was removed as described for real-time PCR analysis. Preingression 

epiblast and primitive streak regions were isolated from 12-14 control or experimental 

embryos, and lysed on ice in an NP-40 extraction buffer [50mM HEPES, pH 7.4, 150mM 

NaCl, 25mM β-glycero-phosphate, 25mM NaF, 5mM EGTA, 1% NP-40, 1mM PMSF, 

1mM Na3VO4, and an EDTA-containing protease inhibitor cocktail (Roche)]. Samples 

were solubilized in Laemmli sample buffer and boiled for 10 minutes at 100oC. Proteins 

were separated on 7.5% SDS-PAGE gels, then transferred electrophoretically to 

nitrocellulose membranes. Transfers were verified with PonceauS staining. Membranes 

were blocked in 5% BSA in TBS-T for 1 hour, then probed for phospho-ERK1/2 

overnight at 4oC. Next, membranes were washed 4x 15 mins in TBS-T, incubated in 

donkey anti-rabbit-HRP secondary antibody, and washed with TBS-T as before. 

Membranes were incubated in Enhanced Chemiluminescence (ECL) reagents (Pierce) 

and exposed to X-ray film (Amersham). Following exposure, antibody conjugates were 

removed at 42oC for 15 mins in Restore western blot stripping buffer (Pierce), and 
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verified by repeating secondary antibody and subsequent steps. Clean membranes were 

then reprobed for total ERK as a loading control.  

 

4.4: RESULTS 

 

4.4.1: A-class Eph and ephrin expression during gastrulation 

Previous studies have shown that the A-class Eph receptors EphA1 (also called EphA9) 

and EphA4 are expressed in the epiblast of gastrula stage chicken embryos (Baker and 

Antin, 2004; Bothe and Dietrich, 2006). Both receptors are expressed in the preingression 

epiblast (epiblast directly adjacent to the primitive streak and posterior to Hensen's Node) 

and in ingressing cells, and are downregulated as cells emerge from the streak.  While 

classical Eph signaling is propagated through receptor interactions with one or more 

ephrin ligands, in situ hybridization analyses have so far failed to identify an ephrin 

ligand that is expressed in the epiblast. To determine the expression levels of all known 

chicken EphA receptors and their potential ephrin ligand partners, real-time PCR analysis 

was performed using RNA from microdissected preingression epiblast regions of stage 4 

embryos (Hamburger and Hamilton, 1951; Fig. 17A). EphrinB1 and ephrinB2 were 

included in our screen because EphA4 has been shown to bind members of both classes 

of ligands (Gale et al., 1996).  Real-time PCR results showed that only EphA1, EphA4 

and ephrinA2 were abundantly expressed in the preingression epiblast (Fig. 17B).  

EphA4 transcripts were somewhat more abundant in preingression epiblast than EphA1 
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Figure 17: A-class Eph and ephrin expression during early chicken development. A-B: Real-time 
PCR was carried out on RNA isolated from HH4 epiblast adjacent to the primitive streak (red 
boxes; A) to determine relative expression levels of known A-class Eph receptor and all ephrin 
ligands. Only EphA4 and ephrinA2 are expressed at levels comparable to EphA1 (B). C-H: 
Analysis of EphA1, EphA4, and ephrinA2 expression patterns by in situ hybridization. EphA1 
transcripts are abundant in the primitive streak region throughout early development (C-D), and 
are specifically localized to preingression epiblast and primitive streak cells (C'). EphA4 
transcripts are expressed in preingression epiblast and primitive streak regions at gastrula stages 
(E,E'), but are upregulated in other regions of the embryo at later developmental stages (F). 
EphrinA2 transcripts, in contrast, are expressed broadly throughout the epiblast (G-H). 
Abbreviations: ps, primitive streak. 
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at stage 4, however, within just a few hours (stage 6), EphA4 expression became reduced 

in preingression epiblast and upregulated in other embryo regions, including the first 

forming somites (Fig. 17E-F; Baker and Antin, 2004; Bothe and Dietrich, 2006).  In situ 

hybridization analysis showed that ephrinA2 transcripts are present in the preingression 

epiblast and also broadly throughout the epiblast (Fig. 17G-H). Similar to EphA1 and 

EphA4, ephrinA2 transcripts are downregulated as cells emerge from the primitive 

streak. Lower transcript levels of ephrinB1 and ephrinB2 were also detected, however 

this likely represents minor mesodermal contamination of the dissected epiblast since in 

situ hybridization studies clearly show that expression of these ligands is undetectable in 

the epiblast and upregulated in emerging mesodermal cells (Baker and Antin, 2004). 

Together, these expression data suggest that initial Eph-ephrin signaling during 

gastrulation occurs via both EphA1 and EphA4, likely through interaction with the more 

broadly expressed ephrinA2.  Since expression of an Eph receptor has not been detected 

generally throughout the epiblast, Eph-ephrin signaling is likely restricted to the 

preingression epiblast and primitive streak at early- to mid-gastrula stages by the 

localized expression of EphA1 and EphA4. At later stages, Eph-ephrin signaling may be 

mediated predominantly through EphA1, which remains highly expressed in 

preingression epiblast and primitive streak cells until at least stage 12 (Baker and Antin, 

2004). 
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4.4.2: Simultaneous inhibition of EphA1 and EphA4 function promotes cell migration 

into the primitive streak during avian gastrulation 

The specific and continuous expression of EphA1 in the preingression epiblast and 

primitive streak suggests that this receptor may be a prominent mediator of Eph-ephrin 

signaling during gastrulation. To investigate the function of EphA1 during gastrulation, 

we expressed a dominant negative version of the receptor (dnEphA1) in which the 

intracellular domain of the chicken EphA1 cDNA was replaced with a myc-tag and then 

cloned downstream of the chicken β-actin promoter in the pBE expression vector (Colas 

and Schoenwolf, 2003; see Materials and methods). Similar truncated Eph receptors have 

been used in numerous contexts to block specific Eph receptor signaling (Helbling et al., 

2000; Walkenhorst et al., 2000; Yue et al., 2002; Eberhart et al., 2004; Noren et al., 2004; 

Prin et al., 2005; Picco et al., 2007).  

 

The posterior primitive streak epiblast region of stage 3d-4 embryos was co-

electroporated with plasmids expressing dnEphA1 plus GFP (as an indicator of 

electroporation efficiency), or with the GFP-expressing plasmid alone as a control. 

Following electroporation, embryos were cultured for 6-7 hours (typically to stage 6-8). 

Control studies have shown that with this experimental design only epiblast cells are 

electroporated, so electroporated cells must traverse the primitive streak in order to 

contribute to the mesoderm layer (Hardy et al., 2008a). Therefore, the extent of cell 

migration through the primitive streak can be assessed by comparing the proportion of 
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electroporated cells in the epiblast, primitive streak, and mesoderm layers in dnEphA1- 

versus GFP-expressing cells following a period of development. 

 

Comparisons between embryos expressing dnEphA1 and those expressing only GFP 

revealed no obvious morphological differences (Fig. 18A-B).  Analyses of transverse 

sections also showed no significant difference in cell migration between dnEphA1- and 

GFP-expressing embryos, as embryos displayed similar proportions of positive cells in 

the epiblast, primitive streak, and mesoderm layers (58% versus 56%, 8% versus 9%, and 

34% versus 35% respectively; Fig. 18C). This indicates that EphA1 receptor activity is 

not independently required for normal cell migration through the primitive streak during 

gastrulation.  

 

Since EphA1 and EphA4 show a high degree of sequence similarity and are co-expressed 

in preingression epiblast and primitive streak cells of stage 3-4 embryos, they may 

function redundantly during gastrulation. To investigate the effect of blocking the 

function of both receptors, plasmids containing dominant negative versions of EphA1 

(dnEphA1myc) and EphA4 (dnEphA4GFP), or a GFP-expressing plasmid as a control, 

were co-electroporated as above into the epiblast of stage 3d-4 embryos. Whole mount 

observations 6-7 hours later showed that similar numbers of electroporated cells were 

present in control and experimental embryos  (Fig. 18D-E). However, analysis of 

transverse sections revealed that the distribution of electroporated cells differed between 
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Figure 18: Inhibition of EphA1 and EphA4 forward signaling enhances cell migration through the 
primitive streak. A-C: Cell migration was analyzed after blocking forward signaling through 
EphA1 with a dominant-negative construct (dnEphA1). Control embryo expressing GFP (A) 
shows the typical migration of electroporated cells in transverse sections (A',A''). Embryo 
expressing dnEphA1 (B) exhibits no difference in the migration of electroporated cells (B',B"). 
Bar graph (C) represents the relative proportion of cells located in the epiblast, primitive streak, 
and mesoderm of control (grey; n=8) and dnEphA1 (green; n=5) embryos, and indicates no 
statistical difference in relative cell numbers. D-F: Cell migration was assessed following co-
expression of dominant negative versions of both EphA1 (dnEphA1) and EphA4 (dnEphA4) to 
inhibit all A-class Eph receptor forward signaling. Compared with control embryos (D) showing 
the typical migration of electroporated cells (D',D"), embryos expressing dnEphA1 and dnEphA4 
(dnEphA1/A4; E) typically display the presence of electroporated cells in the lateral epiblast, but 
the absence of positive cells in the preingression epiblast and dorsal region of the primitive streak 
(E',E"; bars). dnEphA1/A4-positive cells in the ventral primitive streak and mesoderm also 
appear more aggregated than in controls (compare ms arrows in E'-E" with D'-D"). Bar graph (F) 
represents the proportion of positive cells in the epiblast, primitive streak and mesoderm in 
control (grey; n=8) and dnEphA1/A4 (silver; n=8) embryos, and indicates experimental embryos 
have significantly fewer electroporated cells in the epiblast and significantly more cells in the 
primitive streak (p<0.005). Abbreviations: ep, epiblast; ms, mesoderm; ps, primitive streak. 
Arrowhead indicates the primitive streak.  
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double dominant negative and control embryos (Fig. 18D'-E").  Fewer positive cells were 

observed in the epiblast of embryos expressing both dominant negatives (dnEphA1/A4) 

compared with GFP controls (39% versus 55% respectively, p<0.005). Importantly, 

dnEphA1/4-expressing cells were normally distributed in lateral portions of the epiblast, 

but appear reduced in the preingression epiblast adjacent to the primitive streak where 

EphA1 and EphA4 are expressed (Fig. 18D'-E"). Conversely, more positive cells were 

visible in the primitive streak region in dnEphA1/A4-electroporated embryos compared 

with GFP controls (28% versus 13%, p<0.001), while the number of cells in the 

mesoderm was similar (33% versus 32%). Whereas GFP positive cells in control 

embryos were spaced throughout the epiblast, primitive streak and mesoderm layers, 

typically as individual cells (Fig. 18D'-D"), dnEphA1/A4 positive cells in the primitive 

streak were predominantly observed as cell aggregates in the ventral-most portion of the 

streak and emerging mesodermal layer (Fig. 18E'-E"). These observations indicate that 

blocking EphA1 and EphA4 signaling results in the premature exit of cells from the 

preingression epiblast into the primitive streak. 

 

4.4.3: Ectopic EphA1 signaling reduces cell migration through the primitive streak 

The results above show that blocking EphA signaling increases cell migration into the 

primitive streak. To determine whether persistent activation of EphA forward signaling 

would impair migration, we utilized a constitutively active version of the EphA1 receptor 

(caEphA1; modeled on the EphA2 MYRA2 construct published by Carter et al., 2002). 

To generate this construct, the entire EphA1 intracellular coding domain plus a carboxyl-
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terminal Myc sequence was fused in- frame to an MLZ backbone (an amino terminal 

myrstolyation sequence [M], followed by the leucine zipper [LZ] domain from the 

Saccharomyces cerevisiae GCN4 protein) to promote protein dimerization and 

autophosphorylation (Fig. 19A; Carter et al., 2002). The capacity of this construct to 

become constitutively phosphorylated was confirmed in cell culture (data not shown). 

The epiblast of embryos was co-electroporated with caEphA1- and GFP-expressing 

plasmids, or with the GFP-expressing plasmid alone, then analyzed 6-7 hours later for the 

location of electroporated cells. Compared with GFP controls, caEphA1-expressing cells 

showed a reduced capacity to traverse the primitive streak and contribute to the 

mesoderm layer (Fig. 19B-C"). caEphA1-expressing cells were more abundant in the 

epiblast layer (66% versus 49% respectively; p<0.001) and the primitive streak region 

(17% versus 12%; p<0.001), but were less abundant in the mesoderm layer (17% versus 

39%; p<0.001). These results show that EphA function must be downregulated for cells 

to migrate properly through the primitive streak and into the mesoderm, and suggests that 

EphA signaling in preingression epiblast negatively modulates cell movements during 

gastrulation.   

 

4.4.4: EphA receptor signaling is independent of EMT within the primitive streak 

One potential mechanism to account for the observations that blocking EphA1 and 

EphA4 function promotes transition of cells from the epiblast layer to the primitive streak 

while constitutive activation of EphA1 signaling prevents cell migration through the  
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Figure 19: Constitutive activation of EphA1 forward signaling prevents cell migration through 
the primitive streak. A: Diagram of the constitutively active EphA1 protein (caEphA1). B-D: 
Control embryo expressing GFP (B) and experimental embryo expressing caEphA1 (C). 
Transverse sections through the primitive streak indicate the typical migration of positive cells in 
controls (B',B") and the reduced contribution of  positive cells to the mesoderm in experimental 
embryos (C',C"). Bar graph (D) shows the proportion of positive cells in the epiblast, streak and 
mesoderm in control (grey; n=16) and experimental (lavender; n=16) embryos, and indicates a 
significant positive cell increase in epiblast and primitive streak, and decrease in the mesoderm in 
caEphA1-expressing experimental embryos (p<0.001). Abbreviations: ICD, intracellular domain; 
MYRS, myristoylation sequence; LZ, leucine zipper; JXT, juxtamembrane domain; SAM, sterile 
alpha motif; MYC, myc-tag; ep, epiblast; ms, mesoderm; ps, primitive streak.  
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primitive streak, is that EphA signaling negatively regulates EMT.  In this case, we 

would expect to observe persistent epithelial markers in caEphA1-expressing cells  

residing in the primitive streak and emerging mesoderm, and conversely the premature 

loss of epithelial markers in cells expressing dnEphA1/A4.  To visualize the normal 

pattern of EMT protein transitions occurring within the primitive streak, gastrula stage 

embryos were assayed by immunocytochemistry for the epithelial marker, E-cadherin, 

and the mesodermal marker, N-cadherin (Fig. 20). Consistent with previous reports 

(Edelman et al., 1983; Hatta and Takeichi, 1986; Duband et al., 1988), E-cadherin 

expression was seen throughout the epiblast and N-cadherin was observed in mesoderm 

and endoderm cell layers (Fig. 20A). Significant heterogeneity was observed in cells 

within the primitive streak with even abutting cells often displaying different levels of 

each cadherins (arrow pairs in Fig. 20A'). This indicates that the transition from E-

cadherin to N-cadherin is largely an individual cell phenomenon with differential timing 

even between neighboring cells. The tight junction protein, Zona Occludin-1 (ZO-1; Fig. 

20B), showed a distinct apical protein localization in epiblast cells and a redistribution to 

lateral membrane domains of cells in the primitive streak, mesoderm and endoderm, 

reflecting the transition of cell structure from apical polarization in the epiblast to a 

stellate morphology in the mesoderm. The extracellular matrix proteins laminin (alpha1- 

chain) and fibronectin were also evaluated (Fig. 20C-C'), and were observed to localize to 

the basal lamina underlying the lateral epiblast layer (Lawson and Schoenwolf, 2001b). 

In the streak region, the basal lamina becomes highly fragmented (Fig. 20C-C').  Portions 

of the remnant basal lamina were observed attached to the basal surface of individual 
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Figure 20: Characterization of epithelial-mesenchymal transition within the primitive streak. All 
transverse sections represent typical labeling in stage 4 embryos. A-A': Example of section 
double-labeled for E-cadherin (red) and N-cadherin (green) indicates the expression of E-
cadherin throughout the epiblast and expression of N-cadherin throughout the mesoderm and 
endoderm. Within the primitive streak (dashed box; A') cells undergo the transition from E-
cadherin to N-cadherin in a largely individual manner, displaying heterogeneity in neighboring 
cells. Arrow pairs denote cells abutting each other but expressing different cadherin proteins. B: 
Example of section labeled with an antibody to the apical tight junction protein ZO-1. ZO-1 is 
localized to the apical membranes in epiblast cells, and is not downregulated in primitive streak, 
mesoderm, and endoderm cells, but rather is redistributed to lateral cell membranes. C-C': 
Example of section dual-labeled with laminin alpha1-chain (green) and fibronectin (red) 
antibodies. Both proteins localize to the basal lamina underlying the epiblast layer. Within the 
primitive streak (dashed box; C'), the basal lamina is dissolved, and both laminin and fibronectin 
are fragmented (arrows). 
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cells migrating through the primitive streak. Fibronectin staining persisted around some 

mesodermal cells lateral to the streak.  

 

Evaluation of E-cadherin and N-cadherin expression in embryos with either 

dnEphA1/A4- or caEphA1-expressing cells indicated that the E-cadherin to N-cadherin 

transition occurred normally (Fig. 21A-C). dnEphA1/A4-expressing cells in the epiblast 

showed normal expression of E-cadherin, while dnEphA1/A4-expressing cells in the 

streak and emerging mesoderm showed a diminution of E-cadherin staining and an 

increase in N-cadherin staining that was identical to GFP-expressing control cells 

(compare Fig. 21B-B" with 5A-A").  Similarly, caEphA1-expressing cells displayed 

normal E-cadherin staining in the epiblast and lack of persistent E-cadherin staining in 

cells residing in the mesoderm, as well as upregulation of N-cadherin in mesodermal cells 

(Fig. 21C-C").  The basal lamina underlying the epiblast in dnEphA1/A4 and caEphA1-

expressing embryos appeared consistent in lateral and medial epiblast regions, and was 

fragmented or absent only within the primitive streak region in a manner that was 

indistinguishable from control embryos (Fig. 21D'-F"). These findings suggest that  

altered EphA1 function does not affect the molecular transition of epiblast cells from an 

epithelial to mesodermal phenotype.   
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Figure 21: Inhibition or activation of EphA forward signaling impairs function independently of 
the epithelial-mesenchymal transition within the primitive streak. A-C": Transverse sections of 
embryos electroporated with GFP (A), dnEphA1/A4 (B) or caEphA1 (C), then triple-labeled with 
antibodies to exogenous protein (GFP and/or myc; green), E-cadherin (epithelial marker; blue), 
and N-cadherin (mesenchymal marker; red). Boxes indicate that cells positive for GFP (A'-A"), 
dnEphA1/A4 (B'-B"), or caEphA1 (C'-C") are able to transition from epithelium to mesenchyme. 
Cells in the epiblast of dnEphA1/4-expressing embryos express normal levels of E-cadherin 
(arrowheads in B'), while caEphA1-positive cells in the primitive streak and mesoderm can 
downregulate E-cadherin expression (arrowheads in C'). In all cases, positive mesodermal cells 
can upregulate N-cadherin (arrows in A",B",C"). D-F: Basal lamina integrity and dissolution is 
normal following manipulation of receptor function. Transverse sections of embryos 
electroporated with GFP (D), dnEphA1/A4 (E) or caEphA1 (F), then double-labeled with 
antibodies to exogenous protein (GFP and/or myc; green) and laminin alpha1-chain (α1-lmn; 
red). Magnified images indicate that embryos expressing GFP (D'-D"), dnEphA1/A4 (E'-E"), and 
caEphA1 (F'-F") all display an intact epiblast basal lamina (compare open arrowheads in D', E' 
and F') and exhibit normal dissolution of the basal lamina within the primitive streak (compare 
open arrows in D", E", and F"). Abbreviations: E-cad, E-cadherin; N-cad, N-cadherin; α1-lmn, 
laminin alpha1-chain. 
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4.4.5: Expression of EphA1, but not EphA4, is regulated by an FGF-Ras/MAPK pathway  

Taken together, the findings thus far indicate that EphA1 signaling modulates the rate at 

which cells enter into and move through the primitive streak, without grossly altering the 

EMT process itself.  We were next interested in determining how expression of EphA1 

and EphA4 is regulated. FGF signaling is known to be important for regulating key 

aspects of gastrulation (Amaya et al., 1991; Sun et al., 1999; Ciruna and Rossant, 2001; 

Yang et al., 2002; Sheng et al., 2003; Chuai et al., 2006). FGF Receptor-1 (FGFR1) and 

multiple FGF ligands are expressed in the primitive streak region of gastrula stage 

embryos, and extracellular-related kinase (ERK; a downstream target of FGF signaling) 

is active in the streak during gastrulation (Walshe and Mason, 2000; Karabagli et al., 

2002; Lunn et al., 2007). To  investigate whether FGF signaling is required for EphA1 

and EphA4 expression, stage 3d-4 embryos were exposed to SU5402, a widely used 

inhibitor of FGFR catalytic activity. Exposure of embryos to SU5402 resulted in the 

downregulation of EphA1 expression in cells of the preingression epiblast and primitive 

streak, but surprisingly did not affect EphA4 transcript levels (Fig. 22A-D). Inhibition of 

ERK activity with U0126, an inhibitor of MEK1/2 activity, similarly abolished EphA1 

but not EphA4 expression (Fig. 22F-I). Western blot analysis of whole cell lysates from 

primitive streak regions of control, SU5402 or U0126 treated embryos showed that 

ERK1/2 was highly phosphorylated in control embryo streak regions, but that 

phosphorylation was lost or significantly reduced following SU5402 or U0126 treatment 
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Figure 22: EphA1 and EphA4 are differentially regulated by FGF signaling. A-E: Embryos were 
treated with DMSO (A,C) or a chemical inhibitor of FGF receptor catalytic activity (SU5402; 
B,D), and then evaluated for EphA1 (A-B) or EphA4 (C-D) expression by in situ hybridization. 
Only EphA1 transcripts are affected by SU5402 treatment (compare B with D). Alternatively, the 
preingression epiblast and primitive streak was collected from control and treated embryos 
(n=12), and then biochemically assayed for the phosphorylation state of ERK (p-ERK1/2; E). 
DMSO lane indicates normal ERK phosphorylation, compared with SU5402 treatment that 
completely blocks phosphorylation. Total ERK1/2 was utilized as a loading control. F-J: Embryos 
were treated with DMSO (F,H) or a chemical inhibitor of MEK-ERK (U0126; H,I), then analyzed 
by in situ hybridization for EphA1 (F-G) or EphA4 (H-I) transcripts. As before, only EphA1 
expression is affected by U0126 treatment (compare embryos in G and I). As a control, the 
preingression epiblast and primitive streak was collected from control and treated embryos 
(n=12) and analyzed for ERK phosphorylation by western blot (J). Compared with DMSO 
control, U0126 treatment downregulates phosphorylation of total ERK levels.  
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(Fig. 22E,J). Taken together, these results indicate that EphA1 and EphA4 genes are 

differentially regulated during avian gastrulation, with only EphA1 expression requiring 

FGF signaling through the Ras/MAPK pathway (via MEK and ERK).  

 

4.5: DISCUSSION 

 

Eph-ephrin signaling has been implicated in the regulation of cell migration and adhesion 

during many developmental processes. Despite conserved expression of Ephs and ephrins 

during gastrulation across species, a role for Eph-ephrin signaling in amniote gastrulation 

has not previously been described. Through EphA receptor loss and gain of function 

studies, we have identified a role for EphA forward signaling (via EphA1 and EphA4) in 

regulating cell movements through the primitive streak during avian gastrulation. Cells 

unable to propagate forward signaling leave the epiblast layer and transit the primitive 

streak at a higher rate than controls, while cells with constitutively active receptor 

signaling are impaired in their ability to migrate into and through the streak. EphA 

signaling therefore negatively modulates cell migration, apparently by directly affecting 

cell behavior without altering the overall EMT program.  Surprisingly, we find that 

expression of EphA1, but not EphA4, is regulated by FGF signaling through the MAPK 

pathway.  Mechanisms regulating EphA4 expression remain unknown.  
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4.5.1: Eph-ephrin signaling in early developmental processes 

Eph-ephrin signaling has been implicated in numerous migratory processes during 

development, generally acting to regulate cytoskeletal organization and cell adhesion 

(Noren and Pasquale, 2004; Pasquale, 2005; Himanen et al., 2007). Eph-ephrin signaling 

classically utilizes an adhesion-repulsion mechanism whereby Eph-expressing cells 

coming in contact with a cellular region rich in ephrin ligands initially bind but then are 

quickly released to continue a new path of migration. This mechanism of action is 

particularly important in axon guidance and in the formation of hindbrain boundaries 

(Cooke and Moens, 2002; Egea and Klein, 2007). However, Eph-ephrin signaling can 

also promote cell-cell and cell-matrix adhesion, and may also function in cell aggregation 

and cell segregation. Ephs and ephrins can also interact in cis with each other and with 

other molecules such as RTK and cell adhesion molecules within the same cell, further 

complicating the potential mechanisms through which Eph-ephrin signaling can influence 

cell function (Himanen et al., 2007; Arvanitis and Davy, 2008).  

 

Although Ephs and ephrins are expressed during gastrulation in organisms from zebrafish 

to humans, little data is available concerning their function. Antagonism of endogenous 

signaling in zebrafish embryos with soluble human EphA or ephrinA proteins retards 

epiboly during gastrulation (Oates et al., 1999). Older embryos exhibit disorganized 

somite development, disrupted neural boundaries, and an abnormal notochord. More 

recent work has defined the important function of Eph-ephrin signaling during somite 
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formation (Durbin et al., 1998; Schmidt et al., 2001; Barrios et al., 2003; Eberhart et al., 

2004), however how Eph-ephrin signaling contributes to epiboly remains unresolved.   

 

4.5.2: Eph-ephrin bidirectional signaling 

Our results identify a previously unrecognized role for Eph-ephrin signaling in regulating 

cell migration during amniote gastrulation.  Expression of a constitutively active EphA 

receptor impairs migration, while simultaneous expression of dnEphA1 and dnEphA4, 

but not dnEphA1 alone, stimulates migration into and through the primitive streak. 

Normal EphA signaling is likely mediated through interaction with ephrinA2, the only 

ephrin known to be co-expressed with EphA1 and EphA4 in the preingression epiblast. 

EphAs and ephrinAs are co-expressed in numerous cells types, and can participate in 

both forward (through the EphA receptor) and reverse (through the ephrinA ligand) 

signaling. However, since ephrinAs are GPI-linked peripheral membrane proteins, they 

cannot directly transmit signals but probably do so through association with cytoplasmic 

kinases or other transmembrane proteins (Huai and Drescher, 2001; Pasquale, 2008). 

Although ephrin reverse signaling may function in the preingression epiblast, two 

observations argue strongly that effects on cell migration are mediated through EphA 

forward signaling. First, the constitutively active EphA construct (caEphA1) used in 

these studies impairs cell migration yet lacks an extracellular domain and so cannot 

interact with a ligand. Second, co-expression of dnEphA1 and dnEphA4 enhances cell 

migration yet both have fully functional extracellular domains capable of interacting with 

an ephrinA. Although it would be interesting to investigate ephrinA2 function, attempts 
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to knock down protein levels in the preingression epiblast with morpholinos or siRNAs 

have proven problematic, because the time required for target mRNA degradation and 

turnover of any pre-existing protein can equal transit time of cells from epiblast to 

mesoderm (typically less than one hour).  With cells transiting preingression epiblast and 

streak so quickly, knockdown becomes highly variable between cells, leading to 

uninterpretable results.   

 

4.5.3: Integration with other signaling pathways during gastrulation 

Cell migration during gastrulation has been most extensively studied in amphibians and 

teleosts, in which cells involute at the blastopore as a continuous sheet but do not undergo 

a true EMT (Stern, 2004; Keller, 2005). In these species, a number of signaling pathways 

have been shown to regulate the migration and intercalation of cells during gastrulation, 

most notably FGF and non-canonical Wnt signaling (Moon et al., 1993; Smith et al., 

2000; Tada and Smith, 2000; Nutt et al., 2001; Wallingford et al., 2001b; Ulrich et al., 

2003; Yokota et al., 2003; Chung et al., 2005; Sivak et al., 2005). These same pathways 

also regulate aspects of gastrulation in amniotes (Sun et al., 1999; Ciruna and Rossant, 

2001; Yang et al., 2002; Chuai et al., 2006; Voiculescu et al., 2007; Hardy et al., 2008a).  

For example, FGF signaling plays a prominent role in regulating morphogenesis during 

mouse gastrulation, as cells lacking FGFR1 are unable to downregulate E-cadherin or 

leave the primitive streak through a mechanism involving the failure to upregulate snail 

and liberate β-catenin from cadherin-catenin complexes at the plasma membrane (Ciruna 

and Rossant, 2001). In mouse embryos lacking FGF8, gastrulating cells undergo EMT 
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but fail to migrate away from the primitive streak, indicating that FGF signaling also 

regulates mesoderm migration (Sun et al., 1999).  In chicken embryos, FGF signaling has 

been shown to influence migration of lateral mesoderm (Yang et al., 2002), however a 

more direct function for FGF signaling during gastrulation has not been reported.  

 

It is well established that non-canonical Wnt signaling regulates convergent extension 

cell movements during frog and fish gastrulation, and recent studies have shown that this 

pathway also regulates gastrulation in higher vertebrates. Non-canonical Wnt signaling 

has been linked to the large-scale migration of cells during formation of the avian 

primitive streak, and subsequent cell movements through the primitive streak are 

regulated via Wnt5a/b and the recently discovered Wnt11b gene (Chuai et al., 2006; 

Voiculescu et al., 2007; Hardy et al., 2008a). A role for non-canonical Wnt signaling has 

not been described for mammalian gastrulation. 

 

EphA1 and EphA4 genes are expressed in a highly dynamic fashion in preingression 

epiblast cells adjacent to the primitive streak that have not yet ingressed and undergone 

gastrulation. Although many genes appear to be specifically expressed in this region, and 

at least some are likely to regulate cell movements during gastrulation, how expression of 

these genes are regulated has not been addressed. Here we show that EphA1 but not 

EphA4 is regulated through one or more FGF receptors and MAPK. Multiple FGF 

receptors are expressed in the epiblast, in differing patterns, and FGF ligands are 

expressed around the primitive streak (Walshe and Mason, 2000; Karabagli et al., 2002; 
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Lunn et al., 2007). Downstream signaling pathway components are also present during 

gastrulation, such as ets factors and negative modulators like MPK3 (Lunn et al., 2007).  

The regulation of EphA4 by an alternative pathway, coupled with the functional 

redundancy observed for EphA1 and EphA4 proteins, may reflect the importance of 

maintaining this signaling pathway to ensure normal cell movements through the 

primitive streak.  

 

4.5.4: Epithelial-mesenchymal transition within the primitive streak 

Immunofluorescence visualization of E-cadherin and N-cadherin proteins within 

primitive streak cells of control embryos revealed considerable heterogeneity in the 

timing of the E- to N- cadherin transition even in neighboring cells (Fig. 20). Epiblast 

cells show strong localization of E-cadherin along basolateral surfaces. As cells enter the 

streak, E-cadherin staining is gradually lost. Concomitantly, N-cadherin becomes 

detectable in primitive streak cells and in emerging mesoderm, reflecting the E- to N-

cadherin transition that is characteristic of cells undergoing EMT.  If alterations in cell 

migrations observed following expression of caEphA1 or dnEphA1/4 were due to 

alterations in the EMT program, we expected to observe persistent E-cadherin and 

perhaps reduced or absent N-cadherin in caEphA1 expressing cells in the mesoderm, and 

precocious loss of E-cadherin and appearance of N-cadherin in cells expressing 

dnEphA1/4.  Alterations in the patterns of expression of E- and N-cadherin were not 

observed in cells expressing either construct, suggesting that effects on migration of 

perturbing EphA signaling are independent of larger scale alterations to the EMT 
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program. Eph-ephrin signaling has been shown to affect cell adhesion through several 

molecules including cadherins (Arvanitis and Davy, 2008), and alteration of cadherin 

function is one potential mechanism to account for our findings.   

 

In summary, we have shown that EphA forward signaling regulates cell movements into 

and through the avian primitive streak.  The expression of EphA receptors in the 

gastrulating regions of embryos of numerous organisms, including zebrafish, Xenopus, 

and mouse, suggests that modulation of cell migration during gastrulation by EphA 

signaling may reflect a general mechanism across vertebrate species.  
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CHAPTER FIVE: CONCLUSIONS AND FUTURE DIRECTIONS 

 

5.1: INTRODUCTION 

 

Gastrulation is a critical early event in vertebrate embryogenesis that generates the germ 

layers required for subsequent organ development. The work presented herein focuses on 

the functions of multiple signaling pathways active during vertebrate gastrulation. 

Together it suggests that a complex network of signals function to precisely modulate cell 

migration movements through the avian primitive streak.  

 

5.2:  FGF SIGNALING 

 

5.2.1: FGF signaling is necessary for preingression gene expression and cell migration  

We describe a region of the epiblast adjacent to the primitive streak (preingression 

epiblast) that corresponds to the first observed expression of diverse genes representing 

multiple signaling pathways and transcription factor families; a region that exhibits 

overlap of FGFR1 and FGF ligand expression, and where ERK is active (Lunn et al., 

2007). FGF signaling, typically via the Ras/MAPK pathway, is required for the 

expression of candidate genes expressed in this region, as transcripts are downregulated 

by either inhibition of FGFR or ERK activity. Importantly, FGFR activity is required for 

cell migration through the primitive streak as GFP-electroporated epiblast cells fail to 

contribute to the mesoderm layer in embryos treated with SU5402. This signaling 
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cascade may converge on Ets transcription factors as ETV1 transcriptional activity is 

require for BRA expression. However, ETV1 transcriptional activation is not necessary 

for cell migration through the primitive streak, suggesting that other factors are also 

important. This work identifies a novel function for FGF signaling in the chick 

preingression epiblast, and places it upstream of a cascade of gene activation and 

repression important for cell migration and mesoderm gene expression. 

 

5.2.2: Future Directions 

Studies in Xenopus indicate that signaling downstream of FGFR diverge into multiple 

cascades that regulate different aspects of gastrulation. Specifically, intracellular pathway 

antagonists (Sproutys and Spreds) function to inhibit distinct downstream pathways: 

Sproutys antagonize PLCγ/ Ca2+ signaling and modulate convergent extension cell 

movements, while Spreds inhibit Ras/MAPK signaling and affect mesoderm gene 

expression (Nutt et al., 2001; Sivak et al., 2005). However, there is complex interplay 

between downstream signaling cascades as Ras/MAPK signaling regulates expression of 

XSprouty2 (Nutt et al., 2001). In chicken, it is not clear how downstream signaling is 

modulated. Sprouty2 and Spred2 are expressed in preingression epiblast and primitive 

streak cells, and both are regulated by FGF signaling (Chambers and Mason, 2000; 

K.M.H. and P.B.A., unpublished). Whether Sprouty2 and Spred2 play distinct roles in 

regulating cell migration and gene expression is an interesting question and one that 

warrants further investigation. This could easily be addressed in electroporation studies. 
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Ras/MAPK signaling functions downstream of FGFR activity during avian gastrulation 

to regulate gene expression, and some of these FGF-responsive genes encode proteins 

involved in modulating cell migration through the primitive streak, such as Wnt5 and 

EphA1 (Hardy et al., 2008a; Hardy et al., 2008b). Thus, we reason that Ras/MAPK 

signaling impacts cell migration through the transcriptional program it regulates, but this 

has not been directly tested. One way to test this hypothesis would be to analyze cell 

migration in embryos treated with the ERK inhibitor.  

 

It is also unclear if other described downstream pathways (PLCγ/ Ca2+ and PI3K) 

function during gastrulation in chicken. PI3K signaling may be active during gastrulation 

(Stavridis et al., 2007), though we have been unable to confirm this biochemically. In 

separate studies, we have analyzed embryos treated with the PI3K inhibitor, LY294002, 

and have observed that the expression of most genes regulated by FGFR activity is 

independent of PI3K, though embryos exhibit morphological defects including apparent 

impaired adhesion of mesoderm cells (K.M.H. and P.B.A, unpublished). It is not clear if 

this is a result of apoptosis (as PI3K regulates the cell survival pathway) or another 

mechanism, or if this phenotype is linked to FGF signaling. This will require more in 

depth investigation. Elucidation of the function of PLCγ/ Ca2+ and/or PI3K signaling 

during avian gastrulation may be possible from a combination of studies with chemical 

inhibitors and experimental constructs.  
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Broader questions that remain to be addressed include the role of other pathways with 

components identified as preingression genes, such as Notch-Delta and PDGF signaling 

pathways. Both pathways have been implicated in different aspects of gastrulation in 

other vertebrate species (Keller, 2005; Shi and Stanley, 2006), but functions during in 

avian gastrulation are unknown. 

 

5.3: NON-CANONICAL WNT SIGNALING 

 

5.3.1: Precisely regulated levels of non-canonical Wnt signaling are required for cell 

migration through the primitive streak 

In this work, we identify the chicken ortholog of frog and fish Wnt11 (Wnt11b) and 

describe its expression in the primitive streak during gastrula stages. This is highly 

significant as the originally described chicken Wnt11 gene is not expressed in the streak, 

but rather is observed in paraxial and intermediate mesoderm and does not participate in 

gastrulation. Through gain and loss of function studies, we describe the largely redundant 

role for Wnt11b and a second non-canonical Wnt ligand (Wnt5a) in regulating cell 

migration through the primitive streak. These ligands specifically function in the non-

canonical pathway as a non-canonical mutant of Dishevelled (DshΔPDZ) mimics the cell 

migration phenotype, while a β-catenin mutant does not affect cell migration. Similarly, 

Wnt11b constructs do not affect cell fate. Our work describes a previously unrecognized 

role for non-canonical Wnt signaling in the regulation of amniote gastrulation cell 

movements. 
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5.3.2: Future Directions 

The regulation of convergent extension cell movements during amphibian gastrulation 

has been well described. Studies suggest that non-canonical Wnt pathways converge on 

small GTPases to directly modulate cytoskeletal arrangements (Habas et al., 2001; 

Wallingford et al., 2002; Kim and Han, 2005). Whether this same mechanism is actively 

controlling cell migration through the avian primitive streak is unclear. It was recently 

reported that RhoA is expressed in the epiblast during gastrula stages of chicken 

development and is downregulated in deep primitive streak cells (Nakaya et al., 2008). 

RhoA was described to function by regulating the integrity of the basal lamina and the 

expression of α6β1-integrin. One possibility in our study is that cells are unable to 

migrate out of the primitive streak in Wnt gain and loss of function experiments because 

the basal lamina is not properly dissolved beneath these cells, or because integrin 

expression is altered and cells cannot interact with fibronectin to initiate migration into 

the mesoderm. In frog, α5β1-integrin interacts with fibronectin to mediate cell 

intercalation during convergent extension (Marsden and DeSimone, 2003). Furthermore, 

the alternate Wnt11, Wnt-11R, regulates the EMT that precedes trunk neural crest cell 

migration into the Xenopus fin (Garriock and Krieg, 2007). It is possible that cells 

expressing Wnt constructs or the Dsh mutant are unable to undergo EMT within the 

primitive streak. Whether normal expression of extracellular matrix molecules or other 

components of the EMT program (such as cadherins) is altered in non-canonical Wnt 

signaling could be investigated in immunocytochemical analyses. 
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Wnt-PCP signaling typically converges on Rho and JNK. Whether the activity of these 

proteins is required for cell migration during avian gastrulation is not known. Chemical 

inhibitors of both JNK and Rho Kinase phosphorylation are commercially available. In 

concert with epiblast electroporations, chemical inhibition could be employed to ascertain 

if cells require the activity of these proteins for normal migration through the primitive 

streak.  

 

5.4: EPH-EPHRIN SIGNALING 

 

5.4.1: Eph-ephrin signaling functions to negatively regulate cell migration through the 

streak 

We investigate the function of two EphA receptors expressed during gastrulation, and 

describe a novel role for this pathway in regulating cell migration. Distinct from the other 

pathways analyzed in this body of work, Eph-Ephrin signaling appears to negatively 

regulate cell migration through the primitive streak, controlling the timing of cell 

contribution to the mesoderm. Blocking forward signaling with dominant negative 

proteins enhances cell migration from preingression epiblast into primitive streak regions, 

while constitutively active receptor expression impairs cell migration. This activity is 

apparently independent of EMT within the primitive streak, as the cadherin transition and 

the integrity of the basal lamina are unaffected.  
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5.4.2: Future Directions 

While we have focused our study on EphA forward signaling, we have not addressed the 

role of reverse signaling in regulating gastrulation nor have we described the contribution 

of an ephrin ligand to this process. We have detected the broad expression of the 

ephrinA2 ligand throughout the epiblast, and reason that it triggers forward signaling but 

does not participate in reverse signaling. This logic comes from experiments with Eph 

receptor mutants, where the exogenous protein is expressed in lateral epiblast cells that 

lack endogenous EphA1 and EphA4 but express ephrinA2. No apparent phenotype is 

detected, even though these truncated receptors likely retain the capacity to induce 

reverse signaling. We have not tested whether ephrinA2 actually participates in forward 

signaling. One possibility would be to express a mutant of ephrinA2 that lacks the GPI 

anchor and is secreted from cells. This protein would retain the capacity to bind to the 

receptor but would be antagonistic, as soluble ligands are unable to cluster and this is 

required for signaling (Himanen and Nikolov, 2003). The caveat with such as study is 

that it would be difficult to distinguish between cells that secrete the protein and cells that 

bind the protein, so results may not be interpretable. An alternate method may be to 

microdissect the preingression epiblast and culture it on an inhibitory ephrin ligand 

substrate, as has been employed in cell culture studies (Miao et al., 2000; Carter et al., 

2002). The ability of preingression epiblast cells to migrate away from the explant may 

be indicative at least of whether ephrin ligands participate in signaling in this context, and 

may provide an ex vivo model for additional studies. 
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Eph-ephrin signaling has been described to participate in diverse functions, and to either 

propagate or inhibit various downstream signaling cascades (Noren and Pasquale, 2004; 

Poliakov et al., 2004; Pasquale, 2005; Egea and Klein, 2007; Pasquale, 2008). We have 

no idea of the specific pathway functioning downstream of Eph-ephrin forward signaling 

during avian gastrulation. One way to crudely test some of the possibilities might be to 

combine electroporation and chemical inhibition studies, and ask if phenotypes induced 

by expression of Eph construct can be rescued by inhibiting potential downstream 

pathways such as Ras/MAPK, JNK, or Rho Kinase. Encouraging results may provide 

direction for more detailed studies using constructs specific to downstream effectors. 

 

5.5: FINAL WORD 

The potential cooperation of the pathways presented in this dissertation to regulate 

gastrulation cell movements has not been addressed. It is clear that signaling pathways do 

not act in isolation, but rather participate in a larger regulatory network (Katoh, 2007; 

Arvanitis and Davy, 2008; Kestler and Kuhl, 2008). It is extremely likely that multiple 

signaling pathways are working together through cross-talk to precisely regulate the 

activity levels of downstream effectors during gastrulation. The utilization of computer 

modeling in combination with experimental analyses such as array studies and multi-

construct electroporations may provide some insight into the broader regulatory network 

at work during avian gastrulation. 
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