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Developmental biology looks at living organisms and tries to understand creation; how 
life arises and by which tortuous paths it goes from one cell, the fertilized egg, to finally 
reach the complexity of adulthood. This metamorphosis, from a single cell to a 
multicellular organism, occurs via myriads of cellular events; growth, division, 
differentiation, movement and death. From the first instant of fertilization the embryo 
begins to take its shape, the egg acquires polarity and starts to divide into different cells 
with different fates. In the frog, Xenopus laevis, one cell divides in two, defining left and 
right, two in four, to give dorsal and ventral, four in eight, eight in sixteen, and so on, 
until, with the help of some massive cell movements, we have a rudimentary tadpole, 
with a head and a tail, a left and a right side, a belly and a back.  

During the early stages of development, building blocks are laid down along the head 
to tail axis (anteroposterior axis). Even though these segments look the same, they 
express different molecules, which confer specific characteristics to each block, 
patterning them and making them form different structures. For the embryo to develop 
correctly, it is necessary to guarantee that each block has the right molecules and is in 
the right place to perform its destiny. 

Here some of the issues involved in setting up the axes in vertebrates will be 
introduced. Emphasis will be given to the patterning and segmentation of the 
anteroposterior axis, analysing features of two primary cell layers; the ectoderm and the 
mesoderm. The coordination between segmentation and patterning will also be 
discussed.  

 

Establishing the axes 

The pre-organizer era: mesoderm induction and patterning  

Fertilization, the fusion of two sex cells, marks the start of a new individual. In frogs, 

particularly Xenopus, this event has been well studied and illustrates how one symmetric cell, 

the egg, acquires polarity and initiates the process of axis formation. The entry of the 

sperm, anywhere in the animal hemisphere of the egg, breaks the radial symmetry around 

the animal-vegetal axis (Fig. 1). This induces a ~30º cortical rotation away from the sperm 

entry point and towards the future dorsal side of the embryo (Vincent et al., 1986).  

Concomitantly with this cortical rotation, maternal dorsal determinants in the vegetal pole 

are transported in the same direction (Kageura, 1997; Kikkawa et al., 1996; Sakai, 1996). 

These dorsal determinants stabilize ß-catenin in the future dorsal side, eventually leading to 

the establishment of the dorsoventral (DV) axis  (Schneider et al., 1996; Schohl and Fagotto, 

2002).  
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At the blastula stage, the dorsal ß-catenin induces the formation of two signalling centres: 

the Nieuwkoop centre in the most dorsal vegetal cells (Gerhart et al., 1989) and the 

recently proposed blastula chordin and noggin expression centre, BCNE, in the dorsal 

ectoderm (Kuroda et al., 2004; Wessely et al., 2001). The BCNE has been shown to be 

required for brain formation and its cells contribute to a large part of the CNS (Kuroda et 

al., 2004). At gastrula stage, the Nieuwkoop centre induces the formation of an organizing 

centre in the overlying mesoderm, the Spemann organizer (Nieuwkoop, 1973; 1977). This 

has recently been proposed to occur as part of a two-step model of mesoderm induction 

(Agius et al., 2000). In the first step, the ß-catenin which accumulates on the dorsal side 

during the first stages of development, interacts with Vg1, a TGF-ß factor, and VegT, a T-

box transcription factor, in the vegetal pole (Henry and Melton, 1998; Zhang et al., 1998). 

From this interaction, a zygotic dorsal to ventral gradient of Nodal-related molecules (Xnr) is 

formed at the late blastula stage. Low concentrations of Xnrs induce the formation of ventral 

mesoderm, whereas high concentrations induce the Spemann organizer. The second step 

occurs at gastrula stages, when the Spemann organizer secretes a cocktail of factors that 

refine the initial patterning (Agius et al., 2000).  

In the chick, the posterior marginal zone at pre-primitive streak stages is probably the 

equivalent of the Nieuwkoop centre as it has the ability to induce ectopic primitive streak in 

epiblast tissue (Bachvarova et al., 1998; Boettger et al., 2001; Nieto, 1999).  

 

Figure 1. Establishing the 
Spemann organizer in 
Xenopus laevis. The sperm 
entry, in the animal pole, 
induces a cortical rotation 
towards to the future dorsal 
side. The maternal dorsal 
determinants are transported 
from the vegetal pole to the 
dorsal side, where they 
stabilize β-Catenin at the 
two-cell stage. At mid-
blastula stage, β-Catenin 
induces the formation of two 
signalling centres: the 
Nieuwkoop centre in the 

vegetal cells; and the BCNE centre in the dorsal animal cap and marginal zone, that later on will give 
rise to part of the central nervous system (CNS). At late-blastula, the Nieuwkoop centre releases 
Nodal-related signals that induce the formation of the Spemann organizer in the mesoderm above at 
gastrula. D, dorsal; V, ventral. Adapted from (De Robertis and Kuroda, 2004). 
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Organizing the embryo  

In 1924 Spemann and Mangold published a paper that proved to be a turning point in 

experimental embryology (Spemann and Mangold, 1924). The culmination of more than 

twenty years of work led to the discovery of the above mentioned Spemann organizer. They 

showed that transplanting a blastopore dorsal lip of an early gastrula embryo into the 

ventral side of another embryo induces the formation of a second embryo, connected to the 

host belly-to-belly. An amazing feature of the transplant tissue was its capacity to recruit 

cells from the host and ‘organize’ a secondary axis. Homologous structures have since been 

discovered in all vertebrates: the embryonic shield in the fish (Luther, 1935; Oppenheimer, 

1936); Hensen’s node in the chick (Waddington, 1932; 1933); and the node in the mouse 

(Waddington, 1936; 1937). 

One of the first genes induced by the Nieuwkoop centre in the Spemann organizer is 

goosecoid (Cho et al., 1991a; Watabe et al., 1995). It was shown that the injection of 

goosecoid mRNA on the ventral side of a frog embryo was sufficient to induce a secondary 

axis, similar to the one obtained in the Spemann and Mangold experiment of transplanting 

the organizer (Cho et al., 1991a; De Robertis et al., 1992). Since then, many more 

transcription factors that mediate the inducing activities of the organizer have been isolated 

in several organisms, including Xlim-1, Xnot, siamois, Otx2, HNF-ß, Xanf-1, Xtwn, Iro3, and 

bozozok (reviewed in De Robertis and Kuroda, 2004; Harland and Gerhart, 1997; Nieto, 

1999). 

The inducing activity of the Spemann organizer also results from the extracellular 

antagonists that it produces. The antagonists can function either by sequestering growth 

factors, or by binding to receptors, thus preventing signalling, and can be classified 

according to the growth factors that they inhibit: BMP antagonists, such as chordin, noggin, 

follistatin, gremlin, and Xnr-3; Wnt inhibitors, such as Frzb, sFRP2, crescent, Sizzled, WIFs, and 

Dickkopf-1; Activin antagonists, such as follistatin; and the Sonic Hedgehog antagonist, Hip-

1. Several molecules can inhibit different pathways, such as Cerberus (Wnt/BMP/TGF-

ß/Nodal) and Lefty (TGF-ß/Nodal/Activin) (De Robertis et al., 2001; De Robertis and 

Kuroda, 2004). 

Several of these extracellular antagonists are apparently not evolutionarily conserved, 

suggesting that different organisms started to use different molecules during the course of 

evolution to regulate the common ancient pathways (De Robertis and Bouwmeester, 2001).    
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To be, or not to be, epidermis: Neural induction and patterning. 

The transplantation of the organizer to the ventral side of the embryo can, as discussed 

above, induce the host ventral ectoderm to form neural tissue instead of epidermis (Spemann 

and Mangold, 1924). This observation, together with similar ones in other organisms, led to 

the idea that the organizer is sufficient to induce neural fate in the surrounding ectoderm at 

gastrula stages. 

It was also shown that BMP4 inhibits neural fate and promotes epidermis formation (Hawley 

et al., 1995; Wilson and Hemmati-Brivanlou, 1995) and that the organizer tissue expresses 

several BMP inhibitors (reviewed in De Robertis and Kuroda, 2004; Stern, 2005). These 

results, together with the fact that neural tissue can be obtained by keeping gastrula stage 

animal cap cells dissociated for a short time before reaggregation (Born et al., 1989; 

Godsave and Slack, 1989; Grunz and Tacke, 1989; Sato and Sargent, 1989), or by 

overexpressing a dominant-negative activin receptor (Hemmati-Brivanlou and Melton, 

1997a; 1994), led to the proposal of the ‘default model’ of neural induction (Hemmati-

Brivanlou and Melton, 1997b). In this model the ectodermal cells have a ‘default’ tendency 

to differentiate into neural tissue, which is only inhibited by the presence of BMPs.  

However, even if the organizer is sufficient to induce neural tissue, it is not necessary, as 

shown by the surgical removal of the organizer in chick, frog, zebrafish and mouse embryos 

(Davidson and Keller, 1999; Shih and Fraser, 1996; Smith and Schoenwolf, 1989). 

Furthermore, it has been shown that neural induction occurs before the Spemann organizer is 

specified (reviewed in Stern, 2005; Wilson and Edlund, 2001). Part of the neural inducing 

signal comes from the BCNE centre in Xenopus (Kuroda et al., 2004), the hypoblast in chick 

(Izpisua-Belmonte et al., 1993; Streit et al., 2000) and the visceral endoderm in mouse (Belo 

et al., 1997; Tam and Steiner, 1999; Thomas and Beddington, 1996; Varlet et al., 1997).  

At the molecular level, evidence from several organisms suggests a more complex situation 

that cannot be simply explained by the inhibition of BMPs (reviewed in Stern, 2005; Wilson 

and Edlund, 2001). Besides antagonizing BMP, activation of FGF signalling (Hongo et al., 

1999; Launay et al., 1996; Sasai et al., 1996) and inhibition of Wnt signalling (Aubert et 

al., 2002; Baker et al., 1999; Wilson et al., 2001) is also necessary for neural induction. 

Furthermore, a recent study in chick showed that blocking BMP and Wnt signalling, together 

with FGF overexpression, is not sufficient to induce neural tissue in vivo, suggesting the 

involvement of other, as yet unknown, factors (Linker and Stern, 2004). 
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Living on the edge. Neural crest and neurogenic placodes. 

In the ectoderm the decision is not simply between becoming epidermis or neural tissue; 

there is also a third fate, the neural crest. At the end of gastrulation, in the lateral borders 

between non-neural ectoderm and neural plate, a population of multipotent neural crest 

cells (NCCs) is formed (Fig. 2). After neurulation, NCCs delaminate from the neuroepithelium 

via an epithelial-to-mesenchymal transition, and migrate throughout the embryo from dorsal 

to ventral. Once they reach their destination, NCCs contribute to a variety of tissues, such as 

the cartilage, bone, and connective tissue of the face, neurons and glial cells of the 

peripheral nervous system, pigment cells of the skin, and mesenchyme and smooth muscle 

cells in regions of the cardiovascular system (reviewed in Huang and Saint-Jeannet, 2004; 

Thiery, 2003). The differentiation of NCCs is dependent on their original position along the 

anteroposterior (AP) axis. However, the premigratory NCCs are highly plastic, as shown by 

heterotopic transplants in chick where these cells adopt the fate of their new AP position 

(reviewed in Trainor and Krumlauf, 2001). 

Figure 2. Neural crest and 
Neurogenic placodes in Xenopus 
laevis. In the centre, is a schematic 
representation of a Xenopus stage 
17 embryo viewed from the 
dorsal side, anterior to the top. 
Neural crest (NC) arises at the 
lateral boundary between the 
neuroectoderm (NE) and the non-
neural ectoderm (NNE), whereas 
neurogenic placodes (NP) arise at 
the anterior boundary. On the 

right-hand side is a lateral view of a stage 22 embryo, anterior to the top, showing the different types 
of neural crest along the AP axis. On the left-hand side are lateral views of the head at two different 
stages, showing the evolution of the neurogenic placodes. L, lens placode; LL, lateral line placode; Ol, 
olfactory placode; Ot, otic placode; pPr, profundal placode; pV trigeminal placode. Adapted from 
(Huang and Saint-Jeannet, 2004; Schlosser and Ahrens, 2004). 

 
In amphibians, transplantation experiments have shown that NCCs are induced by the 

interaction between the neural plate and the surrounding ectoderm (Moury and Jacobson, 

1989). Several groups have also shown a role for paraxial mesoderm in neural crest 

induction in Xenopus (Bonstein et al., 1998; Marchant et al., 1998; Monsoro-Burq et al., 

2003), and chick (Selleck and Bronner-Fraser, 1995), but this has not yet been shown in 

mouse or zebrafish. 

Four signalling pathways are known to be involved in neural crest induction; FGF, Wnt, BMP 

and Delta-Notch. The role of FGF, Wnt and BMP signalling has already been discussed in 
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connection with neural induction, and the NCCs are under the influence of the same gradients 

and share similar regulation to neural cells. The fourth pathway, Delta-Notch, has been 

shown to be necessary for neural crest formation in frog, chick and zebrafish embryos 

(reviewed in Garcia-Castro and Bronner-Fraser, 1999; Huang and Saint-Jeannet, 2004; 

Trainor and Krumlauf, 2001). In frog it was suggested that Delta-Notch signalling modulates 

neural crest formation, via Hairy-2a, by down regulating the levels of BMP4 in the ectoderm 

(Glavic et al., 2004).  

Whereas neural crest cells are formed at the lateral border between neural plate and 

ectoderm, the cranial placodes are formed at the anterior border (Fig. 2). Cranial placodes 

are also migratory cells and it has been suggested that they may have evolved from a 

common ancestral cell population to the NCCs (Baker and Bronner-Fraser, 1997). Cranial 

placodes are transient specialized discrete regions of the anterior vertebrate ectoderm, 

usually recognizable by areas of ectodermal thickening or disruption of the underlying 

basement membrane. They give rise to several non-epidermal cell types, contributing to the 

paired sense organs (nose, eyes, ears and lateral line) and to the cranial sensory ganglia 

(reviewed in Baker and Bronner-Fraser, 2001). Like neural crest cells, the cranial placodes 

are induced by the same signalling pathways as the neural plate; FGF, BMP and Wnt. So 

far the Notch pathway has only been described to have a role in placode neurogenesis, but 

not induction per se (Schlosser and Ahrens, 2004; Schlosser and Northcutt, 2000; and 

Chapter III of this thesis). 

 

Patterning from A to P 

The formation of the anteroposterior (AP) axis is accompanied by its regionalization; at the 

same time that the axis is being formed, several gradients are being established along the 

axis that will induce different genes at different levels of the axis. This differential gene 

expression will determine which structures will be formed in the three germ layers along the 

AP axis.  

One early model for the patterning of the AP axis proposed the existence of different 

inducing activities for the head, trunk and tail region (Mangold, 1933). Several recent 

studies present evidence supporting this model. In Xenopus, the separation of an early 

gastrula organizer into a posterior half and anterior half, revealed that the anterior half 

was only able to induce anterior specific genes (OtxA and XAG-1), while the posterior part 

could induce anterior (Otx-A and reduced levels of XAG-1) as well as posterior (Hoxb-9) 

neural genes (Zoltewicz and Gerhart, 1997). The isolation of the Wnt inhibitors, Cerberus 
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and dickopf, in Xenopus, led to a two-inhibitor model for organizer regionalization, 

suggesting the existence of a head organizer that would block Wnt and BMPs, and a trunk 

organizer that would only block BMPs (Bouwmeester et al., 1996; Glinka et al., 1997). In 

zebrafish, it was recently suggested that the shield and the more ventral marginal zone are 

responsible for induction of the head and trunk/tail neuroectoderm, respectively (Agathon et 

al., 2003). However, experiments in several species, such as the ablation of the organizer 

(see above), have challenged this model. Another model put forward, that doesn’t 

necessarily rule out the existence of different organizers, is the activation/transformation 

model of Nieuwkoop (Nieuwkoop, 1952). The ectoderm is first induced to become neural 

tissue with anterior characteristics (forebrain/midbrain) by signals from the organizer, such 

as BMP and Wnt inhibitors. In the second step a transformation signal posteriorizes the 

neuroectoderm, providing positional information along the AP axis. Recently, a modification 

of the Nieuwkoop model was proposed with the introduction of an intermediate 

‘stabilization’ step, that stabilizes and maintains both the neural and forebrain states, before 

the posteriorization in the third step (Stern, 2001). FGFs, retinoic acid (RA) and Wnts are all 

candidates for being posteriorizing factors. These posteriorizing factors are all secreted 

factors and are present in the mesoderm and in the neuroectoderm, affecting patterning in 

both tissues.  

Several studies have shown that FGF can induce posteriorization in neural tissue (Cox and 

Hemmati-Brivanlou, 1995; Lamb and Harland, 1995; Muhr et al., 1999; Storey et al., 

1998). In Xenopus, embryonic FGF (eFGF) was found to be expressed in the posterior 

mesoderm and to induce the expression of posterior markers (Isaacs et al., 1992; Pownall et 

al., 1996). FGF and its receptors are also able to activate the expression of more posterior 

Hox genes, which are key regulators of AP patterning (see below). In chick, FGF signalling is 

responsible for maintaining the cells from the Hensen’s node in a proliferative state, 

promoting the maintenance of presumptive neural precursors and the continuous 

development of the nervous system (Mathis et al., 2001), indicating a close connection 

between axis elongation and posterior patterning.  

The involvement of RA in AP patterning was shown in Xenopus by treating embryos with 

different concentrations of RA (Durston et al., 1989; Sive et al., 1990). These experiments 

showed that RA induces anterior truncations and enhancement of posterior structures, through 

its effect on the mesoderm and ectoderm (Durston et al., 1989; Ruiz I Altaba and Jessell, 

1991; Sive et al., 1990). In vivo, RA receptors are necessary for posteriorization of the 

neural tissue and are also required for correct neural differentiation (Blumberg et al., 

Introduction

9



 

 

1997). RA has also been shown to activate posterior Hox genes (Cho et al., 1991b; 

Godsave et al., 1998; Kolm et al., 1997; Sive and Cheng, 1991).  

The first evidence for the involvement of Wnt signalling in the patterning of the AP axis 

came with the observation of the posteriorizing effects of Wnt3a in Xenopus (McGrew et al., 

1995). Since then, other studies showed the involvement of Wnt signalling in inducing 

posterior and suppressing anterior development in vertebrates (Darken and Wilson, 2001; 

Glinka et al., 1997; Kudoh et al., 2002; Liu et al., 1999). Furthermore, recent studies 

showed evidence for the existence of a posterior to anterior Wnt gradient (Aulehla et al., 

2003; Kiecker and Niehrs, 2001). 

The FGF and RA signalling pathways appear to interact with each other (Diez et al., 2003). 

In many different contexts the FGF signal has been shown to be able to maintain cells in an 

undifferentiated state whereas retinoids drive cell differentiation (reviewed in Diez and 

Storey, 2004). An FGF8 gradient from posterior to anterior was shown to interact with a 

putative opposing gradient of RA suggesting that these opposing actions could control cell 

differentiation during axis extension, both in the neuroectoderm and mesoderm (Diez and 

Storey, 2004; Moreno and Kintner, 2004). 

 

Hox, the selector genes 

Regardless of the way in which the regionalization of the AP axis is achieved, the result is 

several genes being expressed specifically in certain regions, defining positional identity 

along the AP axis. Hox genes, or Homeotic genes as they are referred to in Drosophila, are 

the most studied group of genes that fulfil this function. Hox genes were first discovered in 

Drosophila 30 years ago (Lewis, 1978), but phenotypes due to mutations in Hox genes were 

first observed more than 100 years ago by William Bateson. He called these organisms 

‘homeotic mutants’ to illustrate the fact that the structure of one segment was replaced by a 

similar (Homeo) structure of another segment. A classical example is observed when the 

ultrabithorax gene, a homeotic gene expressed in the third thoracic segment, is deleted. In 

the absence of this gene, the third thoracic segment is transformed into another second 

thoracic segment, resulting in the formation of an extra pair of wings in the place of halteres 

(Gilbert, 2000). 

Hox genes are a family of transcription factors conserved throughout evolution, and present 

in various phyla, such as chordates, anthropods and nematodes. In vertebrates, they are 

organized in four clusters, A to D (except in the teleosts, where there are seven clusters), with 

the genes in the clusters divided into 13 paralogous groups (Fig. 3), classified by DNA 
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sequence and position in the cluster (Amores et al., 1998; McGinnis and Krumlauf, 1992). It 

is believed that Hox genes arose from the duplication of an ancestral Hox cluster, and that 

during evolution several Hox genes were lost, and the function of others diverged, leading 

to the clusters as they are now (Prince and Pickett, 2002).  

 
 
Figure 3. Hox gene clusters. In vertebrates, the Hox genes are organized in four clusters, a, b, c, and 
d (except in teleosts that have another three clusters). The Hox genes are also divided into 13 
paralogous groups (1-13) based on the position in the cluster and DNA sequence. Hox genes are 
expressed in a temporally and spatially colinear manner, meaning that 3’ Hox genes are in general 
expressed earlier and more anteriorly than 5’ Hox genes. 

 
Hox genes are present in a great variety of animals that exhibit very distinctive and diverse 

morphological features. These differences have arisen during evolution, often due to 

changes in Hox gene number, mutations in global or local enhancers, and changes in the 

downstream targets of individual Hox genes (Gellon and McGinnis, 1998). 

A remarkable feature of Hox gene expression, that reflects the role in AP patterning, is 

temporal and spatial colinearity (Fig. 3); the genes start to be expressed sequentially 

according to their position in the cluster from 3’ to 5’ (temporal colinearity), and the ones 

expressed first are also expressed at a more anterior position in the embryo (spatial 

colinearity) (reviewed in Deschamps et al., 1999). Several models have been proposed to 

explain the colinearity of Hox genes (reviewed in Gaunt, 2000; Kmita and Duboule, 2003). 

One recent model, based on experiments in Xenopus, proposed that the non-organizer 

mesoderm generates the temporally colinear sequence of Hox expression, which is then 

stabilised via an interaction with the organizer, thus generating a spatial pattern from the 

temporal sequence (Wacker et al., 2004a). 

Recently, it was shown in embryonic steam cells that the temporal patterning of the Hoxb 

cluster is correlated with changes in nucleosome modification, chromatin decondensation 
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(induced by RA) and sequential extrusion of Hoxb genes out of the chromosome territory 

(Chambeyron and Bickmore, 2004). The changes in chromatin structure and nuclear 

organization in the Hoxb cluster along the AP axis of the neural tube is correlated with the 

spatial pattern of the individual genes of the cluster (Chambeyron et al., 2005). 

In vertebrates the majority of the Hox gene expression domains extend posteriorly, resulting 

in an increasing overlap of Hox gene expression in the posterior domains. However, the 

increased number of Hox products in the posterior regions does not lead to an increase in 

the complexity of posterior structures. Several gene inactivation experiments have shown 

that one particular body level is primarily the result of the most posterior Hox proteins 

present, rather than the combination of all the Hox proteins (reviewed in Kmita and Duboule, 

2003). In Drosophila, this “posterior prevalence” seems to be a result of a suppressive 

mechanism that does not involve transcriptional repression (Schock et al., 2000). However, in 

Xenopus certain Hox genes can repress the transcription of other more anterior Hox genes 

(Hooiveld et al., 1999). 

In mouse, the formation of Hox expression domains along the AP axis has been divided into 

three phases; initiation, during gastrulation in the posterior primitive streak; establishment, 

when the Hox domain spreads until the definitive expression domain is reached; and 

maintenance, when the transcriptional state of each Hox gene is maintained in each region 

(Deschamps et al., 1999). The initiation of Hox genes occurs in the so called ‘Hox induction 

field’  or ‘Hox opening zone’ (reviewed in Deschamps et al., 1999; Gaunt, 2000). In frog it 

has been shown that this region is defined by the intersection between the Xbra domain and 

the BMP4 domain (Wacker et al., 2004b). This interaction defines a region around the 

blastopore lip that excludes the Spemann organizer region. Hox genes start to be 

expressed in this region from the beginning of gastrulation on, at first mainly in the 

mesoderm but soon afterwards also in the ectoderm (Wacker et al., 2004b). In mice and 

chick the situation is similar; Hox genes are initiated in the mesoderm, and more weakly in 

the primitive ectoderm (epiblast) of the posterior part of the primitive streak (reviewed in 

Deschamps et al., 1999). 

As mentioned earlier, FGF and RA are among the potential inducers of Hox gene 

expression. FGF signalling has been shown to modulate Hox expression in frog (Isaacs et al., 

1998) and in mouse (Partanen et al., 1998) but its role in the actual initiation of Hox 

expression is still not known. In differentiating human embryonal carcinoma cells RA was 

shown to turn on Hox genes sequentially, from 3’ to 5’, indicating a possible role in temporal 

colinearity (Simeone et al., 1990). RA is able to induce Hoxb8 in the differentiating spinal 

cord (Muhr et al., 1999) and it is also necessary for the anterior expansion of 5’ Hoxb 
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genes in the posterior hindbrain (Oosterveen et al., 2003). However, so far there is no 

evidence of a role for RA in the initiation of Hox gene expression in vivo. Caudal genes 

(Cad/Cdx) have also been implicated in the regulation of more posterior Hox genes 

(reviewed in Deschamps et al., 1999). Loss of Cdx1 function in mouse leads to homeotic 

transformations (Subramanian et al., 1995) and in Xenopus it has been shown that Xcad-3 is 

necessary for the activation of Hox genes by FGFs (Isaacs et al., 1998). 

Despite the interest in Hox genes, not much is known about their downstream targets. One of 

the reasons for this is the high degree of redundancy between different Hox genes, meaning 

that the loss of one gene can be compensated for by the others. This redundancy is most 

apparent between members of the same paralogous group (Hunter and Prince, 2002; van 

den Akker et al., 2001). Chapter II of this thesis addresses the function and redundancy of 

the genes from paralogous group 1, the first Hox genes to be expressed in the embryo.  

 

Segmentation of the Body Axis 

The division of axial tissues, into repeated structures, metameres or segments, along the 

length of the anteroposterior (AP) axis is a widespread feature of embryogenesis, being 

present in arthropods, annelids and chordates. The segmentation of the AP axis allows a 

great flexibility with respect to the differentiation of different body parts; from repeated 

building blocks, animals can generate structures with a high morphological diversity, 

adapted to perform different tasks (reviewed in Tautz, 2004). 

By observing the way that segments are formed, it is possible to define three main 

segmentation mechanisms during embryonic development. The first mode of segmentation is 

present in long germ band insects (e.g. Drosophila), and consists of the almost simultaneous 

subdivision of the three germ layers into smaller units, either by actual boundary formation 

or simply by differential gene expression. In vertebrates, the hindbrain tissue is segmented 

via a process that is similar to this mode of segmentation. A second mechanism is found in the 

segmentation of the trunk mesoderm in vertebrates, where the segments are formed 

sequentially from anterior to posterior. A third manner of segmentation is seen in annelids, 

where via asymmetric cell division, a new segment buds off and is added to the existing 

ones (reviewed in Tautz, 2004). 

In vertebrates, segmentation occurs independently in the hindbrain and in the trunk 

mesoderm; both of these processes will be now discussed. 
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The hindbrain 

In the majority of vertebrates, the hindbrain is divided into segments, referred to as 

rhombomeres (r). The rhombomeres are transient structures formed by the subdivision of the 

neural tissue, and they underpin the pattern of neuronal differentiation and migration, and 

neural crest specification (Briscoe and Wilkinson, 2004). The inter-rhombomeric boundary 

itself acts as a physical barrier to prevent cell mixing between rhombomeres. However, 

removing the boundary, either by extirpation (Guthrie and Lumsden, 1991) or by RA 

treatment (Nittenberg et al., 1997), does not result in cell mixing, suggesting the existence of 

other mechanisms involved in cell segregation. This view is supported by the formation of 

boundaries between cells from odd-numbered and even-numbered rhombomeres when 

these cells are mixed together (Guthrie et al., 1993; Wizenmann and Lumsden, 1997). The 

differences of affinity between odd and even rhombomeres is due, at least partially, to the 

complementary expression of a family of receptor tyrosine kinases, the Ephs, and their 

membrane-bound ligands, the ephrins; Ephs are expressed in the odd rhombomeres r3 and 

r5, and the ephrins in the even r2, r4 and r6 (Mellitzer et al., 2000; Xu et al., 2000). Krox-

20 is also expressed in r3 and r5 (Wilkinson et al., 1989a) and it is known that it directly 

regulates EphA4 expression (Theil et al., 1998). Gain and loss-of-function studies revealed 

that Krox-20 is likely to be a major determinant of the odd identity of r3 and r5 (Giudicelli 

et al., 2001; Irving et al., 1996; Schneider-Maunoury et al., 1997).  

Following rhombomere determination, the inter-rhombomeric boundary is formed at the 

interface between adjacent rhombomeres. Several components of the Notch pathway have 

segment-restricted expression in the zebrafish hindbrain suggesting a role in establishing the 

inter-rhombomeric boundaries (Pasini et al., 2001; Prince et al., 2001; Qiu et al., 2004). 

Notch signalling is active in the boundary cells, conferring different cell affinity between 

boundary and non-boundary regions (Cheng et al., 2004). Notch signalling also seems to be 

necessary for the maintenance of boundary cells, possibly by suppressing neurogenesis via 

lateral inhibition (Cheng et al., 2004). 

Before inter-rhombomeric boundaries are formed, Hox genes are already expressed in the 

hindbrain. However, the Hox expression domain becomes progressively sharpened, 

coinciding with the formation of the inter-rhombomeric boundaries (Wilkinson et al., 1989b). 

Hox genes play a role in setting the rhombomere characteristics, namely the behaviour of 

rhombomere specific motor neurons. Mutation of Hoxb-1 in mice leads to an r4 to r2 

transformation (Studer et al., 1996), whereas the ectopic expression of this gene in chick 

leads to the opposite transformation (Bell et al., 1999). 
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The mechanism that couples the segmentation and patterning of the hindbrain is still not well 

understood, but several genes, such as Mafb, vhnf1 and Krox-20, are thought to be involved 

(reviewed in Lumsden, 2004). 

RA is the main signalling pathway known to be involved in the patterning of hindbrain. RA 

signalling regulates anterior Hox gene expression in the hindbrain (reviewed in Gavalas 

and Krumlauf, 2000), and recently, it was also shown that RA regulates the anterior 

expression of 5’ Hoxb genes in the hindbrain (Oosterveen et al., 2003). Furthermore, the 

presence of a feedback loop between Hox genes and RA receptors during hindbrain 

segmentation has been established (Serpente et al., 2005).  

Only recently was FGF signalling also acknowledged to be necessary for hindbrain 

patterning. In zebrafish, a signalling centre was identified, in the region of the presumptive 

r4, which secretes FGF3 and FGF8 (Walshe et al., 2002). Loss of both FGFs induces changes 

in neurogenesis, neuronal identity and axonal migration, showing that this centre is required 

for the correct patterning of the hindbrain (Walshe et al., 2002). In Xenopus, a similar centre 

was also found in the r2-r4 region of the hindbrain, which expresses Xmeis3 (Aamar and 

Frank, 2004). Xmeis3 seems to interact with RA and FGF signalling to pattern the hindbrain 

(Aamar and Frank, 2004; Dibner et al., 2001; Dibner et al., 2004). 

 

Somitogenesis 

In vertebrates, it is not just the hindbrain which is divided in segments; in the trunk region, the 

paraxial mesoderm is also segmented. In this process, known as somitogenesis, somites are 

formed sequentially, from anterior to posterior, at regular time intervals (Fig. 4). The time to 

form a pair of somites is characteristic of each species; 45 minutes in Xenopus, 90 minutes in 

chick, 90-120 minutes in mouse and 30 minutes in zebrafish (at optimal temperatures). 

In Xenopus, at the beginning of gastrulation, the presumptive paraxial mesoderm lies on 

either side of the Spemann organizer, in the marginal zone. During gastrulation these cells 

converge towards the blastopore where they involute and form the presomitic mesoderm 

(PSM), which later on will undergo segmentation. The first pair of somites is formed at 

neurula fold stages (stage 17) at the level of rhombomere 7. The most anterior 12 somites 

are formed by the segmentation of the paraxial mesoderm which involuted during 

gastrulation, and the more posterior somites are formed during tailbud extension (Keller, 

2000). Whilst in chick and mouse it is believed that all the somites originate from the 

anterior streak and node region, that contains a stem cell population (Nicolas et al., 1996; 

Stern, 1992), a similar stem cell centre in Xenopus, or in zebrafish, has never been shown. 
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Nevertheless, cell lineage analyses and fate map studies do suggest its existence in Xenopus 

and zebrafish (Kimmel and Warga, 1987; Zernicka-Goetz et al., 1996). 

In the majority of vertebrates, the somites on the left and right sides of the embryo are laid 

down synchronously from anterior to posterior. However, in Xenopus although the somites are 

symmetrically placed, their formation is asynchronous and the right somite forms before the 

left equivalent. The expression of Hairy-2a (Davis et al., 2001), esr9 (Li et al., 2003) and X-

Delta-2 (Chapter III of this thesis) illustrates this asynchrony. Recently, in chick, mouse and 

zebrafish it has been shown that RA signalling is essential to maintain the left-right symmetry 

of the somites (Kawakami et al., 2005; Vermot et al., 2005; Vermot and Pourquie, 2005). 

RA signalling seems to be necessary for the synchonization of the molecular clock between 

both sides of the PSM, and for the positioning of the wavefront. 

 
 

 

 

 

Figure 4. Segmentation of the paraxial mesoderm in 
vertebrates. The paraxial mesoderm on the left hand side 
represents somitogenesis in Xenopus while on the right 
hand side it represents somitogenesis in chick or mouse. 
The formation of somites in Xenopus occurs by a 90° 
rotation of the myotomal cells, which become aligned to 
the AP axis. In chick and mouse, the somite forms from the 
budding of epithelial spheres from the most anterior PSM. 
Afterwards, in chick and mouse each somite is further 
divided into different tissues; sclerotome, myotome, and 
dermatome. In Xenopus, the somites mainly consist of 
myotomal tissue; the dermatome is still present but does 
not undergo segmentation. In all vertebrates, the most 
anterior part of the PSM is pre-patterned into 
somitomeres (Jacobson, 1988; Meier, 1979). Taken from 
(Jen et al., 1997). 
 
 

The actual formation of the somites in the PSM also shows differences between vertebrates. 

Whereas in chick and mouse, the somite forms from the budding of epithelial spheres from 

the most anterior PSM, in Xenopus this does not occur; instead, the cells that form a somite 

undergo a 90° rotation, going from being orientated mediolaterally to anterior-posteriorly 

(Fig. 4). Due to this rotation mechanism, in Xenopus one cell length corresponds to the somite 

length (Hamilton, 1969).  

Somites are transient structures that later on differentiate into different types of tissues that 

will give rise to several trunk structures: sclerotome (precursor of the bones, cartilages and 
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tendons), myotome (precursor of the muscle) and dermatome (precursor of the skin) 

(reviewed in Brand-Saberi and Christ, 2000). In Xenopus the somites consist mainly of 

myotome (Fig. 4). The dermatome consists of a thin sheet of cells on the lateral surface of the 

somitic mesoderm, and not much is known about the position of the sclerotome cells during 

somitogenesis (reviewed in Keller, 2000). 

The PSM exhibits a pre-pattern in the anterior-most region caudal to the newly formed 

somite. Transplants of this region will give rise to somites with AP polarity and Hox gene 

expression characteristic of the origin of the transplant, regardless of the orientation and the 

environment to which they are grafted (Aoyama and Asamoto, 1988; Nowicki and Burke, 

2000). In Xenopus this pre-patterned region can be visualized by the expression of the 

Notch ligand X-Delta-2 in the most anterior part of the PSM, marking the four/five 

presumptive somites, also referred as somitomeres (Jen et al., 1997; and Chapter III of this 

thesis). 

 

Segmentation Models 

Over the past decades, several models have been proposed to explain how somites are 

formed at regular time intervals (reviewed in Dale and Pourquie, 2000; Saga and Takeda, 

2001; Stern and Vasiliauskas, 2000). Here three of these models will be discussed, all of 

which were proposed before any molecular evidence for the genes involved was obtained. 

The “clock and wavefront model” was proposed in 1976 (Cooke and Zeeman, 1976) to 

explain the observation that amphibian embryos, after operations at the blastula stage that 

led to the formation of small embryos, show the same number of somites as normal embryos, 

but with less cells per somite, proportional to the size reduction (Cooke, 1975). In this model 

a cellular clock interacts with a slowly progressing wavefront moving from anterior to 

posterior, regulating the periodicity of somite formation.  

A second model, Meinhardt’s model, is based on a reaction diffusion mechanism and 

proposes that each segment is preceded by a number of oscillations between two states “A”, 

anterior, and “P”, posterior, that correspond to the two halves of a somite (Meinhardt, 1982; 

1986). At a specific morphogen concentration (AP gradient) cells posterior to this 

concentration switch state (A to P); and the cells on both sides of this transition point are 

stabilized and no longer change state, in this way forming a somite with AP polarity.  

A third model was put forward to explain the heat-shock phenomena in chick, where after a 

brief heat-shock, repeated abnormal somites are observed with an interval of 6-7 somites 

(Primmett et al., 1988). This model is based on the cell cycle and proposes that cells destined 
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to be in the same segment are synchronous in their cell cycle state (Primmett et al., 1989; 

Stern et al., 1988). In this model, all the cells leave the node in the same phase of the cell 

cycle; and when the cells reach a particular point of the cycle, they signal to the adjacent 

cells that are in a similar point in the cell cycle, inducing the activation of adhesion molecules 

and the formation of a somite. 

Several other models have been proposed; the “wave gradient model” (Flint et al., 1978), 

the “wave and cell polarization model” (Polezhaev, 1992), the “clock and trail model” 

(Kerszberg and Wolpert, 2000) and a “coupled oscillator model” (Cinquin, 2003). All of 

these models were proposed to explain several aspects of somite formation; however, none 

of them can give a satisfactory explanation for all of the observations.  

The Notch Pathway. 

A decade ago, several genes were reported to be involved in somitogenesis. The mouse 

knockouts of Notch1 (Conlon et al., 1995) and the Notch effector, RBPjk (Oka et al., 1995) 

showed that these two genes are necessary for somitogenesis. This finding sparked the 

elucidation of the role of the Notch pathway  in several aspects of somitogenesis (reviewed 

in Rida et al., 2004), including the core of the clock mechanism (Holley et al., 2000), 

synchronization of the clock (Jiang et al., 2000), patterning within the somites (Durbin et al., 

2000; Jen et al., 1999; Takahashi et al., 2000) and formation of the somitic boundaries 

(Sato et al., 2002). 

Notch is a transmembrane receptor, identified almost 100 years ago by a mutant fly 

exhibiting ‘notches’ in its wings (Morgan, 1917). Notch signalling is an evolutionarily 

conserved pathway, widely used to control cell fates through cell to cell interaction in a 

variety of developmental processes, such as: neuralepidermal fate via lateral inhibition in 

Drosophila and vertebrates; boundary formation in Drosophila wings, eyes and legs, and in 

vertebrate somitogenesis; germline proliferation in C. elegans; left-right asymmetry in 

vertebrates; and inhibition of apoptosis  in erythroleukemia murine cells  (reviewed in 

Artavanis-Tsakonas et al., 1999; Irvine, 1999; Lai, 2004).  

Notch signalling between adjacent cells involves the binding of a transmembrane ligand to 

the extracellular domain of the Notch receptor (Fig. 5). In Drosophila, two transmembrane 

ligands for Notch have been identified, Delta and Serrate (Delta and Serrate/Jagged in 

vertebrates, LAG-2 and APX-1 in C. elegans) (Greenwald, 1998; Gu et al., 1995; Zeng et 

al., 1998). The binding of the ligand induces proteolytic cleavage of the intracellular 

domain (ICD) of Notch (reviewed in Rida et al., 2004). The Notch ICD is then translocated to 

the nucleus and associates with Supressor of hairless [Su(H)], a DNA-binding protein 
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(CBF1/RBPjk in mammals, LAG-1 in C. elegans), and activates the downstream genes, of 

which the hairy/enhancer of split family are the main targets. Several gain and loss of 

function studies in different organisms have shown that a tight regulation of the Notch 

pathway is necessary for normal somitogenesis (reviewed in Artavanis-Tsakonas et al., 

1999; Lai, 2004). One way of regulating Notch activity, either by enhancing or inhibiting, is 

by the glycosyltransferase protein lunatic fringe (Lfng) in the PSM of mice and chick. 

 
 
 
 
 
 
 
 
 
Figure 5. Notch signalling 
pathway. Scheme showing a 
simplified version of the Notch 
signalling pathway in the 
context of Xenopus somito-
genesis. The X-Delta-2 ligand 
binds to the Notch1 receptor 
and induces the release of the 
Notch intracellular domain (N-
ICD). The N-ICD is translocated 
to the nucleus where it binds to 
the Su(H) effector and activates 
the transcription of downstream 
targets, such as Hairy and 
Enhancer of split family (ESR) 
genes.  
 

 

The Clock 

The cloning of c-hairy-1, a chick homologue of the Drosophila hairy gene (Palmeirim et al., 

1997), provided the first molecular evidence supporting the existence of a segmentation 

clock in vertebrates, as predicted by the segmentation models previously discussed (Fig. 6). 

The expression pattern of c-hairy-1 in chick revealed a highly dynamic expression in the 

PSM; a cycle with a 90 minute periodicity, the same time that it takes to form a somite 

(Palmeirim et al., 1997). Since then, several more genes have been shown to oscillate in the 

PSM; esr9 (Li et al., 2003), and X-Delta-2 (Chapter III) in Xenopus; her1 (Holley et al., 2000; 

Introduction

19



 

 

Sawada et al., 2000), her7 (Gajewski et al., 2003), and DeltaC (Jiang et al., 2000) in 

zebrafish; lunatic fringe (Aulehla and Johnson, 1999), c-hairy-2 (Jouve et al., 2000) and c-

hey2/HRT2  (Leimeister et al., 2000) in chick; Hes1 (Jouve et al., 2000), Hey2 (Leimeister et 

al., 2000), Hes7 (Bessho et al., 2001; 2003) and lunatic fringe (Aulehla and Johnson, 1999; 

Forsberg et al., 1998) in mice. An interesting aspect of the cyclic genes is that their identity 

does not seem to be conserved among vertebrates; in mouse and chicken Lfng expression 

oscillates but Delta genes do not, whereas in Xenopus and zebrafish, the Delta genes 

oscillate and Lfng does not seem to play a role in segmentation. 

The first gene outside of the Notch pathway shown to oscillate in the PSM was Axin2, a 

negative regulator of the canonical Wnt pathway, suggesting a role of Wnt signalling in the 

somitogenesis process (Aulehla et al., 2003). Axin2 oscillatory expression is independent of 

the Notch signalling pathway, as shown in dll1 and Hes7 mice mutants (Aulehla et al., 2003; 

Hirata et al., 2004), and it is also out of phase with the other cyclic genes, (Aulehla et al., 

2003). 

 
Figure 6. Somitogenesis in vertebrate: segmentation clock and wavefront. Several genes were 
found to oscillate in the PSM of different vertebrates, such as hairy and lunatic fringe in chick and 
mouse, and Delta and her/ESR (hairy and enhancer of split related) in frog and zebrafish. The 
oscillatory gene expression starts in the posterior and moves towards the anterior border of the PSM, 
where a somite is formed at regular intervals. Three signalling pathways are suggested to shape the 
wavefront; FGF, Wnt, and RA. Adapted from (Saga and Takeda, 2001) 

 
A current challenge is to understand how these oscillations are produced and maintained; 

what is the ‘segmentation clock’? Several studies have suggested that the mechanism 

responsible for the segmentation clock is a negative feedback loop; i.e. with the transcription 

of a gene being shut down by its own protein (reviewed in Bessho and Kageyama, 2003). A 

molecule proposed to underlie the chick segmentation clock is the cyclic gene Lfng, which is 

also downstream of Notch signalling (Dale et al., 2003). Overexpression of Lfng in the PSM 
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Wavefront 
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abolishes the expression of cyclic genes (c-hairy1, c-hairy-2 and Lfng), suggesting that it 

represses the Notch signalling via a negative feedback loop, in this way producing the 

oscillatory expression of the cyclic genes (Dale et al., 2003). However, in mice this does not 

seem to be the case, as transgenic mice expressing a constitutively active form of Lfng still 

maintain endogenous Lfng cyclic expression in the PSM (Serth et al., 2003). Furthermore, 

Hes7 cyclic expression was also maintained in these transgenic mice, suggesting that cyclic 

Notch activity is not essential for the expression of cyclic genes (Serth et al., 2003).  

Hes7 itself has also been proposed to be part of the somitogenesis clock (Bessho et al., 

2001; Bessho et al., 2003). Levels of both Hes7 mRNA and protein oscillate in the PSM, and 

in Hes7-null mice Lfng is expressed continuously throughout the PSM and somites are formed 

irregularly and with disturbed polarity (Bessho et al., 2001). It was also shown that high 

levels of Hes7 protein downregulate Hes7 and Lfng RNA expression, and low levels 

upregulate Hes7 and Lfng RNA expression (Bessho et al., 2003). Furthermore, increasing 

Hes7 protein stability (~30 minutes half live compared with ~22 minutes for the wild-type 

Hes7), produces disorganized somite segmentation and oscillatory expression only after a 

few normal cycles. This fits with mathematical predictions for a direct autorepression model, 

and suggesting that Hes7 instability is essential for sustained oscillations in the PSM (Hirata 

et al., 2004).  

In zebrafish, a pair of Hes7 homologs, Her1 and Her7, are essential for somitogenesis and 

for the cyclic expression of DeltaC (Henry et al., 2002; Holley et al., 2002; Oates and Ho, 

2002). These two genes have been suggested to be involved in the genesis of the 

oscillations. Using a mathematical model of zebrafish somitogenesis it was shown that Her1 

and Her7 can produce stable oscillations by a direct autoinhibition of transcription, with 

transcriptional and translational delays, suggesting that Her1 and Her7 are strong 

candidates for the somitogenesis clock in zebrafish (Lewis, 2003). 

The wave 

Another conserved aspect in the majority of the vertebrate segmentation models is the 

existence of a gradient, or wavefront that determines the place where the somite 

boundaries are formed (see above). The three pathways discussed in relation to AP 

patterning, namely, FGF, RA and Wnt, are also known to influence the position of somite 

boundaries in the PSM (Fig. 6). Fgf8 RNA was shown to be distributed as a posterior to 

anterior gradient in the PSM (Dubrulle et al., 2001), which is converted to a FGF8 protein 

gradient (Dubrulle and Pourquie, 2004). In chick it was also shown that overexpression of 

Fgf8 in the PSM abolished segmentation and the use of beads soaked with FGF8 protein 
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induces the formation of small somites anterior to the bead and one larger somite just 

posterior to the bead (Dubrulle et al., 2001). Blocking FGF signalling results in the opposite 

effect and larger somites are formed. These experiments show that FGF is necessary for the 

position of the somite boundaries but does not affect the segmentation clock, as the somites 

are still formed with the same periodicity (Dubrulle et al., 2001). In zebrafish, the existence 

of FGF/MAPK gradient and its role in somite boundary positioning has also been reported 

(Sawada et al., 2001). 

RA signalling also regulates somite boundary formation. Quail embryos with vitamin A 

deficiency cannot synthesize RA and have smaller somites than control embryos (Maden et 

al., 2000), similar to the phenotype produced by FGF beads (Dubrulle et al., 2001). The 

opposite affect is observed in Xenopus embryos treated with RA, where larger somites are 

formed (Moreno and Kintner, 2004), as in the FGF loss of function phenotype in chick 

(Dubrulle et al., 2001). These results argue in favour of an antagonising action between 

these two pathways, as also proposed for AP patterning (Diez et al., 2003). Two recent 

studies, one in chick and the other in Xenopus, showed that the RA and FGF pathways are 

indeed mutually inhibitory, suggesting that these two opposite gradients regulate the 

progression of the determination front and the position of the somite boundaries (Diez et al., 

2003; Moreno and Kintner, 2004). 

The negative regulator of the canonical Wnt signal Axin2 is expressed in the mice PSM as a 

posterior to anterior gradient. The gradient of Axin2 and the fact that Axin2 is downstream 

of Wnt3a led to the suggestion of a Wnt activity gradient in the PSM. In mouse embryos 

lacking Wnt3a, expression of Fgf8 RNA is severely downregulated, suggesting that FGF 

signalling is dependent on Wnt activity (Aulehla et al., 2003).  

Wnt signalling, in synergy with TBX6, can also regulate delta1 (dll1) expression via LEF1 

(Galceran et al., 2004; Hofmann et al., 2004). These results suggest that Wnt signalling, via 

oscillations in Axin2 expression, connects the segmentation clock to the determination of the 

somite boundary position (Aulehla et al., 2003). However, somite segmentation occurs 

normally in Axin2-null mice (Hirata et al., 2004). Further studies are necessary to clarify the 

role of the Wnt signal in somitogenesis and to analyse the connections between FGF, RA and 

Wnt signalling in the establishment of the somite boundaries.   

An Alternative Notch Pathway 

Su(H) is known to be the main effector of the Notch signal but it is not the only one. In 

Drosophila, the Su(H) mutant exhibits a phenotype slightly weaker that the Notch mutant 

phenotype (Rusconi and Corbin, 1998; 1999), suggesting the existence of other pathways 
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that do not depend on Su(H). Several in vitro and in vivo studies also support the existence 

of a Su(H)-independent pathway in vertebrates (reviewed in Martinez et al., 2002). In chick 

it has been shown that the Notch role in neural crest formation is independent of Su(H) 

function (Endo et al., 2002). 

The other side of Delta 

The majority of the studies related to Notch signalling focus on what occurs downstream of 

Notch activation. However, recently it was shown that not only the Notch intracellular domain 

(ICD) is cleaved, but the same molecular machinery is also used to cleave the ICD of its 

ligands (Ikeuchi and Sisodia, 2003; LaVoie and Selkoe, 2003; Six et al., 2003). The ICD of 

X-Serrate-1 was shown to be cleaved and translocated to the nucleus and to be involved in 

suppressing primary neurogenesis in Xenopus (Kiyota and Kinoshita, 2004). In zebrafish, 

DeltaD ICD interacts with the MAGI family of scaffolding proteins, and this interaction may 

be important for the regulation of neuronal migration (Wright et al., 2004). These studies 

add an extra level of complexity to the Notch pathway, suggesting that Delta-Notch 

signalling is bi-directional.  

 

Segmentation and Patterning: Divide and Conquer 

Somites arise as metameric structures that look alike, but nevertheless, will give rise to 

different structures, defined by their position along the AP axis. It is generally believed that 

the Hox genes are the main group of genes responsible for AP patterning, conferring 

positional information to the somites. As previously discussed, Hox genes start to be 

expressed before somites are formed. To ensure that each somite expresses the right set of 

Hox genes, it is necessary therefore to coordinate Hox expression and somite formation.  

There is a large degree of overlap between the signalling pathways involved in 

somitogenesis and AP patterning, most notably, the RA, FGF and Wnt pathways. In addition, 

changes in the vertebral identity resembling homeotic transformations were observed in 

transgenic mice with a dominant negative form of the Notch ligand delta1 (dll1) (Cordes et 

al., 2004). The same type of transformations were observed in mice lacking Lfng function 

(Zhang and Gridley, 1998) or when Lfng was constitutively expressed in the PSM (Serth et 

al., 2003). 

Hox genes are normally expressed in a colinear fashion in the somites and the PSM 

(Deschamps et al., 1999). In addition to this expression, several Hox genes also have a burst 

of activation in the forming somites (Zakany et al., 2001). The accumulation of Hox 
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transcription precedes the formation of the somite boundary by one segmentation cycle. 

Furthermore, RBPjk deficient mice (with impaired canonical Notch signalling) show 

downregulation of Hox expression in the forming somites and in the PSM (Zakany et al., 

2001). These results together led to the suggestion that Hox gene expression is regulated by 

the Notch pathway.  

Another piece of evidence for the coordination between segmentation and Hox genes came 

from the manipulation of FGF signalling in chick (Dubrulle et al., 2001). As previously 

mentioned, when beads loaded with FGF8 protein are grafted into the PSM, smaller somites 

are formed and the somite boundaries are shifted anteriorly. When these beads are 

implanted in the region of the anterior boundary of Hoxb9 or Hoxa10, the expression of 

these Hox genes is also always shifted anteriorly, so that the anterior limit of expression is 

maintained at the same somite number (Dubrulle et al., 2001). 

Although the Notch pathway seems to regulate Hox expression, the opposite has previously 

never been observed. Several mice Hox mutants have been analysed and no effect on 

somitogenesis has so far been reported, even when a complete cluster was deleted (Chen 

and Capecchi, 1997; Manley and Capecchi, 1997; Medina-Martinez et al., 2000; Spitz et 

al., 2001; Suemori and Noguchi, 2000; van den Akker et al., 2001). However, Hoxb4 

overexpression in Xenopus perturbs somite formation without affecting other mesodermal 

structures, such as notochord, or the differentiation of the somitic cells (Harvey and Melton, 

1988).  

In Chapter IV we present new evidence for a close relationship between Hox gene 

expression and the Notch pathway, providing further proof of the coordination between the 

processes of somitogenesis and the AP patterning of the axis.  
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Scope of the thesis.  

Segmentation and patterning are two major events that shape the AP axis. However, many 

questions still remain unanswered about these two processes and how they are connected 

with each other. 

In our lab it has been previously shown that Hox genes can induce the expression of more 

posterior ones (Hooiveld et al., 1999). This raises the possibility that temporal colinearity is 

driven, in part, by the sequential activation of posterior Hox genes by more anterior ones.  

In Chapter II we address this by analysing the function of the most anterior Hox genes, 

paralogous group 1 (PG1). To overcome the problem of redundancy between members of 

the same paralogous group, we decided to knockdown all three PG1 genes. We show that 

the posterior Hox genes are indeed downregulated by PG1 loss of function. Furthermore, 

we show that PG1 genes are not only necessary for the patterning of the hindbrain, but also 

for its segmentation. This chapter also suggests a new role for the PG1 genes in the 

migration of neural crest cells. 

To study the segmentation process we performed an in-depth analysis of X-Delta-2 

expression during the early development of Xenopus laevis (Chapter III). We show that X-

Delta-2 expression oscillates in the PSM and that the segmentation clock starts at the end of 

gastrulation, pre-patterning the PSM. However, the role of X-Delta-2 is not limited to 

somitogenesis, as we demonstrate that it is also necessary for the patterning and 

segmentation of the CNS, as well as for the neurogenesis and migration of several cranial 

placodes. 

The coordination between the segmentation and patterning of the AP axis is still poorly 

understood. In Chapter IV we show that these two events are closely linked in Xenopus laevis. 

Complementary to X-Delta-2’s role in segmentation, we show that it also plays a role in 

patterning by regulating Hox expression. Furthermore, our results suggest that this regulation 

is independent of Notch signalling, revealing a new feature of X-Delta-2 function.  We also 

show, for the first time, that Hox genes are vital for normal somitogenesis, and that the loss 

of Hox PG1 gene function disrupts somite formation, possibly via the downregulation of X-

Delta-2 expression.  

The work in this thesis contributes to a better understanding of the segmentation and 

patterning of the AP axis, and unravels a close connection that can help to coordinate these 

two events during embryogenesis.  
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Summary 

The Hox paralogous group 1 (PG1) genes are the first and initially most anterior Hox genes 
expressed in the embryo. In Xenopus, the three PG1 genes, Hoxa1, Hoxb1 and Hoxd1, are 
expressed in a widely overlapping domain, which includes the region of the future hindbrain 
and its associated neural crest. We used morpholinos to achieve a complete knockdown of 
PG1 function. When Hoxa1, Hoxb1 and Hoxd1 are knocked down in combination, the 
hindbrain patterning phenotype is more severe than in the single or double knockdowns, 
indicating a degree of redundancy for these genes. In the triple PG1 knockdown embryos 
the hindbrain is reduced and lacks segmentation. The patterning of rhombomeres 2 to 7 is 
lost, with a concurrent posterior expansion of the rhombomere 1 marker, Gbx-2.  This effect 
could be via the downregulation of other Hox genes, as we show that PG1 function is 
necessary for the hindbrain expression of Hox genes from paralogous groups 2 to 4. 
Furthermore, in the absence of PG1 function, the cranial neural crest is correctly specified 
but does not migrate into the pharyngeal arches. Embryos with no active PG1 genes have 
defects in derivatives of the pharyngeal arches and, most strikingly, the gill cartilages are 
completely missing. These results show that the complete abrogation of PG1 function in 
Xenopus has a much wider scope of effect than would be predicted from the single and 
double PG1 knockouts in other organisms.  

 

Introduction 

A vital aspect of vertebrate development is the organisation and patterning of different 

tissues along the various axes of the embryo. Along the anteroposterior (AP) axis this occurs 

partly under the control of the Hox family of transcription factors. These homeobox-

containing  genes have been conserved throughout evolution and are responsible for the 

patterning of various tissues at specific axial levels (Kessel and Gruss, 1991; Maconochie et 
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al., 1996; McGinnis and Krumlauf, 1992). In vertebrates the Hox genes are organised in 

multiple clusters which contain 13 paralogous groups, identified on the basis of DNA 

sequence and the position on the chromosome. These clusters are believed to be derived 

from the successive duplications of an ancestral Hox cluster. The subsequent loss of certain 

genes, and divergence and function shuffling in the remaining genes resulted in the clusters 

as they are now (Prince and Pickett, 2002). One interesting aspect of the Hox genes is that 

they are expressed in a colinear fashion. This means that genes which are located more 3’ in 

the cluster are generally expressed at an earlier developmental time point [temporal 

colinearity reviewed in (Deschamps et al., 1999; Duboule and Morata, 1994; Gaunt and 

Strachan, 1996; Leroy and De Robertis, 1992)] and also at a more anterior position in the 

embryo [spatial colinearity (Duboule and Dolle, 1989; Graham et al., 1989)]. The 

mechanism behind this colinearity is not yet delineated but the final effect is to produce a 

complex pattern of Hox gene expression, known as the ‘Hox code’, which defines particular 

AP axial levels (Deschamps et al., 1999; Maconochie et al., 1996). 

Often however, the removal of the function of one particular Hox gene, or even one 

complete cluster, does not have dramatic consequences for the embryo (Spitz et al., 2001; 

Suemori and Noguchi, 2000). This, together with the observation that paralogous genes 

often have similar functions as well as similar expression domains, points to the possibility of 

functional redundancy between genes from the same paralogous group (PG). This indeed 

appears to be the case. The loss of function of complete paralogous groups have been 

shown to be more severe than knockouts of single Hox genes in both zebrafish [PG2 (Hunter 

and Prince, 2002)] and mouse [PG8(van den Akker et al., 2001)]. Thus the knockdown of a 

single Hox gene may not reveal its complete function, and entire paralogous groups may 

need to be abrogated before their shared role can be illuminated. 

Here we investigate the function of the PG1 genes, which are the homologues of the 

Drosophila labial gene. These are the earliest of the Hox genes, with expression starting 

during gastrulation, and they eventually have their anterior boundary in the hindbrain at the 

level of rhombomeres (r) 3/4 in most vertebrates (Frohman et al., 1990; Frohman and 

Martin, 1992; Godsave et al., 1994; Kolm and Sive, 1995; Murphy and Hill, 1991; Sundin 

et al., 1990; Wilkinson et al., 1989). Hoxa1 is also expressed at a later stage in the 

fore/midbrain (McClintock et al., 2002; Shih et al., 2001).  

Knockout studies in mouse have concentrated on the Hoxa1 and -b1 genes, and have 

implicated these genes in hindbrain and craniofacial development. In the Hoxa1 null mutant, 

r5 is either absent or severely reduced, r4 is reduced and there are defects in the hindbrain 

and associated nerves in the region between r3 and r8 (Carpenter et al., 1993; Chisaka et 
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al., 1992; Dolle et al., 1993; Lufkin et al., 1991; Mark et al., 1993). In the Hoxb1 knockout, 

the identity of r4 is altered, but segmentation is not affected (Goddard et al., 1996; Studer 

et al., 1996). When both Hoxa1 and Hoxb1 are deleted, a more severe phenotype is 

observed than in either of the single knockouts, with both r4 and r5 being mis-specified 

(Gavalas et al., 1998; Studer et al., 1998) and eventually deleted (Rossel and Capecchi, 

1999) as well as the 2nd pharyngeal arch and its derived tissues being lost. In zebrafish, 

knockdown of the Hoxb1b gene (thought to be the functional equivalent of the mouse Hoxa1 

gene) leads to disruption of r4 and Hoxb1a, like mouse Hoxb1, is involved in the 

specification of nerves originating in r4. The double knockdown of Hoxb1b and Hoxb1a also 

implies some degree of functional redundancy between these genes. However, the 

phenotype of the double knockdown is not as severe as that observed in mouse, with r4 and 

r5 always present, albeit reduced (McClintock et al., 2002). 

Despite the intense interest in these anterior Hox genes, a complete knockdown of all PG1 

genes has not yet been performed. Therefore any function that is shared between all of the 

genes may still be hidden. To address this question we knocked down all the Xenopus laevis 

Hox PG1 genes.  In Xenopus, the early expression of the three PG1 genes (Hoxa1, Hoxb1 

and Hoxd1) is highly overlapping and they are all expressed in the presumptive hindbrain 

region. Here we use the morpholino (MO) knockdown technique to demonstrate that the 

complete loss of PG1 gene function has deeper implications for the development of the 

embryo than the loss of the individual genes.  

 

Materials and Methods 

Embryos and explants 

Xenopus laevis embryos were staged according to Nieuwkoop and Faber (Nieuwkoop and 

Faber, 1956). Culture of embryos and buffers was as described (Winklbauer, 1990). 

Cloning of the XHoxd1 morpholino insensitive construct  

The complete open reading frame of XHoxd1 (Sive and Cheng, 1991) was amplified using 

primers incorporating BamHI and XhoI restriction sites (for: 5’CCGGGATCCGCCGCCACC 

ATGAATTCCTACCTAGAATACACTTCTTGCGGG; rev: 5’TGCACTCGAGCTAGGGTGAAGC 

GTCCTTGGATGGCG). After ligation of the PCR product into the pGEM-T Easy vector 

(Promega), Hoxd1 was excised by BamHI/XhoI digestion, ligated into the CS2+ vector 

(Turner and Weintraub, 1994), and checked by sequencing. 
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Injection of morpholinos and mRNA 

Two morpholinos were designed for each Hox PG1 gene (Gene-Tools Inc.)  The pseudo-

tetraploidy of Xenopus laevis was taken into consideration and the morpholinos were all 

designed to be effective against both alleles present - determined by 5’ RACE analysis for 

Hoxd1 and comparison with available EST data for Hoxa1 and Hoxb1. Sequence of 

morpholinos is as follows: Hoxa1, MO1-5’CTCATCCTCCTCGCATAGTCCATCT, MO2-

5’CTCGCATAGTCCATCTATCACTAGG; Hoxb1, MO1-5’AGGAACTCATTCTGCTATTGTC 

CAT, MO2-5’ATCTGCCAGTGATGGAGGAGGGTCA; Hoxd1, MO1-5’AGGAACCTGCTGA 

TCCCTCAATCTT, MO2-5’TAGGTAGGAATTCATCTCTAGGGAG. Morpholinos and mRNAs 

were diluted in Gurdon’s buffer (15 mM Tris pH 7.5, 88 mM NaCl, 1 mM KCl) and injected 

at the four cell stage into both left blastomeres with GFP mRNA coinjected as a lineage 

tracer. Before fixation the GFP was checked to ensure that the injections were on the correct 

side. Amounts injected ranged from 5 ng to 30 ng of PG1 morpholinos and 7.5 ng to 60 ng 

of control morpholino. Whenever a comparison was made between single, double or triple 

MO injections the total amount of MO was equalised by adding control morpholino. Several 

combinations of the 1st and 2nd MOs were analysed with the Krox-20 and Engrailed-2 

probes and gave the same result. In all experiments control morpholino (standard control, 

Gene-Tools Inc.) was also injected and the embryos included in subsequent analyses, but this 

never gave different results from the non-injected controls. CS2+GFP (25 pg) and CS2+ 

XHoxd1 (100 pg) were linearised with NotI and transcribed with Sp6 polymerase.  

Detection of gene expression by in situ hybridisation 

The whole mount in situ hybridisation protocol used was described previously (Wacker et al., 

2004b), as modified from a previous protocol (Harland, 1991). Antisense, digoxigenin-

labelled probes were: Hoxd1 (Sive and Cheng, 1991); Hoxa1, Hoxb1, Hoxc6, Hoxb9 

(Wacker et al., 2004a); Krox-20 (Bradley et al., 1993); Engrailed-2 (Hemmati-Brivanlou et 

al., 1991); Nrp-1 (Richter et al., 1990); Gbx-2 (von Bubnoff et al., 1996); Xslug (Mayor et 

al., 1995); Xsnail (Mayor et al., 1993); dll-4 (Papalopulu and Kintner, 1993); Otx-2 

(Pannese et al., 1995); Hoxa2 (Pasqualetti et al., 2000); MyoD  (Hopwood et al., 1989); 

EST clones from the I.M.A.G.E consortium [LLNL] cDNA library (Lennon et al., 1996), Hoxa3 

(IMAGE4405749), or the NIBB library, Hoxd3 (XL012i13); Hoxd4 (XL094l20); Hoxa5 

(XL045g13). 

Neural antibody analysis and cartilage staining. 

After bleaching (80% methanol, 6% H2O2, 15mM NaOH), stage 46 embryos were washed 

(4 x 30 minutes PBS+0.2% Tween), blocked (30 minutes PBS+ 0.2% Tween, 3% BSA) and 
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incubated overnight at 4oC with the neural antibody 2G9 (Jones and Woodland, 1989). The 

embryos were then washed and incubated overnight at 4oC with a secondary antibody 

conjugated to the Cy5 fluorophore. After washing, the embryos were dehydrated and fixed 

step-wise in methanol (25%, 50%, 75%, 100%). Before analysis embryos were cleared in 

Murrays and the hindbrain was visualised using scanning confocal microscopy (Leica TCS-

NT). To visualize the cartilage, stage 49 embryos were fixed and stained with Alcian Blue 

(Pasqualetti et al., 2000). 

 

Results 

Hox PG1 genes are expressed in overlapping domains throughout development. 

In order to gain as complete a picture as possible of the expression of the PG1 genes, and 

to determine the possibilities for overlap of function, we performed an extensive whole 

mount in situ hybridization study of Hox PG1 gene expression (Fig. 1). This is the first 

comparative study of all three genes, although there is data on aspects of the individual 

genes (Godsave et al., 1994; Kolm and Sive, 1995; Wacker et al., 2004a). All three PG1 

Hox genes begin to be expressed during gastrulation, where they are seen in a ring around 

the blastopore, with a gap on the dorsal side. When this expression is compared to the 

expression of the forebrain/midbrain marker, Otx-2, it can be seen that whilst none of the 

Hox genes’ anterior expression reaches the midbrain, Hoxb1 appears to be expressed more 

anteriorly than Hoxa1 and Hoxd1, almost fusing with the Otx-2 domain (Fig. 1A,I,Q). As 

elongation proceeds, differences in the gene expression patterns begin to arise. As early as 

stage 14, a stripe of Hoxb1 expression in the future hindbrain is observed and this becomes 

further defined by stage 18 (Fig. 1K-N). Hoxa1 and Hoxd1 on the other hand do not exhibit 

this early stripe of expression, although they are both expressed in the hindbrain region 

(Fig. 1E,U). Expression of Hoxd1 thereafter decreases and from stage 26 there only remains 

faint expression in the pharyngeal arches and the tailbud (Fig. 1W,X). The hindbrain stripe 

of Hoxb1 expression persists until at least stage 30, accompanied by faint expression in the 

pharyngeal arches (Fig. 1O,P). Hoxa1 remains expressed in a comparatively large domain 

along the axis, including the pharyngeal arches. In addition, as has been previously 

reported (McClintock et al., 2002), we observed midbrain expression of Hoxa1 at stage 26 

and 30 (Fig. 1G,H). Thus the Hox PG1 genes are expressed in expansive and overlapping 

domains throughout early development, and all three of them are expressed in the 
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hindbrain while it is being specified and patterned (Melton et al., 2004), and at a later 

stage in the pharyngeal arches.   

Knockdown of individual Hox PG1 genes leads to defects in rhombomere 4 formation 

To analyse the role of the Hox PG1 genes we used the morpholino knockdown approach. 

Two morpholinos were designed for each PG1 gene and the effect on hindbrain patterning 

was investigated. In order to have an internal control, injections were performed at the four 

cell stage into the left hand side (lhs) of the embryo only (Fig. 2). For all three genes, both 

morpholinos gave the same phenotype, albeit at different concentrations (within a range of 

10-30ng), confirming the specificity of these morpholinos. The knockdown of each of the 

PG1 genes led to a defect in hindbrain patterning. For all three of them, r3 and r5 (shown 

by Krox-20 expression) were closer together on the injected side, indicating the reduction of 

r4, with the greatest reduction seen with the Hoxa1 morpholinos (Fig. 2B,C). The expression 

domain of Engrailed-2 however, a marker of the midbrain-hindbrain boundary (Hemmati-

Brivanlou et al., 1991), was generally unaffected, although the width of this stripe often 

appeared to be smaller on the injected side.  

For Hoxa1 and Hoxb1 this reflects the phenotypes observed in zebrafish and mice 

(Carpenter et al., 1993; Goddard et al., 1996; McClintock et al., 2002), but there is less 

information on the Hoxd1 loss function phenotype. Therefore we decided to further check the 

specificity of the Hoxd1 morpholino. To this end we tried to rescue the hindbrain phenotype 

with a Xenopus Hoxd1 mRNA construct which lacks the 5' UTR and therefore is not recognised 

by any of the morpholinos. Co-injection (in the lhs) of Hoxd1 mRNA rescued the Hoxd1 

morpholino phenotype, as shown by Krox-20 expression (Fig. 2K,L). Rhombomeres 3 and 4 

were restored and in some cases were even larger than on the control side, as also seen in 

the simple Hoxd1 overexpression phenotype (Fig. 2J). This demonstrates that the Hoxd1 

morpholino is specific and that in Xenopus laevis, Hoxd1 has a role in hindbrain patterning. 

Simultaneous knockdown of all three Hox PG1 genes leads to severe hindbrain defects. 

Having established the specificity of the morpholinos we wanted to examine the effect of 

knocking down all three PG1 genes simultaneously. The morpholinos were injected (on the 

lhs) either in double combinations, or in the triple combination to remove all Hox PG1 

function (Fig. 3). In all the double morpholino combinations the Krox-20 stripes are still 

present, although somewhat reduced and closer together (Fig. 3D,E,F). However, with the 

triple MO combination, Krox-20 expression in the hindbrain is either severely reduced or 

completely absent, with only a vestige of expression in the neural crest region (Fig. 3C). This 

indicates that an area encompassing at least r3-r5 is affected when all three PG1 genes 
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are knocked down. The same effect was noted when the morpholinos were injected into the 

whole embryo (data not shown).  

 
Figure 1. Hox PG1 genes have overlapping expression domains during Xenopus laevis 
development. Hoxa1 (A-H), Hoxb1 (I-P) and Hoxd1 (Q-X) have overlapping expression patterns. 
Gastrula stage embryos (A,B,I,J,Q,R) are shown from the vegetal side, dorsal up. When compared to 
Otx-2 expression (* in A,I,Q), it can be seen that the Hox expression does not reach the presumptive 
midbrain region. Neurula embryos are shown from the dorsal side, anterior to the right (C,E,K,M,S,U) 
or from the anterior side, dorsal up (D,F,L,N,T,V). Later embryos are shown from the lateral side, 
anterior to the right (G,H,O,P,W,X). Note pharyngeal arch expression of all three PG1 genes (arrows 
in G,H,O,P,W,X). 

 
We attempted to rescue this phenotype with the morpholino insensitive XHoxd1 expression 

construct (Fig. 4). When this was coinjected with the triple MO combination the majority of 

embryos changed from having no Krox-20 expression, or only one faint narrow stripe, to 

having two stripes or one broad stripe spanning the r3-r5 region (Fig. 4E,F,G). This indicates 

that XHoxd1 can partially rescue the triple knockdown phenotype and bring back some 

degree of patterning to the r3-r5 region of the hindbrain. We also attempted to rescue the 
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phenotype with Hoxa1 and Hoxb1 constructs, but as the overexpression of these genes 

leads to a loss of the r3 Krox-20 stripe, interpretation of the rescue was difficult. 
 
 
Figure 2. Specificity of PG1 
morpholinos. Two morpholinos 
for each Hox PG1 gene were 
injected into the left hand side 
(lhs) of the embryo and Krox-20 
(r3 and r5) and Engrailed-2 
(midbrain/hind-brain boundary: 
* in A-I) expression analysed. 
The hindbrain region of early 
tailbud stage embryos (anterior 
to the top) is shown for non 
injected controls (NIC; A,D,G), 
Hoxa1 1st (B: 80%, n=15) and 
2nd (C: 70%, n=10) morpho-
linos, Hoxb1 1st (E: 85%, n=13) 
and 2nd (F: 70%, n=20) 
morpholinos and Hoxd1 1st (H: 
90%, n=11) and 2nd (I: 80%, 
n=15) morpholinos. Over-
expression of Hoxd1 morpholino 
insensitive RNA (J) and rescue of 
Hoxd1 1st and 2nd morpholinos 
with Hoxd1 RNA is also shown 
(K,L). Dotted line indicates the 
midline. 

 
From these results, it appears that the phenotype of the triple PG1 MO embryos is not just 

an additive combination of the individual morpholino phenotypes, but is instead a synergistic 

effect. This indicates that there is a degree of redundancy between these genes in their 

hindbrain patterning function, and that any of the three genes can fulfil a basic hindbrain 

patterning role, even in the absence of the others. Therefore we concentrated on the triple 

PG1 MO combination for a more in depth analysis of Hox PG1 function. 

Hox PG1 gene function is necessary for correct hindbrain patterning and segmentation 

To further analyse the effect on hindbrain patterning of losing all PG1 function we carried 

out a detailed marker analysis of embryos injected with all three PG1 morpholinos (Fig. 5). 

It is clear that although hindbrain patterning is severely affected, as shown by the loss of 

Krox-20 stripes (Fig. 5G,H), the cells still adopt a neural fate, as the pan neural marker, 

Nrp-1 (Richter et al., 1990), is unaffected (Fig. 5A,B). In addition the most anterior domain 

of the embryo, expressing Otx-2 (Pannese et al., 1995) is not altered (Fig. 5C,D), and 

neither is the midbrain/hindbrain boundary, as shown by Engrailed-2 expression (Fig. 3C). 
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However, as we move posteriorly along the axis, a transformation of posterior hindbrain 

into anterior hindbrain becomes apparent. This is shown by the expansion of Gbx-2. This 

gene has a stripe of expression at the boundary between the midbrain and hindbrain and in 

r1 (von Bubnoff et al., 1996), and on the side of the embryo injected with the PG1 

morpholinos this stripe is expanded posteriorly (Fig. 5E,F). This posterior expansion was only 

partially rescued by coinjection of the Hoxd1 mRNA (75% phenotype, reduced to 58%), 

indicating that at least one of the other Hox PG1 genes may be necessary for the restriction 

of Gbx-2 expression. More posterior hindbrain markers such as Krox-20 and certain Hox 

genes (see following section) are either severely reduced or lost completely with the triple 

MO combination. Later analysis of the hindbrain using a neural specific antibody (Jones and 

Woodland, 1989) and confocal imaging indicated that not only was the patterning of the 

hindbrain affected, but also its morphology. In the triple MO injected side there were no 

clear rhombomere boundaries and the hindbrain appeared to be shorter and thinner 

compared to the control side (Fig. 5I,J). The midbrain also looked slightly affected but this 

could be a secondary effect due to the shortened hindbrain. Thus PG1 function is necessary 

for the correct segmentation of the hindbrain, as well as being involved in its patterning. 

 Another interesting aspect of the triple PG1 knockdown is the loss of segmented MyoD 

expression (Fig 5H), indicating that the somites are also affected. This effect is specific and 

the mechanisms underlying it are currently under investigation (see chapter IV).  

 
Figure 3. The triple PG1 
knockdown phenotype is 
more severe than the double 
knockdowns. Morpholinos for 
each Hox PG1 gene were 
injected either in double (D: 
A1/B1 52%, n=25; E: B1/D1 
48%, n=29; F: D1/A1 64%, 
n=33) or triple (C: A1/B1/D1 
94%, n=35) combinations into 
the lhs of the embryo and 
Krox-20 and Engrailed (*) 
expression analysed. The hindbrain region of early tailbud stage embryos is shown, with anterior to 
the top. Non injected controls (NIC; A), and embryos injected on the lhs of the embryo with control 
morpholino (B) are also shown. Arrowheads indicate neural crest expression 

 
The function of Hox PG1 genes is necessary for the correct establishment of the ‘Hox code’ 

To investigate whether the hindbrain defects that we observe could be due to a disruption in 

the ‘Hox code’, we analysed the expression of several Hox genes from different paralogous 

groups in embryos injected with the triple PG1 MO combination (Fig. 6). It is known that 
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Hox-Hox cross-regulation occurs (Hooiveld et al., 1999), and as the PG1 genes are the first 

to be expressed in the embryo, and are expressed in a wide domain, they could play a role 

in the regulation of the other Hox genes. When we examined the expression of the PG1 

genes themselves, Hoxb1 and Hoxa1 expression was downregulated (shown for Hoxb1, Fig. 

6A,B), but the expression of Hoxd1 was more variable, being reduced in only one third of 

embryos (n=24) and at other times being unaffected. This indicates that auto- and cross-

regulation of these genes play a role in the maintenance of expression, but that external 

factors are also involved, particularly for Hoxd1. 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Hoxd1 mRNA can partially rescue the triple 
PG1 morpholino phenotype. Early tailbud stage 
embryos were injected on the lhs with all three PG1 
morpholinos (A1/B1/D1 MO) either alone (B,C), or in 
combination with Hoxd1 mRNA (E,F). Non injected 
controls (NIC) and control morpholino (Cont MO) are also 
shown (A,D). Anterior is to the top. G: Krox-20 
expression is partially rescued by Hoxd1 RNA. Numbers 
of embryos with two stripes (E), one broad stripe (F), one 
narrow stripe (B) or no stripes (C) of Krox-20 expression 
were scored. Coinjection of Hoxd1 RNA partially rescued 
the Krox-20 expression (n = 29), which was either absent 
or very much reduced in embryos injected only with 
A1/B1/D1MO (n=18).  

 
 

 
When the other Hox genes were analysed it became apparent that the function of the PG1 

genes is necessary for the establishment of the ‘Hox code’. Both PG2 genes, Hoxa2 and 

Hoxb2, normally expressed up to the anterior boundary of r2 and r3 respectively 

(Pasqualetti et al., 2000) were almost completely absent, (shown for Hoxa2, Fig. 6C,D). For 

PG 3 the effect was less uniform; Hoxa3 and b3 [expressed up to the r4/r5 boundary and 

in the neural crest derived cells of the 3rd pharyngeal arch, (Godsave et al., 1994)]  were 

severely reduced, with only the most posterior expression remaining (shown for Hoxa3, Fig. 
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6E,F). The effect on Hoxd3 was less severe; its lateral stripe of expression was lost and its 

hindbrain and neural tube expression was fainter and shifted posteriorly, but slightly 

expanded laterally (Fig. 6G,H). This could be due to the inability of the neural crest to 

migrate (see following section) and thus the faint, expanded domain could be expression in 

the premigratory neural crest cells. Hoxd4 is expressed up to the r6/r7 boundary and when 

PG1 function is lost the anterior expression domain is shifted posteriorly and again the 

neural crest stripe is lost (Fig. 6I,J). Thus, the expression of Hox genes in r2-r7 is either 

reduced or completely absent.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Triple PG1 knockdown severely affects hindbrain 
patterning. Morpholinos for each of the Hox PG1 genes 
(A1/B1/D1MO) were coinjected into the lhs of the embryo 
(B,D,F,H,J). Non-injected controls are also shown (A,C,E,G,I). The 
hindbrain region is shown, with anterior to the top. Expression of 
the neural marker Nrp-1 (A,B: 100%, n=11), the anterior 
marker Otx-2 (C,D: 100%, n=10), Gbx-2, which is expressed in 
r1 (E,F: 77%, n=13) and Krox-20 (G,H: no stripes 41%; one 
faint stripe 35%, n=71), was analysed. Dotted line indicates the 
midline. In later embryos (st. 46), the neural antibody 2-G9 was 
used to show the morphology of the hindbrain (NIC, I; 
A1/B1/D1MO, injected on the left hand side *, J: 100%, n=5). 
Rhombomere boundaries are marked. 
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We also investigated several more posterior Hox genes, which have their anterior 

expression boundaries in the spinal cord. For all of these genes (Hoxa5, Hoxc6 and Hoxb9) 

the most anterior, spinal cord expression was lost in the triple PG1 knockdown, but the 

diffuse mesodermal expression (in particular of Hoxa5 and Hoxc6), and more posterior 

spinal cord expression, was unaffected (Fig. 6K-P).  

 
Figure 6. Knockdown of all 
three PG1 genes affects more 
posterior Hox genes. Non 
injected controls (NIC; 
A,C,E,G,I,K,M,O) and embryos 
injected on the lhs with all three 
Hox PG1 morpholinos 
(A1/B1/D1MO; B,D,F,H,J,L,N, 
P) were analysed for Hox gene 
expression at early tailbud 
stage. Embryos are shown from 
the dorsal side, anterior to the 
top. Hoxb1 expression was lost 
(A,B: 70%, n=10), and Hoxa2 
(C,D: 100%, n=18) and Hoxa3 
(E,F: 100%, n=14) expression 
was almost completely absent. 
Hoxd3 (G,H: 68%, n=19) and 
Hoxd4 (I,J: 79%, n=14) neural 
tube expression was still 
present, but the pharyngeal 
arch expression was lost. The 
more posterior Hox genes 
(Hoxa5, K,L: 100%, n=10; 
Hoxc6, M,N: 71%, n=14; 
Hoxb9, O,P: 93%, n=14) had 
reduced neural tube expression in the anterior part of the embryo but their posterior expression 
domains (arrow) and mesodermal expression were unaffected. 

 

To establish the specificity of this effect of the morpholinos, and to determine the degree to 

which reintroducing just one of the Hox PG1 genes would restore the Hox  code, we utilised 

the Hoxd1 morpholino insensitive mRNA (Fig. 7). When this was injected alone, it induced 

anterior expansion of the expression of Hoxb2 (Fig. 7A), but the other Hox genes analysed 

(Hoxa3, Hoxd4 and Hoxc6) were unaffected. When Hoxd1 mRNA was coinjected with the 

triple PG1 morpholino combination however, it rescued the expression patterns of all of 

these Hox genes (Fig. 7C,F,I,L). This indicates that there may be a degree of redundancy 

between the PG1 genes and this is borne out by preliminary analyses of injections of the 

single morpholinos (Fig. 8). These showed that Hoxa2 and Hoxb2 expression was still present 

in all of the single knockdowns (shown for Hoxb2, Fig. 8A-D), although Hoxb2 was slightly 
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reduced with the Hoxa1 and Hoxd1 morpholinos. Hoxa3 hindbrain expression however was 

reduced with the Hoxa1 morpholino, and not affected by the other individual morpholinos 

despite being rescued in the triple PG1 knockdown by the Hoxd1 mRNA (Fig. 8E-H, Fig. 7D-

F). Hoxd4 was affected by the Hoxd1 morpholino, which appeared to give a similar 

phenotype to the triple combination (Fig. 8I-L). Thus different Hox genes appear to be 

dependant on different Hox PG1 genes, or a combination thereof, but these interactions will 

require further investigation before they are fully elucidated. However, these data do 

indicate that PG1 function in general is necessary for the establishment or maintenance of 

the expression patterns of both anterior and posterior Hox genes. For the more posterior 

genes this requirement is restricted to the anterior, ectodermal expression domains, and the 

expression in the mesoderm and posterior ectoderm is unaffected.  

 

 
Figure 7. Hoxd1 mRNA rescues Hox 
expression in PG1 knockdown embryos. 
Embryos injected on the lhs with Hoxd1 
MO insensitive mRNA (A,D,G,J), all three 
PG1 morpholinos (B,E,H,K) or a combi-
nation of both (C,F,I,L) were analysed for 
expression of Hoxb2, Hoxa3, Hoxd4 and 
Hoxc6. Embryos are shown from the dorsal 
side, anterior to the top. Hoxb2 expression 
was expanded posteriorly with Hoxd1 
mRNA (A: 75%, n=12), lost with the triple 
PG1 morpholinos (B: 93%, n=28) and 
rescued when a combination was injected 
(C: 48% of embryos had downregulated 
expression, n=33). The other Hox genes 
were not affected by the Hoxd1 mRNA 
overexpression.  PG1 MO downregulated 
expression of Hoxa3 (E: 78%, n=9), Hoxd4 
(H: 100%, n=9) and Hoxc6 (K: 78%, n=9) 
and in the rescues this downregulation was 
reduced to 34%, 20% and 33% for 
Hoxa3, Hoxd4 and Hoxc6, respectively 
(F,I,L).   
 
A role for PG1 genes in neural crest development 

As Hox PG1 genes are expressed in the cranial neural crest, and PG1 function is clearly 

also necessary for the expression of certain other Hox genes in this region, we decided to 

investigate the effects of PG1 knockdown on neural crest and its derivatives. When we 
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examined the expression of Xslug, which is expressed in all premigratory and migrating 

neural crest cells  (Linker et al., 2000), we observed that on the triple MO injected side, the 

Xslug domain in the hindbrain region appeared to be upregulated compared to the control 

side (Fig. 9C). The expression, however, did not extend laterally but was restricted to an 

area close to the hindbrain. When the Hoxd1 morpholino insensitive RNA was coinjected with 

the triple MO combination, the normal expression pattern was restored, with an additional 

expansion anteriorly (Fig. 9D). This is in keeping with the Hoxd1 overexpression scenario, 

where the Xslug domain is expanded anteriorly (Fig. 9B). Xsnail, another neural crest 

marker, was also restricted to the area close to the neural tube but in this case the 

expression level was not significantly altered (Fig. 9E,F). These changes in expression could 

indicate a role for PG1 genes in neural crest cell migration, as in the knockdown situation the 

cells seem to remain close to the hindbrain, whereas when Hoxd1 is overexpressed the Xslug 

positive cells are more widespread. It has been shown that Xslug, but not Xsnail, is 

downregulated when the neural crest cells reach their target (Linker et al., 2000). Therefore 

the apparent upregulation of Xslug compared to the control could be because the cells stay 

close to the hindbrain and thus Xslug expression is not downregulated. In later embryos 

expression of dll-4 in the pharyngeal arches (Papalopulu and Kintner, 1993) is severely 

reduced, whilst the expression of this gene in the forebrain and eye is still present (Fig. 9G-

H). This indicates that PG1 gene function is vital for the development of the pharyngeal 

arches and this is confirmed by later analysis of the craniofacial structures using alcian blue 

staining. It can clearly be seen that, on the side injected with the triple PG1 MO 

combination, the gill cartilages, derived from the 3rd and 4th pharyngeal arches (the 

branchial arches) are completely missing (Fig. 9K). The ceratohyal, derived from the 2nd 

pharyngeal arch is still present, but reduced in size. Meckel’s cartilage, derived from the 1st 

pharyngeal arch, is less affected but also appears to be slightly reduced. When the 

morpholino-insensitive Hoxd1 RNA is coinjected, the gill cartilages are restored, but remain 

smaller than in the control side (Fig. 9L). 

Thus, in the absence of Hox PG1 function, cranial neural crest cells are specified but they 

cannot migrate away from the hindbrain.  Subsequent development of the pharyngeal 

arches and their derivatives is severely affected, with the complete loss of the gill cartilages. 
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Figure 8. Effects of single PG1 knockdowns on Hox genes. Embryos injected on the lhs with the triple 
PG1 MO combination had reduced Hoxb2 (A: 93%, n=28), Hoxa3 (E: 100%, n=14) and Hoxd4 (I: 
79%, n=14). The Hoxa1 MO weakly downregulated Hoxb2 (B: 80%, n=10) and reduced Hoxa3 (F: 
54%, n=11), but not Hoxd4 (J: 100%, n=20). The Hoxb1 MO had no effect on any of these genes (C: 
Hoxb2, 100%, n=10; G: Hoxa3, 100% n=9; K: Hoxd4, 100%, n=18). Hoxd1 MO reduced Hoxd4 
expression (L: 100%, n=16), weakly reduced Hoxb2 (D: 43%, n=14), but did not affect Hoxa3 (H: 
100%, n=10).  

 

Discussion 

The complexity of the Hox gene family, and its members' redundancy and cross-reactivity, 

make it difficult to establish precisely what the function of each individual Hox gene is. 

However, there is increasing evidence that paralogous groups of Hox genes have shared 

functions. Therefore, rather than investigate individual Hox genes, we have taken a more 

global approach and studied the role of a complete paralogous group. The morpholino 

knockdown approach allowed us to simultaneously block the translation of the three Xenopus 

laevis PG1 Hox genes, Hoxa1, Hoxb1 and Hoxd1, and assess the roles of this paralogous 

group in the development of the embryo.  
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Hindbrain patterning and redundancy of Hox PG1 genes 

The literature abounds with information about the effects on hindbrain patterning of single 

and double knockouts of Hox PG1 members. The data from mouse indicate that Hoxa1 and 

b1, but not Hoxd1, are vital for the correct patterning and formation of the hindbrain and its 

derivatives. In this study we have shown that, in Xenopus laevis, all three Hox PG1 genes are 

expressed in the presumptive hindbrain region at a time when they could influence hindbrain 

patterning. This is in contradiction to the situation in mouse, where Hoxd1 is only expressed in 

the mesoderm and neural crest (Frohman and Martin, 1992). However, the observed Hoxd1 

expression in the presumptive hindbrain region in Xenopus is very low, and is downregulated 

earlier than the other two paralogous genes, and it is therefore possible that a comparable 

low level expression in mouse was below detection limits.   

Figure 9. Knockdown of all 
three PG1 genes affects the 
development of neural 
crest and its derivatives. 
Non-injected controls (NIC; 
A,E,G,I) and embryos 
injected on the left hand 
side with Hoxd1 MO 
insensitive mRNA (B,J), all 
three Hox PG1 morpholinos  
A1/B1/D1 MO; C,F,H,K) or 
a combination of both (D,L) 
were analyzed for neural 
crest gene expression, or 
stained with alcian blue to 
show the craniofacial 
structures. The embryos 
shown in A-F are early 
tailbud stage embryos 

shown from the dorsal side with anterior to the top. With the PG1 MOs, neural crest cells fail to 
migrate away from the hindbrain, as shown by Xslug (C: 86%, n=29) and Xsnail (F: 100%, n=14) 
expression. This is rescued (22% of embryos with restricted Xslug expression, n=9) by Hoxd1 
overexpression (D) and simple overexpression leads to an expanded Xslug domain (B: 100%, n=10). 
Slightly later tailbud embryos analyzed for dll-4 are shown from the left hand side, with anterior to 
the left, and in the triple PG1 knockdown dll-4 expression in the branchial arches is restricted to close 
to the hindbrain (50%) or completely lost (G,H: 44%, n=16). Alcian blue was used to stain the 
cartilage of stage 49, embryos (I-L) shown from the ventral side to show the craniofacial structures 
(injected side on the right:*). The complete gill area is missing in the triple morpholino injected embryos 
(K: 82%, n=11) and this is rescued (26% of embryos with missing gill, n=19) when Hoxd1 mRNA is 
coinjected (L). M: Meckel’s cartilage G: gill cartilage C: ceratohyal. Dotted line indicates midline. 

 
When we knock down the function of all three PG1 genes we observe a more severe effect 

than in either the single or double knockdowns. Figure 10 shows a schematic representation 

of the effect on the hindbrain of the stepwise elimination of Hox PG1 genes, with 

Chapter II

44



 

increasingly more severe phenotypes occurring when there is less PG1 function present. In 

Xenopus, the hindbrain expression of the r3/r5 marker, Krox-20, is completely lost in the 

triple knockdown, whereas its expression domain is merely altered (indicating a reduction in 

the r3-r5 region) when at least one PG1 gene remains functional. Preliminary results 

indicated that the triple knockdown phenotype is a synergistic, rather than an additive 

effect, which implies a degree of redundancy between the PG1 genes and thus we 

concentrated on the triple knockdown in order to elucidate the basic PG1 group function. 

We cannot therefore rule out effects being due to the double morpholino combinations. 

However, defects in the hindbrain of Xenopus embryos completely deficient in PG1 function 

were more extensive than any previously reported for single or double PG1 knockouts in 

other organisms. Expression of markers for r2-r7 was downregulated in the triple 

knockdown, whereas the expression of an r1 marker, Gbx-2 was expanded posteriorly, 

indicating a possible transformation of more posterior hindbrain to an r1 type identity. Later 

morphological analysis showed that the hindbrain is reduced in size and segmentation is 

perturbed. This phenotype is actually similar to the situation in zebrafish when the functions 

of Hox cofactors from the Meis and Pbx families are compromised (Fig. 10). In Pbx4 

(lazarus) mutants which have been injected with a Pbx2 morpholino (to achieve a total block 

of early Pbx function) the hindbrain is not segmented and r2-r7 acquire an r1-like identity, 

referred to as the hindbrain ground state (Waskiewicz et al., 2002). Likewise, when the 

function of Meis is blocked, using two dominant negative constructs, a similar, non-segmented 

hindbrain is produced (Choe and Sagerstrom, 2004). The similarity of these phenotypes to 

the triple PG1 MO phenotype suggests that they could, at least partially, be due to the 

blocking of PG1 gene function. A recent study in Xenopus showed that hindbrain Krox-20 

stripes were eliminated when either a Meis morpholino or a dominant negative Hoxd1 RNA 

construct (which may also block Hoxa1 and Hoxb1 function, and thus be similar to the triple 

MO situation) were injected into the embryo (Dibner et al., 2004). It has also been noted in 

one Hoxa1 knockout study in mouse that segmentation is completely blocked, but again all 

three of the PG1 genes could be affected, as the truncated Hoxa1 splice variant still present 

could perhaps act as a dominant negative (Chisaka et al., 1992).  

The PG1 function in hindbrain could be mediated via other, downstream, Hox genes. For 

example, when both Hox PG2 genes are knocked out in mouse the rhombomere boundaries 

in the r2/r3 region are absent (Davenne et al., 1999). Thus the effect that we see with the 

triple PG1 knockdown on segmentation in this anterior region of the hindbrain (where PG1 

genes are not expressed) could be due to the downregulation of Hoxa2 and Hoxb2.   
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PG1 Hox genes are necessary for the anterior portion of the ‘Hox code’ 

Numerous interactions between various Hox genes have been shown to exist in the embryo 

(Deschamps et al., 1999; Hooiveld et al., 1999; Maconochie et al., 1997; Melton et al., 

2004). Indeed one aspect of colinearity could be the sequential activation of anterior Hox 

genes which are, in turn, responsible for the activation of the more posterior ones (Hooiveld 

et al., 1999). Although the majority of the literature in mouse does not support this model, 

this could be due to a high degree of redundancy between different Hox genes masking the 

effect in single or double knockout mice. As the PG1 genes are the first to be expressed in 

the embryo we investigated the possibility that they could initiate a cascade of Hox 

expression which would lead to the established ‘Hox code’. Although PG1 function is clearly 

not a prerequisite per se for Hox gene expression we did uncover a reliance on PG1 

function for the correct expression of Hox genes from paralogous groups 2-9. This 

widespread effect on posterior Hox genes is more severe than that observed in the single or 

double PG1 knockouts in mouse (Dolle et al., 1993; Maconochie et al., 1997; Rossel and 

Capecchi, 1999). However, as the triple PG1 knockdown has never previously been 

investigated, it is possible that the situation in mouse is similar to that in Xenopus, with a high 

degree of functional redundancy between the genes.  

Figure 10. Schematic for the 
patterning of rhombomeres 1-6 
in the hindbrain in various loss of 
function (LOF) combinations of 
Hox PG1 genes, and also the 
Hox cofactor Pbx. There is a 
successive loss of rhombomeric 
identity as more PG1 function is 
removed in the different 
organisms: zebrafish (McClintock 
et al., 2002); mouse (Rossel and 
Capecchi, 1999); and Xenopus 

(this study). The triple PG1 LOF 
phenotype in Xenopus resembles 
the Pbx complete LOF in zebrafish 
(Waskiewicz et al., 2002). 

 

From our data we cannot distinguish when the PG1 genes are required for the expression of 

the Hox genes examined, although it is likely to be an early input, as the later domains of 

Hoxa2 and -b2, at least, extend beyond the Hox PG1 expression domains. It is clear, 

however, that without Hox PG1 function the ‘Hox code’ is severely compromised. Thus, via 

the control of the ‘Hox code’, the PG1 genes can eventually exert their influence outside of 
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their own expression domains. This has already been shown for Hoxa1, the knockout of 

which has defects in the r3 domain, which is anterior to the normal Hoxa1 expression domain 

(Helmbacher et al., 1998). This mechanism would account for the extent of the defects that 

we observe in the triple PG1 knockdown. It could also be due to a more anterior expression 

domain early in development of one or all of the Hox genes, which could be the case for 

Hoxb1, as its early expression is very close to the Otx-2 domain. Alternatively, these effects 

could be due to a non cell-autonomous effect. Several signalling pathways influence 

patterning of the hindbrain, such as the FGF and retinoic acid pathway (Roy and 

Sagerstrom, 2004; Walshe et al., 2002), and it is feasible that the extent of the phenotypes 

that we observe may be partly due to a disruption in these signalling pathways. It has also 

been shown in vitro that certain Hox proteins are able to cross the cell membrane (Amsellem 

et al., 2003; Chatelin et al., 1996) and thus it is possible that the Hox proteins themselves 

act non cell-autonomously to pattern the hindbrain.    

A role for PG1 genes in neural crest migration and development of the pharyngeal arches 

A link between the Hox PG1 genes and craniofacial development has previously been 

demonstrated, with Hoxa1 and -b1 double mutants lacking the 2nd pharyngeal arch and its 

derivatives as well as some derivatives of the 1st pharyngeal arch (Gavalas et al., 1998; 

Rossel and Capecchi, 1999). Here we show that in the absence of any PG1 gene function, 

cranial neural crest cells are still specified but they appear to be unable to migrate away 

from the neural tube. Conversely, when Hoxd1 is overexpressed, migration seems to be 

enhanced, as seen by the widespread Xslug domain. 

It is interesting to note that in the Hoxa1/b1 double knockout in mouse, neural crest cells fail 

to delaminate from the presumptive r4 territory, although they delaminate normally from the 

other rhombomeres (Gavalas et al., 2001). This failure could be more widespread in the 

triple PG1 knockdown, leading to a wholesale block of cranial neural crest cell migration. 

This could be due to the effect on the Hox code, as many of the Hox genes downregulated 

are also expressed in the neural crest, or are known to be involved in their patterning 

(Trainor and Krumlauf, 2001).  

Major defects in the craniofacial structures are later seen in embryos lacking PG1 function, 

which are probably due to the inability of the cranial neural crest cells to migrate. 

Derivatives of all the pharyngeal arches are affected and most strikingly, the gill cartilages, 

derived from the 3rd and 4th pharyngeal arches, are completely missing. Effects such as this 

have not previously been seen in PG1 mutants, where generally only the 1st and 2nd 

pharyngeal arches are affected (Gavalas et al., 1998). Thus the complete abrogation of 
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PG1 function has identified additional regions of the embryo which are ultimately 

dependant upon these genes for their formation. 

Conclusion 

We have knocked down the function of the complete Hox Paralogous Group 1 and 

illustrated that these genes have a degree of functional redundancy in their role of 

patterning the Xenopus hindbrain. We have demonstrated that PG1 function is essential for 

the correct establishment of the ‘Hox code’. In the absence of PG1 function, and perhaps as 

a consequence of ‘Hox code’ disruption, hindbrain segmentation is perturbed and r2-r7 are 

mis-specified. In addition we have identified a novel requirement for Hox PG1 function in 

the migration of the cranial neural crest and the development of the pharyngeal arches.  

 

Acknowledgements 

We thank Jacqueline Deschamps for helpful discussion of the manuscript. We also thank all 

the members of the Durston Group for valuable advice and technical assistance. We thank 

the European Union for support. JNP was funded by the Fundação para a Ciência e a 

Tecnologia, Portugal (SFRH/BD/2794/2000). WMRA was funded by the EU Life Sciences 

programme. CM and AJD thank the EU HPRN, Quality of Life and EU Life Sciences, 

Genomics and Biotechnology for Health programmes. 

 

Chapter II

48



 

 

Chapter III 
 
 
 
 
 

 

 
Multiple roles for X-Delta-2  in  
Xenopus laevis early development 

 

 
 
 
 
 
 
 
 
 
 
 

Submitted to Developmental Dynamics. 



 



 

Multiple roles for X-Delta-2 in Xenopus laevis early development 
 
 

João N. Peres and Antony J. Durston 

 
Hubrecht Laboratory, Netherlands Institute for Developmental Biology, Uppsalalaan 8, 3584 

CT Utrecht, The Netherlands 
 

Abstract 
The Drosophila Delta gene and its vertebrate homologues are ligands for the Notch receptor 
and are involved in a variety of developmental processes. Here we present an extensive 
analysis of X-Delta-2 mRNA expression during early development. X-Delta-2 is expressed in 
the mesoderm from the beginning of gastrulation, and starts to pre-pattern the presomitic 
mesoderm (PSM) from stage 121/2 onwards. An in-depth analysis of the dynamic X-Delta-2 
expression suggests an oscillatory behaviour in the posterior PSM. X-Delta-2 is also 
expressed from early stages in the anterior ectodermal structures, including brain, optic 
vesicle and in the neurogenic placodes. Loss of function experiments revealed that besides 
the role of X-Delta-2 in somitogenesis, it is also involved in hindbrain segmentation and in 
regulating gene expression in the brain. X-Delta-2 also seems to determine the size of the 
eye. Furthermore, the neurogenesis and migration of the cranial placodes cells is regulated 
by X-Delta-2 function. 

 

Introduction 

Cell to cell signalling mediated by the Notch pathway plays a fundamental role in several 

developmental processes, such as cell specification, primary neurogenesis through lateral 

inhibition, boundary formation and somitogenesis (review in Artavanis-Tsakonas et al., 1999; 

Lai, 2004; Rida et al., 2004).  

In vertebrates, several genes from the Notch pathway exhibit oscillatory expression in the 

presomitic mesoderm (PSM) linked to the so called ‘segmentation clock’ (review in Rida et al., 

2004; Saga and Takeda, 2001). Despite conservation of the segmentation clock throughout 

the vertebrates, different genes have oscillatory expression in different organisms. In mouse 

and chicken, genes homologous to the Drosophila fringe and hairy genes show cyclic 

expression in the PSM (Aulehla and Johnson, 1999; Forsberg et al., 1998; McGrew et al., 

1998; Palmeirim et al., 1997), whereas in zebrafish, although several hairy homologous 

genes also oscillate, none of the fringe genes show oscillatory expression in the PSM (Qiu et 
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al., 2004). Instead the Notch ligands, DeltaC and DeltaD, show cyclic expression in the PSM 

(Jiang et al., 2000). In Xenopus the only gene until now described to oscillate in the PSM is 

esr9, a downstream target of the Notch pathway (Li et al., 2003). 

In Xenopus laevis, two homologues of the Drosophila Delta, a Notch ligand, have been 

identified, X-Delta-1 and X-Delta-2 (Chitnis et al., 1995; Jen et al., 1997). X-Delta-1 is 

expressed in the precursors of primary neurons during neurulation and is involved in 

regulating neuronal differentiation; the number of cells that undergo differentiation into 

neurons can be reduced or increased by X-Delta-1 gain or loss of function, respectively 

(Chitnis et al., 1995). Later during development, X-Delta-1 is also involved in neurogenesis 

both in the central nervous system (CNS) and in the neurogenic cranial placodes (Chitnis et 

al., 1995; Schlosser and Northcutt, 2000). Cranial placodes originate from embryonic 

ectoderm localized laterally to the neural crest in the head and are usually identified as 

regions of thickened ectoderm (Baker and Bronner-Fraser, 2001).  They are essential for the 

formation of the cranial nervous system and, with the exception of the adenohypophysial 

and lens placodes, all placodes are neurogenic. Several types of placodes can be 

distinguished in Xenopus: adenohypophysial, olfactory, lens, profundal, trigeminal, 

epibranchial, hypobranchial, lateral line and otic placodes (Schlosser and Ahrens, 2004; 

Schlosser and Northcutt, 2000). All of these placodes express X-Delta-1 (Schlosser and 

Northcutt, 2000) 

X-Delta-2 expression in the PSM marks the presumptive somites, also referred to as 

somitomeres, and its correct expression is necessary for proper somitogenesis to occur (Jen et 

al., 1997). Although X-Delta-2 function in the PSM during somitogenesis is well characterised, 

neither its expression in anterior structures, nor its possible role in neurogenesis, has been 

investigated.  

Here we analyse X-Delta-2 expression in detail. We show that it is expressed in mesoderm 

from the beginning of gastrulation, and that by the end of gastrulation the paraxial 

mesoderm has begun to be pre-patterned by X-Delta-2, with stripes of expression on both 

sides of the midline. The formation of this striped pattern in the somitomeres was studied in 

detail and we present evidence for oscillating expression of X-Delta-2 in the posterior PSM. 

Loss of X-Delta-2 function in the more severe cases leads to a complete loss of segmentation 

in the paraxial mesoderm. 

The expression in the ectoderm also starts very early, during neurula stages, and the initial 

simple pattern develops into a more complex one, with expression at tailbud stages in the 

hindbrain, midbrain, forebrain, optic vesicle and several neurogenic placodes; olfactory, 
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profundal, trigeminal, epibranchial, lateral line and otic. Using the morpholino (MO) 

knockdown approach we show that X-Delta-2 is not only involved in the segmentation of the 

paraxial mesoderm but is also needed for segmentation of the hindbrain. The expression of 

several genes expressed in the brain is downregulated in X-Delta-2 MO injected embryos, 

suggesting a role in neural specification. X-Delta-2 also seems to play a role in regulating 

the size of the eye vesicle, where it is expressed since its formation.  

The X-Delta-2 expression in the different neurogenic placodes and the effect of its 

downregulation on the expression of X-Ngnr-1 and X-Delta-2 itself, suggest a new role of X-

Delta-2 in regulating neurogenesis and cell migration on the placodes. 

The breadth and complexity of the X-Delta-2 expression pattern throughout development 

illustrate its multiple roles in development and its importance in segmentation, patterning and 

neurogenesis during Xenopus laevis development. 

 

Results and Discussion 

Expression pattern of X-Delta-2 in the mesoderm  

Due to the interest in X-Delta-2 function during somitogenesis, expression studies have 

concentrated only on stages after the end of gastrulation (Jen et al., 1997). Here we show 

that X-Delta-2 is expressed in the mesoderm from the beginning of gastrulation (stage 101/2) 

in a complete ring around the blastopore lip (Fig. 1A). Shortly afterwards (stage 11) X-

Delta-2 is no longer expressed in the dorsal region corresponding to the Spemann 

organizer, whereas the expression in the rest of the mesoderm is maintained (Fig. 1B). 

Before the end of gastrulation the first stripe of expression in the PSM is formed on either 

side of the dorsal midline (Fig. 1C), suggesting that at this stage the PSM is already pre-

patterned and the first somitomere has been specified. Around stage 14, 2-3 dorsal stripes 

of X-Delta-2 mRNA are already visible (Fig. 1D). After stage 14, and until the end of 

somitogenesis, 4-5 stripes of X-Delta-2 expression are always visible in the somitomeres and 

a broad domain is present in the tailbud region (Fig. 1E).  

Prior to the formation of the first somite, no more than 4 stripes of X-Delta-2 expression in 

the PSM were ever observed. This suggests either that only 4 somitomeres are specified, or 

that more are formed but the most anterior X-Delta-2 stripe fades out when a new one 

forms. In the first case, the formation time of the first 4 somitomeres would be longer than 

the ones formed subsequently. In the second scenario the downregulation of X-Delta-2 would 

be uncoupled from somite formation. In this scenario, to reach the situation observed during 
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somitogenesis (Jen et al., 1997) where the X-Delta-2 stripes in the PSM are just posterior to 

the last formed somite, it would be necessary that the first somites would form faster than 

the somitomeres. This, in fact, fits with the observation that the first 5-6 somites are formed 

faster than the subsequent ones (Hamilton, 1969; Pearson and Elsdale, 1979). From our 

data we cannot exclude either of these two possibilities. 

 

    
Figure. 1. X-Delta-2 expression pattern in the mesoderm, shown by whole mount in situ 
hybridisation.  A,B: Albino embryos shown from the vegetal side with dorsal to the top. At stage 10+ 
(A) X-Delta-2 is expressed exclusively in the mesoderm as a ring around the blastopore lip. At stage 
11 (B) a gap forms in the ring at the dorsal side of the embryo. C,D: Dorsal view of albino embryos at 
stage 12 (C) and stage 14 (D), anterior to the top. Stripes of expression are forming on both sides of 
the midline. E: Lateral view of a stage 26 albino embryo, with anterior to the left hand side, showing 
the expression in the presumptive somites (arrows), tailbud domain (black line) and in several structures 
in the head (see also figure 3). F,G: Posterior (F) and lateral (G) view of a stage 14 embryo with 
dorsal to the top, showing that the posterior X-Delta-2 expression stripes extend all the way ventrally 
as a complete ring. H-K: Hairy-2a RNA expression at stage 12 (H) and stage 17 (I) and Lunatic fringe 
RNA expression at stage 12 (I) and stage 18 (K). Both of these genes are only expressed in the PSM 
at stage 17-18, after the first somite is formed. Arrowhead in (J,K) indicates the expression in the 
mesoderm. 
 

The stripes of X-Delta-2 expression are not restricted to the paraxial mesoderm but extend 

further laterally, forming a total ring around the remainder of the blastopore (Fig. 1F,G). 

The level of expression is much lower outside the paraxial mesoderm, suggesting that signals 

from the midline are necessary to promote or stabilize X-Delta-2 expression. 
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Hairy-2a and Lunatic fringe (Lfng) are two other genes known to be involved in 

somitogenesis (Barrantes et al., 1999; Davis et al., 2001; Zhang and Gridley, 1998). In 

Xenopus they are not expressed in the mesoderm until stage 16-17, when somite formation 

starts (Fig. 1H-K), indicating that, in contrast with chick and mouse, these genes are not 

involved in the initial pre-patterning of the PSM.  

The fact that X-Delta-2 pre-patterns the PSM when there is no Hairy-2a expression, indicates 

that, at least until the first somite is formed, the refinement of X-Delta-2 expression is 

independent of Hairy-2a, as has been previously suggested (Davis et al., 2001). 

Dynamic X-Delta-2 expression in the PSM during somite formation 

As X-Delta-2, unlike Lunatic fringe and Hairy, is expressed dynamically in the posterior PSM, 

we decided to thoroughly investigate its expression pattern. We utilized the fact that in 

Xenopus X-Delta-2 shows a left-right asynchrony in its expression, to investigate the changes 

in the pattern in the PSM. This asymmetry in the expression has been also observed for 

Hairy-2a and esr9 (Davis et al., 2001; Li et al., 2003). 

Based on the analysis of the PSM X-Delta-2 expression in a large number of embryos at 

stage 22-24 (n=147), we identified three different patterns (Fig. 2), that we consider to be 

different phases of expression. In phase I, X-Delta-2 expression pattern is symmetric with no 

difference between the sides (Fig. 2A,A’). In phase II, X-Delta-2 expression in the right hand 

side is downregulated in the region between the newly forming somitomere and the tailbud 

domain (asterisks in Fig. 2B,B’). Embryos in phase III show an X-Delta-2 stripe starting to be 

isolated from the tailbud domain on the left-hand side whereas on the right-hand side the 

stripe is already completely separated from the tailbud domain (Fig. 2C,C’). In a small 

percentage (8%) of the cases the left-hand side was more advanced than the right-hand 

side, being the first to form an X-Delta-2 stripe in the somitomere.  

These results fit the idea that X-Delta-2 oscillates in the PSM. The oscillatory behaviour of X-

Delta-2 has been suggested previously but evidence supporting this was not published 

(Moreno and Kintner, 2004). The oscillatory behaviour of X-Delta-2 mRNA in Xenopus 

appears to be different from the behaviour of the oscillating genes in chick, mouse and 

zebrafish, which show expression arising caudally in a broad domain that progressively 

narrows whilst moving anteriorly. Eventually the expression is restricted to the caudal domain 

of the future somite (Rida et al., 2004). In Xenopus however, expression in the PSM is always 

observed. One explanation for such a difference could be that the X-Delta-2 mRNA may not 

be degraded quickly enough when transcription is turned down in the posterior PSM, and 

therefore we are unable to see a region which is clear of expression before the next cycle 
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starts. In fact, several embryos, whilst having the same number of X-Delta-2 expression 

stripes on both sides, exhibit different  levels of expression in the tailbud domain (Fig. 2D-F) 

suggesting that in this domain not only the spatial pattern of X-Delta-2 expression changes, 

but also its level of expression. The oscillation of a Delta gene in Xenopus is also interesting 

from an evolutionary point of view, because it suggests a division of the vertebrates into two 

groups in relation to the oscillatory genes; one group, including mouse and chicken, with 

lunatic fringe oscillating in the PSM and the other group, consisting of Xenopus and zebrafish, 

with oscillating Delta genes, where fringe genes do not seem to play a role (Aulehla and 

Johnson, 1999; Forsberg et al., 1998; Jiang et al., 2000; McGrew et al., 1998; Qiu et al., 

2004). Thus the segmentation clock and the involvement of the Notch pathway in 

somitogenesis appear to be conserved among vertebrates, but this is not true for the specific 

role of each gene, as no common gene has yet been found which shows a cyclic expression 

in all of the vertebrates analysed. 
 
Figure. 2. Dynamic 
expression of X-Delta-2 
in the PSM, by whole 
mount in situ hybridi-
sation. A,B,C: Diagram 
representing different 
phases of X-Delta-2 
expression in the PSM 
during the formation of 1 
somitomere. Black, grey 
and light grey represents 
the different intensity of 
X-Delta-2 expression 

observed. A’,B’C’: Stage 22-24 albino 
embryos showing an X-Delta-2 pattern 
characteristic of each phase of the 
dynamic expression in the PSM. Embryos 
shown from the posterior side with dorsal 
to the top. Asterisks mark the forming, or 
formed, gap between the expression in 
the most recent somitomere and the 
expression in the posterior PSM. D,E,F: 
Three examples of the variability of X-
Delta-2 expression in the posterior PSM. 
Several embryos with the same number of 
X-Delta-2 stripes in the somitomeres 
showed a left right asymmetry in the 
levels of X-Delta-2 expression in the 
tailbud domain. Embryos shown from the 
posterior side with dorsal to the top. 
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Evolution of the anterior expression pattern of X-Delta-2 

X-Delta-2, in contrast to X-Delta-1 (Chitnis et al., 1995), is not expressed in the region of the 

neural plate where the primary neurons are formed (Fig. 1D and Fig. 3A-D). X-Delta-2 

expression at early neurula stages (stage 14) consist of two concentric broken rings 

surrounding the basal plate and the neural plate (arrow and arrowheads, respectively, in 

Fig. 3A). In these two regions the downstream targets of the Notch pathway, Hairy-2a and 

Hairy-2b, are also expressed (Lopez et al., 2005; Tsuji et al., 2003) supporting the idea 

that X-Delta-2 is involved in specifying boundaries between tissues. Between neurula stages 

and tailbud stages, this simple early pattern evolves to a complex pattern and at stage 25 

X-Delta-2 is expressed in the brain, in the optic vesicle and in several neurogenic placodes, 

namely the olfactory (OP), profundal (pPr), trigeminal (pV), lateral line (pAD, anterodorsal; 

pM, middle; pP, posterior) otic and epibranchial placodes (epVII, facial; epIX, 

glossopharyngeal; epX2/X3, fused second and third vagal)  (Fig. 3H). In this paper we 

adopted the abbreviations for the placodes used by Schlosser and Northcutt (2000), and 

the abbreviation (pDL) for the dorsolateral placodal area.  

From neurula stages onwards it is possible to detect X-Delta-2 expression in the profundal-

trigeminal placode area (pPrV in Fig. 3A). At around stage 21 it is already possible to 

distinguish the two individual placodes, profundal and trigeminal (pPr and pV, respectively, 

in Fig. 3F). After stage 26 the X-Delta-2 expression in these two placodes is no longer 

detected (Fig. 3H-J). The expression of X-Delta-2 in the prospective olfactory placodes also 

starts at neurula stages as two lateral spots next to the border of the neural plate (OP in 

Fig. 3B). These two spots come together with the closure of the neural tube (Fig. 3B-E).  

The lateral line placodes together with the otic placode initially form a common dorsolateral 

placode area. This area expresses X-Delta-2 from its formation at around stage 20 (pDL in 

Fig. 3E). At stage 25 it is possible to distinguish the different lateral line placodes; 

anterodorsal, middle and posterior lateral line placode (pAD, pM and pP, respectively, in 

Fig. 3H) all of which express X-Delta-2. The expression in the otic vesicle was only detected 

at stage 25 (arrow in Fig. 3H). 

X-Delta-2 starts to be expressed in the eye vesicle from the beginning of its formation at 

around stage 21 (E in Fig. 3F), but its expression is excluded from the lens placode formed 

at around stage 28 (Fig. 3J). It is known that X-Delta-1 is involved in generating neural 

diversity in the retina (Dorsky et al., 1997). It would therefore be interesting to investigate 

whether X-Delta-2 and X-Delta-1 have a complementary or redundant role in the neural 

development of the retina. 
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Prior to neural fold closure we detected two patches of X-Delta-2 expression in the region of 

the presumptive midbrain (MB in Fig. 3D). Soon afterwards expression is also visible in the 

hindbrain (HB in Fig. 3E). From analysis of whole mount embryos no clear expression in the 

forebrain was visible until stage 25. However, dorsal views of stage 27 and 36 embryos 

shows that X-Delta-2 is not only expressed in the hindbrain and midbrain but also in the 

forebrain (Fig. 3K,L). It is interesting to note that the forebrain-midbrain and the midbrain-

hindbrain boundaries do not express X-Delta-2 at stage 27 (arrowheads in Fig. 3K). To get 

a more detailed picture of X-Delta-2 expression in the brain, we isolated brains from stage 

48 embryos and looked at X-Delta-2 expression (Fig. 3M,N). At this stage we were able to 

detect weak expression in the forebrain (white arrows in Fig. 3M), and in the midbrain, 

where the expression was restricted to the border of the tectum (black arrows in Fig. 3M). In 

the hindbrain at this late stage X-Delta-2 is now expressed only in stripes (arrowheads in 

Fig. 3M). In a saggital section of the isolated brain it is possible to see that X-Delta-2 is not 

expressed in the rhombomere boundaries (arrowheads in Fig. 3N) and the expression is 

restricted to the dorsal side of the hindbrain (Fig. 3N). X-Delta-2 expression in the hindbrain 

changes from being expressed in two lateral stripes throughout the hindbrain at stage 27 

(Fig 3.K), to being expressed in the middle of the hindbrain at stage 36 (arrow in Fig 3.L), 

and ending up restricted to the dorsal side of the hindbrain and excluded from the 

rhombomere boundaries at stage 48 (Fig 3.M,N) .This change of pattern could be related to 

the formation of rhombomere boundaries, which occurs at about stage 43. This suggests a 

possible role of X-Delta-2 in hindbrain segmentation, as was recently shown for DeltaC and 

DeltaD in zebrafish (Cheng et al., 2004).  

Another interesting observation from the X-Delta-2 expression pattern is that in the majority 

of the embryos analysed there is a left-right difference in the intensity of expression, which 

is most visible in the optic vesicles and midbrain region (Fig. 3F and 3D, respectively). It is 

known in vertebrates that Notch signalling mediates left-right asymmetry via nodal (Krebs et 

al., 2003; Raya et al., 2003), so it is possible that in Xenopus X-Delta-2 is somehow involved 

in this process. 

X-Delta-2 expression shares similarities with the expression pattern of several other Notch 

ligands in different organisms (Bettenhausen et al., 1995; Dunwoodie et al., 1997; Haddon 

et al., 1998; Kiyota et al., 2001; Myat et al., 1996; Schlosser and Northcutt, 2000). This 

raises interesting questions about the redundant or complementary function of the different 

genes (X-Delta-2, X-Delta-1 and X-Serrate-1) in the many processes in wich Notch signalling 

is involved in Xenopus. 
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X-Delta-2 activates Notch signalling in adjacent cells (review in Lai, 2004) and it is 

expressed in regions where boundaries are to be formed, such as in the somitomeres. The 

expression next to the basal plate and neural plate is in accordance with the role of Notch 

in separating different tissues. Furthermore, the fact that the forebrain-midbrain boundary, 

the midbrain-hindbrain boundary, and later on, the rhombomere boundaries are free of X-

Delta-2 expression suggests that the Notch pathway is activated in these cells (via the 

adjacent X-Delta-2), and suppresses neurogenesis in these cells, as it was recently described 

in the zebrafish hindbrain (Cheng et al., 2004). X-Delta-2 seems to be expressed from early 

on in neurogenic regions (CNS and cranial placodes) and to be involved in establishing 

boundaries throughout the embryo.  

 Figure. 3. Evolution of X-Delta-2 anterior neural expression. A-G: Albino embryos at stages 
between 14 (A) and 22 (G) shown from the anterior side with dorsal to the top. H-J: Lateral view of 
stage 25, 27 and 36 albino embryos; anterior to the left. The first appearance of X-Delta-2 
expression in a certain region is marked in the figure, except in (G) and (H) where all the regions are 
marked. Arrowheads in (A) indicate X-Delta-2 expression in the neural plate border and the arrow 
indicates the basal plate border. Arrow in (H) indicates the otic vesicle. Arrowheads in (K) indicate 
forebrain-midbrain and midbrain-hindbrain boundary. Arrows in (L) indicate the X-Delta-2 expression 
in the middle of the hindbrain. In (M) white arrows indicate the expression in the forebrain, black 
arrows the tectum of the midbrain and the arrowheads the expression in the hindbrain. The line in M 
represents the level of the cut shown in (N). Arrowheads in (N) mark the rhombomeres boundaries. 
Dorsal and ventral are shown by the arrow. E, eye; epVII facial epibranchial placode; epIX 
glossopharyngeal epibranchial placode; epX2/X3 fused second and third vagal epibranchial 
placodes; FB forebrain; HB, hindbrain; MB midbrain; OP, olfactory placode; pAD anterior dorsal 
lateral line placode; pDL dorsolateral placodal area; pM middle lateral line placode; pP posterior 
lateral line placode; pPrV, profundal-trigeminal placode area; pPr, profundal placode; pV, trigeminal 
placode.  
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X-Delta-2 loss of function prevents segmentation of the paraxial mesoderm 

To investigate the role of X-Delta-2 during development we decided to inhibit X-Delta-2 

function using a MO knockdown approach. To establish specificity, the effect of two non-

overlapping MOs and a dominant negative truncated form of X-Delta-2, X-Delta-2tr (Jen et 

al., 1997), were compared (Fig.4). We first looked at somite formation by whole mount in 

situ hybridisation using MyoD as a marker. Embryos injected with 60 ng of either of the X-

Delta-2 MOs showed segmentation defects, shown by the loss of the characteristic chevron 

shaped MyoD expression (Fig. 4C,D). The same effect on the MyoD expression was 

observed with the injection of X-Delta-2tr (Fig. 4B), confirming the specificity and efficacy of 

the MOs. In addition, the injection of a higher concentration of either X-Delta-2 MO leads to 

an almost complete loss of segmental pattern (Fig. 4E,F). This phenotype is more severe than 

previously shown for X-Delta-2 loss of function (Jen et al., 1997) and illustrates the 

importance of X-Delta-2 function in somitogenesis in Xenopus. X-Delta-2 loss of function 

affects all the somites, whereas in several mutants in fish and mouse, including Dll1 (Hrabe et 

al., 1997) and DeltaD (Holley et al., 2000) mutants, only the somites posterior to the first 5-

8 are affected. Embryos injected with Control MO or another unrelated MO at the same 

concentration have normal MyoD staining and are indistinguishable from the non-injected 

controls (data not shown).  

We also observed a down regulation of MyoD expression in the anterior part of the main 

axis (Fig. 4E,F). It has been suggested that X-Delta-2 expression is not correlated with 

myogenic differentiation (Jen et al., 1997) but our results imply that X-Delta-2 expression is 

necessary for anterior MyoD expression. The expression of Engrailed-2, a midbrain-

hindbrain marker, and Krox-20, which is expressed in rhombomeres 3 and 5 in the 

hindbrain, is not affected by X-Delta-2 loss of function (Fig. 4B-F).  

X-Delta-2 Function in Anterior Neural Tissue 

We were interested in the role of X-Delta-2 in the brain and in the cranial placodes, so we 

used the MO knockdown approach to analyse the expression of several anterior markers 

just after neural tube closure, at stage 21 (Fig. 5 A-G), and at tailbud stage, stage 25 (Fig. 

5 H-M). In somitogenesis, it has been reported that X-Delta-2 downregulates its own 

expression in the posterior half of the somitomeres (Jen et al., 1997). However, the opposite 

seems to be true in the brain, where, at stage 21, the X-Delta-2 expression is 

downregulated by injection of X-Delta-2 MO (Fig. 5A’; 100%, n=7). This could be due to 

the loss of neural tissue as suggested by the strong downregulation of Nrp-1 (Fig. 5B’; 78%, 

n=9). However, this is unlikely, as the expression of other genes expressed in the brain, such 

Chapter III

60



 

as Pax-6, Krox-20 and Gbx-2, is not downregulated (Fig. 5C’,F’,G’), suggesting that there is 

still neural tissue but that the identity has changed.  The expression of Pax-6 in the forebrain 

is not affected by X-Delta-2 loss of function (Fig. 5C’; 100%, n=9), however the expression 

of Emx-2 is downregulated in the telencephalon (Fig. 5E’; 75%, n=8). Engrailed-2 is 

expressed in the midbrain-hindbrain boundary and its expression is downregulated by X-

Delta-2 loss of function (arrowhead in Fig. 5F’; 83%, n=6). Certain aspects of hindbrain 

patterning are not affected, as shown by the normal Krox-20 stripes in rhombomeres 3 and 

5 (Fig. 5F’; 83%, n=6). However, the posterior expansion of Gbx-2, which is no longer 

restricted to rhombomere 1 (Fig. 5 G’; 73%, n=11), suggests an anteriorization of the 

hindbrain. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure. 4 X-Delta-2 loss of function perturbs somite formation. Embryos were injected with two 
different concentrations of X-Delta-2 MO1 (C and E) and MO2 (D and F) or with a dominant negative 
form of X-Delta-2, X-Delta-2tr (B). Embryos were cultivated until stage 28 and the somite were 
analysed by whole mount in situ hybridisation using MyoD as a marker. Embryos are shown from the 
lateral side with anterior to the left. A higher magnification of the somites area indicated by the 
dashed square is shown in the lower right corner. Krox-20 expression in the hindbrain and engrailed 
expression in the midbrain-hindbrain boundary is still present when X-Delta-2 is down regulated (B-F). 
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The downregulation of Nrp-1 is maintained until at least stage 25 (Fig. 5I’; 100%, n=16). 

Again, however, at this stage Pax-6 (Fig. 5J’; 100%, n=6) and X-Ngnr-1 (Fig. 5K’; 81%, 

n=16) levels of expression in the forebrain are not affected, showing that the neural tissue is 

present.  Pax-6, Emx-2 and Nkx2.1 are all expressed in different regions of the forebrain 

(Franco et al., 2001; Hollemann and Pieler, 2000; Pannese et al., 1998). Loss of X-Delta-2 

function downregulates Emx-2 (Fig. 5L’; 78%, n=9) and Nkx2.1 (Fig. 5M’; 71%, n=7), but 

Pax-6 levels are not changed. However, the domain of Pax-6 expression is altered, with 

expression missing from the ventral part of the forebrain and the olfactory placode (Fig. 

5J’; 100%, n=6). These results suggest that X-Delta-2 could be regulating Pax-6 expression 

specifically in a subdivision of the forebrain, in this way regulating the division of the 

forebrain.  Another explanation for the reduction of Pax-6 expressing region could be the 

loss of the olfactory placode (see below).  

The hindbrain was also affected at this stage, as shown by the downregulation of Pax-6 

(Fig. 5J’; 100%, n=6). X-Delta-2 and X-Ngnr-1 were also downregulated, but only in less 

than 40% of the embryos (Fig. 5H’; 39%, n=31; Fig. 5K’; 38%, n=26). 

The X-Delta-2 expression at stage 48 in the rhombomeres (Fig. 3M,N) suggests a possible 

role of X-Delta-2 in hindbrain segmentation. To address this question we analysed the 

morphology of the brain using a neural specific antibody (Jones and Woodland, 1989) and 

confocal imaging showed that in the X-Delta-2 MO injected side (* in Fig. 5N) no clear 

boundaries were formed (75%, n=8), despite the fact that the brain still retains its neural 

identity. This result together with the anteriorization of the hindbrain shown by the expansion 

of Gbx-2 (Fig. 5G’) and the analysis of X-Delta-2 expression in the hindbrain (Fig. 3M,N), 

indicates that X-Delta-2 is necessary for the segmentation as well the patterning of the 

hindbrain. The exclusion of X-Delta-2 from the forebrain-midbrain and midbrain-hindbrain 

boundaries and the fact that the midbrain-hindbrain marker Engrailed-2 is downregulated 

with X-Delta-2 MO, suggests that these boundaries could also be affected by X-Delta-2 loss 

of function. This does not seem to be the case when we examine the confocal data. However, 

the forebrain appeared shorter and thinner on the X-Delta-2 MO injected side (arrow in Fig. 

5N). Thus the effect on gene expression in the forebrain earlier in development is reflected 

in the later morphology of the forebrain.  

We also analysed the loss of X-Delta-2 function in relation to the neurogenic placodes. At 

stage 21 X-Delta-2 and X-Ngnr-1 are expressed in the profundal placode (pPr) and in the 

dorsolateral placodal area (pDL) (Fig. 3F and (Schlosser and Northcutt, 2000). In the X-

Delta-2 MO injected side the expression of X-Ngnr-1 in the profundal placode is expanded, 

indicating that there is an increase in the number of cells expressing X-Ngnr-1 (arrow in Fig. 
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5D’; 100%, n=13). Normally, by stage 25 it is no longer possible to see X-Ngnr-1 

expression in the pPr, but when the X-Delta-2 MO is injected, expression in this region is still 

present, in a spot dorsal to the eye (Fig. 5K’; 80%, n=31). These results suggest that  X-

Delta-2 could be involved in regulating the number of cells committed to the pPr fate by 

mediating the mechanism of lateral inhibition, similar to the role of X-Delta-1 in primary 

neurogenesis (reviewed in Chitnis et al., 1995; Ma et al., 1996). Furthermore, previous 

studies suggested that X-Ngnr-1 is downregulated immediately after cells leave the placode 

(Schlosser and Northcutt, 2000), so one explanation for the presence of X-Ngnr-1 

expression in the pPr at stage 25 could be the need of X-Delta-2 function for cell migration. 

The failure of migration could also explain why there are more cells expressing X-Ngnr-1 at 

stage 21. 

It is hard to evaluate the effect of X-Delta-2 MO in the pDL at stage 21 because X-Delta-2 

and X-Ngnr-1 are only weakly expressed in this region (Fig. 5A,D). However at stage 25, 

the expression of both of these genes is downregulated and remains close to the dorsal side 

(small arrows in Fig. 5H’; 92%, n=26 and 5K’; 80%, n=31), suggesting that in the pDL X-

Delta-2 function is again necessary for the migration of the cells.  

X-Delta-2 also seems to be necessary for formation of the olfactory placodes, as shown by 

the restriction of X-Delta-2 and X-Ngnr-1 expression to the most ventral part of the placode 

(arrowheads in Fig. 5H’,K’). This could also explain the reduction in the area of Pax-6 

expression in the forebrain (Fig. 5J’), as it has been demonstrated that the olfactory 

placodes are necessary for the development of the telencephalon in Xenopus (Graziadei 

and Monti-Graziadei, 1992). 

The Nrp-1 expression in the eyes is unaffected by X-Delta-2 loss of function. Nevertheless, 

the domain of expression is smaller when compared with the non injected side. The reduction 

of the eye field is also visible with Pax-6 (Fig. 5J’; 100%, n=6), X-Ngnr-1 (Fig. 5K’; 80%, 

n=31) and X-Delta-2 (Fig. 5H’; 92%, n=26). These data suggest that X-Delta-2 is not 

necessary for the specification of the cells in the eye, but is involved in the regulation of the 

eye size. It has been reported that Notch signalling can activate Pax-6 expression in 

isolated animal caps (Onuma et al., 2002), but in our study, despite downregulation of Pax-

6 in the hindbrain, we did not observe any down regulation of Pax-6 expression in the eye 

with X-Delta-2 loss of function (Fig. 5M,N).  

To conclude, X-Delta-2 involvement in somitogenesis starts during gastrulation with the pre-

patterning of the PSM. We suggest that this pre-pattern is achieved by the oscillatory 

expression of X-Delta-2. Besides the role of X-Delta-2 in somitogenesis our results also 
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suggest that it is involved in the patterning and segmentation in the brain and in regulating 

neurogenesis in the neurogenic placodes. Thus, X-Delta-2 seems to be involved in setting 

boundaries throughout the entire embryo.  

 
Figure. 5 X-Delta-2 loss of 
function affects the patterning 
and segmentation of the brain 
and the cranial placodes 
formation. X-Delta-2 MO was 
injected in the two left 
blastomeres at the 4 cell stage 
and analysed either at stage 21 
(A’-G’) or at stage 25 (H’-M’) for 
several anterior markers. The non-
injected controls (Nic) are shown 
for each marker (stage 21: A-G; 
and stage 25: H-M). All the 
embryos are shown from the 
anterior side with dorsal to the 
top, with the exception of (N, 
stage 48) that is shown from the 
dorsal side with anterior to the 
left. The injection side is marked 
(*). Whole mount in situ 
hybridisation was performed using 
the following probes; X-Delta-2 
(A,A’,H,H’); the pan-neural marker 
Nrp-1 (B,B’,I,I’); Pax-6 which is 
expressed in the forebrain, 
hindbrain, eyes and olfactory 
placode (C,C’,J,J’); X-Ngnr-1 
expressed in the forebrain, 
hindbrain, olfactory, profundal, 
trigeminal and anterodorsal 
lateral line  placodes (D,D’,K,K’); 
Emx-2 expressed in the dorsal 
forebrain, eyes and olfactory 
placodes (E,E’,L,L’); krox-20, 
Engrailed-2 and MyoD  which are 
expressed in the rhombomeres 3 
and 5, midbrain-hindbrain 
boundary and paraxial meso-
derm, respectively (F,F’); Gbx-2 
which is expressed in rhombomere 
1 (G,G’); and Nkx2.1 which is 
expressed  in the ventral forebrain 
(M,M’). In later embryos (stage 48) 
the morphology of the brain was 

analysed using the neural antibody 2-G9 (N). Rhombomere boundaries are marked with arrowheads. 
En in (F,F’) indicates Engrailed-2 expression and the line in (M,M’) the midline of the embryo. Thin 
arrow, big arrow and arrowhead in (D’,H’,K’) indicate pPr, pAD and OP, respectively. 
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Experimental Procedures 

Embryos 

Albino and pigmented Xenopus laevis embryos were staged according to Nieuwkoop and 

Faber (Nieuwkoop and Faber, 1956).  Culture of embryos and buffers (modified Barth’s 

solution, MBS) was as described (Winklbauer, 1990). Embryos were fixed in MEMFA during 

four hours at room temperature or overnight at 4°C and after stored in methanol (-20°C). 

Later stages embryos were anesthetized in tricaine methane-sulfonate (MS 222) before 

fixation. 

Detection of gene expression by in situ hybridisation 

The whole mount in situ hybridisation protocol used was described previously (Wacker et al., 

2004), as modified from a previous protocol (Harland, 1991). After in situ hybridisation 

pigmented embryos were bleached as described (Song and Slack, 1994). Antisense, 

Digoxigenin-labelled transcripts were prepared from the following plasmids: Krox-20 

(Bradley et al., 1993); Engrailed-2 (Hemmati-Brivanlou et al., 1991); Nrp-1 (Richter et al., 

1990); Gbx-2 (von Bubnoff et al., 1996); Emx-2 (Pannese et al., 1998); Nkx2.1 (Small et 

al., 2000); Otx-2 (Pannese et al., 1995); MyoD  (Hopwood et al., 1989); Pax-6 (Hirsch and 

Harris, 1997); X-Ngnr-1 from the cDNA clone XL141h09 (XDB3, NIBB); EST clones from the 

I.M.A.G.E consortium [LLNL] cDNA library (Lennon et al., 1996): X-Delta-2 from the cDNA 

clone IMAGE 5570232; Hairy-2a from the cDNA clone IMAGE 3580069; Xenopus Lunatic 

fringe from the cDNA clone IMAGE 3474151. 

Neural antibody analysis 

The immunochemistry was carried out as described previously (McNulty et al., 2005) using 

the neural antibody 2G9 (Jones and Woodland, 1989) and a secondary antibody 

conjugated to the Cy5 fluorophore. Before analysis embryos were cleared in Murrays and 

the hindbrain was visualised using scanning confocal microscopy (Leica TCS-NT).  

Injection of morpholinos and mRNA 

Morpholinos and mRNAs were diluted in Gurdon’s buffer (15 mM Tris pH 7.5, 88 mM NaCl, 

1 mM KCl) and injected at the two or four cell stage. Injections at the four-cell stage were 

into both left blastomeres and GFP mRNA was coinjected as a lineage tracer. Before 

fixation GFP protein was checked to ensure that the injections were on the correct side. Two 

morpholinos for X-Delta-2 gene were designed (Gene-Tools Inc.). Sequence of morpholinos is 

as follows: X-Delta-2 MO1- 5’CATGGCAGTCTCCTGGCACTGACAA (ATG binding sequence 
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underline), MO2- 5’GACTTGTATCGGGAGTTCCAGAAA (5’ of ATG). We also used the 

control MO provided by Gene-Tools inc. Amounts injected ranged from 60 ng to 80 ng of 

X-Delta-2 morpholinos in whole embryo and 20 to 40 ng when injected in the left-hand side. 

The control morpholino was always injected to match the higher concentration of specific MO 

used in each particular experiment. The concentration of X-Delta-2tr (Jen et al., 1997) 

injected was 500 pg. 
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Summary 
In vertebrates, the paraxial mesoderm already exhibits a complex Hox gene pattern by the 
time that segmentation occurs and somites are formed. The anterior boundaries of the Hox 
genes are always maintained at the same somite number, suggesting coordination between 
somite formation and Hox expression. To study this coordination we used morpholinos to 
knockdown either X-Delta-2 or the complete Hox paralogous group 1 (PG1) in Xenopus 
laevis. When X-Delta-2 is knocked down, Hox genes from different paralogous groups are 
downregulated. This effect is not via the canonical Notch pathway, but rather seems to be 
mediated by the intracellular domain of X-Delta-2 itself, as shown by rescue experiments. 
We also reveal for the first time a clear role for Hox genes in somitogenesis, as loss of PG1 
gene function results in the perturbation of somite formation and down regulation of the X-
Delta-2 expression in the PSM. These results show that somitogenesis and patterning of the 
anteroposterior axis are closely linked via a feedback loop involving Hox genes and X-
Delta-2, suggesting the existence of a coordination mechanism between somite formation 
and anteroposterior patterning. 

 

Introduction 

In vertebrates, the paraxial mesoderm is segmented in a process known as somitogenesis. 

During this process, metameric structures, the somites, are formed in a sequential way from 

anterior to posterior (Pourquie, 2002). Although the somites arise as homologous structures, 

where each somite is morphologically identical to the others, the structures that will later 

form are dependent on the specific positional information that each somite possess. The best 

candidates for conferring this positional information are the Hox genes, which have a 

complex anteroposterior (AP) pattern of expression in the paraxial mesoderm (Gruss and 

Kessel, 1991). Hox genes start to be expressed at the beginning of gastrulation, in a 

X-Delta-2 and Hox gene interaction

69



  

temporally and spatially colinear way, according to their position on the chromosome 

(Deschamps et al., 1999). This means that a gene expressed earlier in development will 

generally have its expression extending more anteriorly than a gene expressed later. In this 

way a ‘Hox code’ is established which specifies each particular AP level. 

The Notch pathway is known to be involved in several aspects of somitogenesis, including the 

clock mechanism (Holley et al., 2000), synchronization of the clock (Jiang et al., 2000), 

patterning within the somites (Durbin et al., 2000; Jen et al., 1999; Takahashi et al., 2000) 

and formation of the somitic boundaries (Sato et al., 2002). Notch signalling occurs between 

two adjacent cells, one expressing a transmembrane Delta-Serrate-Lag-2 (DSL) ligand and 

the other a transmembrane Notch receptor. In the canonical Notch pathway, when the ligand 

activates the Notch receptor, the intracellular domain (N-ICD) is cleaved and translocated 

into the nucleus. In the nucleus, the N-ICD forms a complex with a CSL DNA binding protein 

(CBF-1/ RBP-JK in mammals, Su(H) in Drosophila, chick, zebrafish and Xenopus, and Lag-1 in 

C. elegans), and activates the transcription of target genes, such as Lunatic fringe (Lfng) and 

genes from the hairy and enhancer of split family (Artavanis-Tsakonas et al., 1999; Lai, 

2004).  

The CSL family however does not seem to mediate all of the functions of Notch signalling, 

indicating the existence of a CSL-independent Notch pathway (non-canonical pathway) 

(Martinez et al., 2002). In Drosophila it has been shown that the Notch mutant phenotype is 

slightly more severe than that of Su(H) mutant embryos (Rusconi and Corbin, 1998; Rusconi 

and Corbin, 1999). In vertebrates there is also evidence that supports the existence of a 

CSL-independent Notch pathway. A recent study in chick showed that the Notch signalling 

effect on the Slug expression during neural crest formation is independent of Su(H) activity 

(Endo et al., 2002).  

It has been suggested that Hox gene expression is linked to the segmentation clock (Dubrulle 

et al., 2001). Increasing ectopic FGF8 levels in the presomitic mesoderm (PSM) alters the 

somite boundary position and shifts the Hox gene expression so that the anterior expression 

border is maintained at the normal somite number, regardless of the absolute axial level 

(Dubrulle et al., 2001). Hox expression has also been related to the expression of cycling 

genes during somite formation, with a burst of Hox gene transcription being coordinated 

with somite formation (Zakany et al., 2001). This study also showed a down regulation of 

Hoxd1 and Hoxd3 expression in the PSM of RBPjk-deficient mouse embryos, suggesting that 

Notch signalling is necessary for the correct expression of Hox genes during somitogenesis 

(Zakany et al., 2001). 
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More recently, Notch signalling was implicated in the specification of vertebral identity 

(Cordes et al., 2004). Homeotic transformations in mouse vertebrae were observed as a 

result of the reduction of Notch activity by a dominant negative delta-1 (dll1) or by 

manipulating the levels of Lunatic fringe (Lfng). Subtle changes in Hox gene expression were 

also observed, suggesting that the transformations in the vertebral identities were a result of 

variations in Hox expression (Cordes et al., 2004). 

Until now there has been little evidence for a role of Hox genes in somitogenesis. Even in 

mouse mutants where a complete Hox cluster is deleted, the somites are formed normally 

(Chen and Capecchi, 1997; Manley and Capecchi, 1997; Medina-Martinez et al., 2000; 

Spitz et al., 2001; Suemori and Noguchi, 2000; van den Akker et al., 2001). However, it 

has been shown that the overexpression of Hoxb4 in Xenopus affects somite formation, 

without affecting other mesodermal structures (Harvey and Melton, 1988).  

Here we investigate a potential link between somitogenesis and the patterning of the AP 

axis by analysing the relationship among Hox genes and the Notch pathway. We 

concentrated on the Notch ligand X-Delta-2. Hox gene expression is initiated during 

gastrulation in the non-organizer mesoderm (Wacker et al., 2004a), that later on will give 

rise to the paraxial mesoderm. Therefore, we studied interactions between Hox genes and 

X-Delta-2 not only during somitogenesis but also at earlier stages. To do this, we used a 

morpholino knockdown approach. In Xenopus laevis, at gastrula stages, X-Delta-2 and Hox 

genes are expressed in overlapping domains, and the knockdown of X-Delta-2 leads to 

down regulation of Hox gene expression from gastrula stages on. Furthermore, X-Delta-2 

seems to regulate Hox expression independently of the canonical Notch pathway. We also 

knocked down all three Hox paralogous group 1 (PG1) genes and analyzed the effect on 

somitogenesis. The loss of Hox PG1 function led to the perturbation of somite formation and 

down regulation of X-Delta-2 expression in the somitomeric region. Our results demonstrate 

a close link between X-Delta-2 and Hox genes and suggest the existence of a feedback 

regulatory loop responsible for keeping Hox expression and somite formation coordinated. 

 

Materials and Methods 

Embryos 

Albino and pigmented Xenopus laevis embryos were staged according to Nieuwkoop and 

Faber (Nieuwkoop and Faber, 1956).  Culture of embryos and buffers (modified Barth’s 
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solution, MBS) was as described (Winklbauer, 1990). Embryos were fixed in MEMFA during 

four hours at room temperature or overnight at 4°C and after stored in methanol at -20°C. 

Injection of morpholinos and mRNA 

Two morpholinos for the X-Delta-2 gene were designed (Gene-tools Inc.); sequence of 

morpholinos is as follows: X-Delta-2, MO1-5’CATGGCAGTCTCCTGGCACTGACAA (ATG 

binding sequence underlined), MO2-5’ AGACTTGTATCGGGAGTTCCAGAAA (5’ of the 

ATG). PG1 MOs (Hoxa1, Hoxb1, and Hoxd1) were described previously (McNulty et al., 

2005). The SPORT6-X-Delta-2 full-length cDNA [I.M.A.G.E. consortium [LLNL] (IMAGE 

5570232) (Lennon et al., 1996)] was digested with DraI/SmaI and inserted into the in CS2+ 

vector digested with StuI. The intracellular domain (ICD) of X-Delta-2 was obtained by PCR 

amplification on the CS2+X-Delta-2 constructor, it was then cloned into the pGEM-T Easy 

vector (Promega), digested with EcoRI, re-cloned into CS2+ and checked by sequencing. 

CS2+GFP, CS2+X-Delta-2 and CS2+X-Delta-2-ICD were linearised by NotI digestion, 

capped RNA was prepared in vitro using the Sp6 mMessage mMachine transcription kit 

(Ambion) and the RNA was subsequently purified using an RNeasy column (QIAGEN) 

according to the manufacturer’s instructions. The templates for the synthesis of mHoxb1 

(McClintock et al., 2002), Notch-ICD (Wettstein et al., 1997) and Su(H)DBM  (Wettstein et al., 

1997) were described previously. 

Morpholinos and mRNAs were diluted in Gurdon’s buffer (15 mM Tris pH 7.5, 88 mM NaCl, 

1 mM KCl) and injected at the two or four cell stage. Injections at the four-cell stage were 

into both left blastomeres and GFP mRNA was coinjected as a lineage tracer. Before 

fixation the GFP was checked to ensure that the injections were on the correct side. Amounts 

injected ranged from 40 ng to 80 ng of X-Delta-2 morpholinos in whole embryo and 20-40 

ng when injected in the left-hand side (LHS), and from 5 to 10 ng of each PG1 gene when 

injected in the LHS. The control morpholino was always injected to match the higher 

concentration of MO used in each particular experiment (standard control, Gene-tools Inc.). 

Amounts of mRNA injected in the LHS were: 500 pg of X-Delta-2; 100 pg mHoxb1; 500 pg 

of Notch-ICD; 200 pg of Su(H)DBM; and 25 pg of GFP. 

Detection of gene expression by in situ hybridisation 

The whole mount in situ hybridisation protocol used was described previously (Wacker et al., 

2004b), as modified from a previous protocol (Harland, 1991). Antisense, digoxigenin-

labelled transcripts were prepared from the following plasmids: Hoxd1 (Sive and Cheng, 

1991a); Hoxb4, Hoxc6 and Hoxb9 (Wacker et al., 2004a); Krox-20 (Bradley et al., 1993); 

Engrailed-2 (Hemmati-Brivanlou et al., 1991); MyoD  (Hopwood et al., 1989); EST clones 
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from the I.M.A.G.E. consortium [LLNL] cDNA library (Lennon et al., 1996): X-Delta-2 (IMAGE 

5570232); ESR4 (IMAGE 4084328); Hairy-2a (IMAGE 3580069). Embryos were bleached 

after the in situ hybridization to enhance the observation of the staining (Song and Slack, 

1994) 

 

Results 

Knockdown of X-Delta-2 downregulates Hox gene expression during 
somitogenesis 
It has been shown that perturbation of the Notch pathway in mouse embryos either 

downregulates Hox gene expression (Zakany et al., 2001) or shifts the anterior expression 

borders of some Hox genes rostrally (Cordes et al., 2004). In Xenopus, the best studied 

component of the Notch pathway is the ligand X-Delta-2, which has been shown to be 

necessary for normal somitogenesis (Jen et al., 1997). Therefore, to study the relationship 

between the Notch pathway and Hox expression, we decided downregulate X-Delta-2, 

using the morpholino (MO) knockdown approach. The X-Delta-2 MO was injected on the left-

hand side (LHS) of the embryo in order to use the right-hand side as an internal control, and 

tailbud stage embryos were analysed for Hox gene expression (Fig. 1). 
 
 
 
 
 
 
 
 
 
 
Figure 1. Hox gene expression during 
somitogenesis is affected by the 
downregulation of X-Delta-2 Non-injected 
controls (Nic; A,C,E) and embryos injected 
in the left-hand side (LHS) with X-Delta-2 
morpholino (MO) (B,D,F) were analysed 
for Hoxb4 (A,B), Hoxc6 (C,D), and Hoxb9 
(E,F) expression at tailbud stage (stage 
21). Embryos are shown from the dorsal 
side with anterior to the top. All three Hox 
genes were down regulated but whilst 
Hoxb4 (B:90%, n=10) and Hoxb9 
(F:100%, n=10) expression was severely 
downregulated along the AP axis, the 
posterior expression of Hoxc6 (D:88%, 
n=8) was not affected. The arrowhead 
indicates the injected side of the embryo. 
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The first Hox gene that we examined was Hoxb4, as it is expressed in the somites and its 

overexpression affects somite formation (Harvey and Melton, 1988). With the X-Delta-2 

MO, Hoxb4 was severely downregulated in the paraxial mesoderm but its expression in the 

lateral mesoderm was generally unaffected (Fig. 1B). We also looked at the expression of 

Hoxc6, normally expressed in the mesoderm and in the neural tube, and the expression in 

both these tissues was downregulated anteriorly, whereas the posterior expression was 

unaffected (Fig. 1D). This effect on neural Hox expression was also observed for the more 

posterior Hox gene, Hoxb9, which is mainly in the neural tube. As observed for the other 

Hox genes, Hoxb9 expression was also downregulated in the X-Delta-2 MO injected side 

(Fig. 1F). These results demonstrate the necessity of X-Delta-2 function for the expression of 

these Hox genes during somite formation, and that this requirement is not limited to the 

paraxial mesoderm but is also visible in the neural tube (neuroectoderm). 

X-Delta-2 and Hox genes are expressed in overlapping domains during 
gastrulation 
As X-Delta-2 function is clearly required for the expression of several Hox genes, not simply 

those expressed in the paraxial mesoderm, we decided to investigate whether this 

regulation is present at earlier stages, when the Hox genes start to be expressed. In Xenopus 

laevis, Hox gene expression starts at the beginning of gastrulation in non-organizer 

mesoderm, which later generates the paraxial mesoderm (Wacker et al., 2004b), long 

before the formation of the first pair of somites at stage 17 (Keller, 2000). Therefore, we 

performed a comparative study at gastrula stages between the expression of Hoxd1 and X-

Delta-2, along with several other genes known to be involved in somitogenesis, namely; 

Lunatic fringe; Hairy-2a; Notch-1; ESR-4; and ESR-5. We limited our comparison to Hoxd1 

because it is the first Hox gene to be expressed in Xenopus and other Hox genes are 

expressed at different times in a similar domain during gastrulation (Wacker et al., 2004a). 

Besides X-Delta-2, the only genes examined which shared a similar domain to Hoxd1 were 

the X-Delta-2/Notch targets ESR-4 and -5 (data not shown). During gastrulation Hoxd1 is 

expressed in a horseshoe shaped domain around the blastopore, with a gap on the dorsal 

side (Fig. 2B,D,F). X-Delta-2 is initially expressed in a complete ring around the blastopore 

(Fig. 2A), in a similar domain to the mesodermal gene Xbra, a known upstream regulator of 

Hox genes (Wacker et al., 2004b). Soon afterwards however, X-Delta-2 expression on the 

dorsal side is downregulated in the region corresponding to the Spemann organizer (Fig. 

2C), producing a typical ‘Hox-like’ gene expression pattern. Towards the end of gastrulation 

X-Delta-2 expression extends anteriorly and begins to form stripes of expression on both 

sides of the dorsal midline (Fig. 2E). At the same stage the Hoxd1 domain also extends 
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anteriorly but as a solid block of expression (Fig. 2F). Thus, the expression domains of X-

Delta-2 and Hoxd1 are very similar during early development, indicating that an interaction 

is possible from gastrula stages on.  
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 2. X-Delta-2 and Hox genes are 
expressed in an overlapping domain during 
gastrulation. The expression patterns of X-Delta-
2 (A,C,E) and Hoxd1 (B,D,F) were analysed by 
whole mount in situ hybridisation. The expression 
of both genes at stage 101/2 (A,B), stage 11 
(C,D) and stage 12 (E,F) shows an overlap in 
their domains of expression. Embryos at stage 
101/2 (A,B) and 11 (C,D) are shown from the 
vegetal side with dorsal to the top, and those at 
stage 12 (E,F) from the dorsal side with anterior 
to the top. 

 

X-Delta-2 function is necessary for Hox gene expression at gastrula and neurula 
stages 
Having shown the overlap of expression between X-Delta-2 and Hox genes during 

gastrulation we wanted to assess whether X-Delta-2 function is necessary for Hox expression 

prior to the start of somitogenesis. Therefore, we analysed the expression of Hoxb4, Hoxc6, 

and Hoxb9, at gastrula and neurula stages (Fig. 3).  

The expression of all three genes during gastrulation was either absent or severely 

downregulated on the X-Delta-2 MO injected side (Fig. 3B,F,J). At this stage, Hox genes are 

expressed in the mesoderm and ectoderm, and we observed a downregulation of Hox gene 

expression in both tissues. At neurula stages the effect on the different Hox genes is not so 

constant (Fig. 3D,H,L). Hoxb4 expression is clearly downregulated and the expression 

domain is shifted posteriorly (Fig.3D). However, Hoxc6 is only slightly downregulated but the 

domain of expression seems not to extend as far laterally as in the non-injected side (Fig. 

3H). This correlates with what was observed at tailbud stage (Fig. 2D), where expression is 
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still present but in a more limited domain. In the neurula embryo, Hoxb9 expression is 

strongly downregulated but the domain of expression seems unaffected (Fig. 3L).  

Figure 3. X-Delta-2 is necessary for Hox gene expression during early development, prior to 
somite formation. X-Delta-2 morpholino (MO) was injected in the LHS of the embryo and the 
expression of Hoxb4 (A-D), Hoxc6 (E-H) and Hoxb9 (I-L) analysed by whole mount in situ hybridisation 
at gastrula and neurula stages. Gastrula stage embryos (A,B,E,F,I,J) are shown form the vegetal side 
with dorsal to the top and neurula stage embryos (C,D,G,H,K,L) from the dorsal side with anterior to 
the top. At gastrula stage almost no expression of Hox genes was observed in the injected side (B: 
Hoxb4, 90%, n=21; F: Hoxc6, 100%, n=27; J: Hoxb9, 100%, n=15). At neurula stage Hoxb4 
expression was shifted posteriorly (D: 83%, n=6), Hoxc6 expression was only slightly downregulated 
(H: 75%, n=8) and Hoxb9  expression was almost completely absent (L: 80%, n=5). The arrowhead 
indicates the injected side of the embryo. 

 

To confirm the specificity of the MO knockdown approach, two non-overlapping MOs were 

designed for X-Delta-2 and the effect on Hoxc6 expression was investigated (Fig. 4). Hoxc6 

expression was downregulated on the injected side by both MOs (Fig. 4C,D). We also 

analysed the expression of Hoxb4 and Hoxd1 at gastrula stage, and their expression was 

also downregulated in a similar way by both MOs (data not shown). 

To further confirm the specificity of the MOs we tried to rescue the Hoxc6 expression by co-

injecting an X-Delta-2 mRNA construct that lacks the 5’ UTR, and therefore is not recognized 

by the MOs. For both MOs we were able to rescue the expression of Hoxc6 in the injected 

side, although no change in Hoxc6 expression was detected with X-Delta-2 overexpression 

(shown for MO2, Fig. 4E,F). These results demonstrate that X-Delta-2 MO specifically 

downregulates Hoxc6 expression, and indicates that the effect on the other Hox genes is 

probably also specific. 
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Figure 4. Specificity of X-Delta-2 morpholinos. 
Two non-overlapping morpholinos were injected in 
the LHS of the embryos and the Hoxc6 expression 
analysed at gastrula stage. The Hoxc6 expression 
is shown for NIC (A), control MO (B: 100%, n=11), 
MO1 (C: 88%, n=26) and MO2 (D: 100%, n=25). 
Overexpression of X-Delta-2 mRNA (E: 100%, 
n=11) and rescue of X-Delta-2 MO2 with X-Delta-
2 mRNA (F: 60% rescued, n=20;) are also shown. 
Embryos are shown from the vegetal side with 
dorsal to the top. Both MOs knocked down Hoxc6 
expression in the LHS and co-injection of X-Delta-2 
mRNA is able to rescue the Hoxc6 expression. 
Arrowheads indicate the injected side of the 
embryo.  

 

Overexpression of X-Delta-2 or Notch-ICD does not induce ectopic Hox 
expression 
Having demonstrated that X-Delta-2 function is necessary for Hox expression we wanted to 

know whether it is sufficient to induce ectopic Hox expression. We used two different 

approaches to activate the Notch pathway; either by injecting X-Delta-2 or by 

overexpressing the intracellular domain of the Xenopus Notch-1 receptor (N-ICD) (Wettstein 

et al., 1997) We again decided to examine different stages because it has been suggested 

that the Notch pathway is differently regulated in the somitomeric region, transition zone 

and tailbud domain (Jen et al., 1999), and thus the X-Delta-2 regulation of Hox genes could 

also be different in these regions. 

The Notch pathway was affected by both methods, as shown by the loss of ESR-4 stripes in 

the somitomeric region (Fig. 5A-C) (Jen et al., 1999). At gastrula stages, no changes in the 

expression of Hoxd1 and Hoxc6 were found (Fig. 5D-I), as already shown for Hoxc6 in the 

rescue experiment. At the tailbud stage, we examined the expression of Hoxb4 and Hoxc6, 

and once more we did not observe any alterations in the expression of these two genes, 

either in terms of level or domain of expression (Fig. 5J-O). 
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These results suggest that X-Delta-2 may be necessary for the endogenous expression of 

Hox genes but is not sufficient to substantially increase their levels, or to induce ectopic Hox 

expression outside of the normal domain of expression.  

 
 
 
Figure 5. Activation of the Delta-
Notch path-way does not affect 
Hox expression. To activate Notch 
signalling we overexpressed X-
Delta-2 (B,E,H,K,N) or Notch-ICD 
(C,F,I,L,O) in the LHS of the 
embryos and analysed them at 
neurula stage for the expression of 
ESR4 (A-C), at gastrula stage for 
the expression of Hoxd1 (D-F) and 
Hoxc6 (G-I) and at tailbud stage 
for Hoxb4 (J-L) and Hoxc6 (M-O) 
expression. Embryos at neurula and 
tailbud stage are shown from the 
dorsal side, anterior up; embryos 
at gastrula stage from the vegetal 
side, dorsal up. The activation of 
the Notch pathway, by 
overexpressing either X-Delta-2 or 
Notch-ICD perturbs the expression 
of ESR4 (B: 100%, n=5; C: 100%, 
n=5), but does not affect the 
expression of either Hoxd1 (E: 
100%, n=10; F: 100%, n=5) or 
Hoxc6 (H: 100%, n=5; I: 100%, 
n=11) at gastrula stage, or of 
Hoxb4 (K: 100%, n=9; L: 100%, 
n=11) or Hoxc6 (N: 100%, n=9; 
O: 88%, n=8) at tailbud stage. The 
arrowhead indicates the injected 
side of the embryo. 

 

 

X-Delta-2 regulates Hox expression independently of Su(H).  
In the vast majority of biological processes where Notch signalling is involved, the 

downstream targets are activated via the interaction of the N-ICD with Su(H) (Rida et al., 

2004). To investigate the role of Su(H) in the regulation of Hox genes we decided to use a 

dominant negative form where the DNA binding domain is mutated, Su(H)DBM (Wettstein et 

al., 1997). As previously reported (Jen et al., 1997; Jen et al., 1999), the overexpression of 

Su(H)DBM in the LHS downregulates ESR-4 and upregulates X-Delta-2 expression in the 
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somitomeric region of the PSM; therefore, we are confident that we are blocking the 

canonical Notch pathway (Fig. 6B,D). Nevertheless we could not detect any variation of 

Hoxd1 and Hoxc6 expression during gastrulation (Fig.6 F,H), suggesting that X-Delta-2 

regulation of Hox genes, at least at early stages, is independent of Su(H). 

 
 
 
 
 
 
 
 
 
 
Figure 6. Expression of a dominant negative Su(H) 
does not affect Hox expression. Non-injected controls 
(Nic; A,C,E,G) and embryos injected in the left-hand 
side with dominant negative Su(H) [Su(H)DBM; B,D,F,H] 
were analysed at neurula stage for the expression of 
ESR4 (A,B: 78%, n=9) and X-Delta-2 (C,D: 100%, 
n=10), and at gastrula stage for the expression of 
Hoxd1 (E,F: 100%, n=10) and Hoxc6 (G,H: 100%, 
n=5) by whole mount in situ hybridisation. Embryos at 
neurula stage are shown from the dorsal side, anterior 
up, and gastrula embryos from the vegetal side, dorsal 
up. Su(H)DBM works as a dominant negative affecting 
the down stream genes of the Notch pathway, ESR4 (B) 
and inhibiting the X-Delta-2 down regulation in the 
somitomere region (C) but does not show any effect on 
Hox expression (F,H). The arrowhead indicates the 
injected side of the embryo. 

 

Recently, several studies have suggested that, as for the Notch receptor, the intracellular 

domain (ICD) of certain Notch ligands can be cleaved and translocated to the nucleus 

(Ikeuchi and Sisodia, 2003; LaVoie and Selkoe, 2003). In Xenopus and zebrafish, the ICDs 

of X-Serrate-1 and Delta-D can suppress primary neurogenesis and neuron migration, 

respectively (Kiyota and Kinoshita, 2004; Wright et al., 2004). To address whether this 

could be the mechanism whereby X-Delta-2 activates Hox genes, we decided to clone the X-

Delta-2 ICD (D-ICD) and examine its effect on Hox expression. When we injected D-ICD 

mRNA in the embryo, we were unable to detect any changes in Hox expression during 

gastrulation, as expected given the lack of ectopic expression when the X-Delta-2 full length 

construct was injected (Fig. 7B). However, the D-ICD RNA was able to rescue the MO 
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phenotype as shown by the similar levels of Hoxc6 expression in both sides of the embryo 

(Fig. 7D). We also examined the expression of ESR-4 in D-ICD injected embryos. This was 

unaffected, showing that D-ICD rescued Hoxc6 expression independently of the Notch 

pathway (data not shown). 

These results suggest that, although the activation of the somitogenesis genes by X-Delta-2 is 

via the canonical Notch pathway and is dependent on Su(H) (Jen et al., 1997), X-Delta-2 

seems to regulate Hox gene expression via its own ICD. 

 
 
 
Figure 7. X-Delta-2 Intracellular domain rescues 
Hox expression. Hoxc6 expression was analysed in 
non-injected control (Nic, A) and in embryos injected 
in the LHS of the embryo with X-Delta-2 ICD mRNA 
(B: 100%, n=11), X-Delta-2 MO (C: 66%, n=9), and 
a combination of X-Delta-2 MO and X-Delta-2 ICD 
mRNA (D). Neurula stage embryos are shown from 
the dorsal side with anterior to the top. X-Delta-2 
ICD mRNA (B) is able to rescue Hoxc6 expression in 
X-Delta-2 MO injected embryos (D: 71% rescued, 
n=14). The arrowhead indicates the injected side of 
the embryo. 

 

Hox PG1 knockdown perturbs somite formation and X-Delta-2 expression 

Having established that X-Delta-2 is necessary for Hox expression, we wanted to investigate 

the role of Hox genes in somitogenesis. Hox genes often exhibit redundancy of function, 

particularly between members of the same paralogous group (Hunter and Prince, 2002; van 

den Akker et al., 2001). To overcome this redundancy we decided to knockdown the 

complete Hox paralogous group 1 (PG1). We chose this group because these Hox genes 

are the first to be expressed in the embryo and are necessary for the expression of more 

posterior Hox genes (McNulty et al., 2005). To study the role of the PG1 genes in 

somitogenesis we used a combination of MOs against all the three members of the group; 

Hoxa1, -b1, and -d1. These MOs have been recently characterized by our group and shown 

to be specific in blocking PG1 function (McNulty et al., 2005). 

The injection of the triple combination of PG1 MOs in the LHS, did not affect the initial 

formation of the paraxial mesoderm, as shown by the presence of MyoD expression, a 

muscle precursor marker (Fig. 8C). However, instead of a striped pattern marking the 

somites, MyoD is expressed as a continuous block, indicating that somite boundaries are not 

formed (Fig. 8C). 
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To investigate if the role of PG1 genes in somitogenesis resulted from the modulation of 

Notch signalling, we examined the effect of PG1 loss of function in the PSM expression of X-

Delta-2. At late tailbud stage, X-Delta-2 was still expressed; however, in the somitomeric 

region the expression was continuous instead of stripes marking the somitomeres, suggesting 

that PG1 genes affect the pre-patterning of the mesoderm (Fig. 8F). We also looked at the 

effect on X-Delta-2 expression at an early stage in development. At neurula stage the 

expression was either absent from the somitomeric region or only the most anterior stripe 

was visible (Fig. 9C). We attempted to rescue this phenotype by overexpressing a mouse 

Hoxb1 construct, which is not recognized by any of the PG1 MOs. The co-injection of this 

construct in the LHS rescued the striped X-Delta-2 pattern in the PSM, although the stripes of 

expression were not as well defined as in the non-injected side (Fig. 9D). 

Thus in the absence of Hox PG1 function, somitogenesis is impaired, most likely via the 

disruption of the pre-patterning of the PSM due to the down regulation of X-Delta-2 in the 

somitomeric region of the PSM.  

Figure 8. Hox PG1 genes are necessary for somitogenesis and X-Delta-2 expression. Morpholinos 
for each of the Hox PG1 genes (Hoxa1, -b1, and -d1) were injected in combination the LHS of the 
embryo (PG1 MO, C,F). Non-injected control (A,D) and embryos injected with control MO (B: 100%, 
n=15; E: 100%, n=16) are also shown. The expression of the muscle precursor marker MyoD (A-C) 
and of X-Delta-2 (D-F) was analysed at late tailbud stage (stage 25). Embryos are shown from a 
lateral view, with the anterior side to the left. Loss of PG1 function perturbs somite formation (C: 70%, 
n=10) and downregulates X-Delta-2 expression in the somitomeric region (F: 73%, n=15). Arrow in (F) 
indicates X-Delta-2 expression in the somitomeric region 
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DISCUSSION 

The Hox genes maintain their anterior borders of mesodermal expression precisely at a 

specific somite number, suggesting that segmentation and patterning are tightly coordinated. 

The patterning of the paraxial mesoderm starts prior to somite formation, via the 

establishment of a ‘Hox code’ during gastrulation. Therefore, we decided to investigate 

cross-regulation between segmentation and AP patterning not just at somitogenesis stages, 

but also earlier in development, when the Hox genes first begin to be expressed. 

 
 
 
 
 
 
 
 
 
 
 
Figure 9. mHoxb1 rescues X-delta-2 
expression in PG1 knockdown 
embryos. Non-injected controls (A) and 
embryos injected in the LHS with control 
MO (B: 100%, n=6), PG1 MOs (C: 100%, 
n=4) or a combination of PG1 MOs and 
mHoxb1 (D: 75% rescued, n=4), were 
analysed for the expression of X-Delta-2 at 
neurula stage. Embryos are shown from 
the dorsal side, with the anterior side to the 
top. X-delta-2 expression in the 
somitomeric region is rescued by co-
injecting mHoxb1. The arrowhead indicates 
the injected side of the embryo. 
 

 

X-Delta-2 regulation of Hox expression 

In this study we show that X-Delta-2 function is necessary for Hox gene expression at tailbud 

stage, during somite formation. Both 5’ and 3’ Hox genes are severely downregulated when 

X-Delta-2 is injected, suggesting a general need for X-Delta-2 function for the expression of 

Hox genes. 

This is in agreement with studies in mouse where a downregulation of Hoxd1 and Hoxd3 was 

observed in  RBPjk deficient mouse embryos (Zakany et al., 2001). However, the same 

effect on Hox expression was not observed in mouse embryos expressing a dominant 
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negative form of delta1 (dll1dn), where instead of a downregulation, an anterior shift of the 

expression of Hoxc5 and Hoxb6 was observed (Cordes et al., 2004). Hoxb6 expression is 

also shifted anteriorly in mice lacking Lfng function or cyclic Lfng expression in the PSM 

(Cordes et al., 2004). These studies suggest either that Notch signalling regulates the levels 

of Hox gene expression (Zakany et al., 2001), or that it regulates the anterior limits of the 

Hox domains (Cordes et al., 2004). Our results support the first view, as we show a dramatic 

downregulation of Hox gene expression with X-Delta-2 loss of function. We never observed 

any anterior expansion of Hox domains on the side injected with X-Delta-2 MO; on the 

contrary, in the embryos where Hox expression was still visible in the injected side, the 

anterior limits of expression were shifted posteriorly. In some cases this could be due to the 

fact that expression levels are higher in the posterior part of the axis and therefore harder 

to eliminate completely. In mouse, it has been shown that Hox genes are expressed in a 

posterior to anterior gradient, supporting this hypothesis (Gaunt, 2001). This connection 

between X-Delta-2 and Hox genes is not restricted to the paraxial mesoderm but is present 

in the neural tube as well. This fits the expression pattern of X-delta-2 which besides its 

domain in the PSM, is also expressed in the neural tube (data not shown). 

The comparison between the expression patterns of X-Delta-2 and Hox genes revealed that 

these overlap during gastrulation. Therefore, we decided to extend our analyses to gastrula 

and neurula stages. At these early stages, prior to the formation of the first somite, we also 

observed a downregulation of Hox gene expression.  These results support the idea that X-

Delta-2 function in mesoderm is essential for Hox gene expression, not simply during 

somitogenesis but also early on, from the initiation of Hox gene expression. In dll1dn 

transgenic mice, Hox expression does not seem affected even at early somitogenesis stages 

but this could be due to the different methods employed (Cordes et al., 2004). It is possible 

that the MOs are more efficient than the dominant negative dll1dn at knocking down X-Delta-

2 function. Alternatively, there could be redundancy with another Notch ligand dll3, that has 

also been shown to be involved in somitogenesis (Kusumi et al., 1998). 

The activation of Notch signalling, either by the overexpression of X-Delta-2 or the Notch-

ICD, did not affect the expression of Hox genes at gastrula stages. This suggests that Notch 

signalling is necessary but not sufficient for Hox expression. It has been shown that activation 

of Notch signalling disrupts the spatial pattern of X-Delta-2 and Esr-4/5 in the PSM, 

probably by affecting the segmentation clock (Jen et al., 1997; Jen et al., 1999; Sparrow 

et al., 1998). Therefore, we would expect that if the segmentation clock is involved in 

coordinating Hox expression with somite formation, when we activate Notch signalling we 

would see a change in the AP domain of Hox gene expression. However, the activation of 
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Notch signalling did not change the expression domains of Hox genes at tailbud stage, 

indicating that, at least in Xenopus, Hox expression is not directly associated with the 

segmentation clock, as has been suggested in mouse (Zakany et al., 2001).  

Hox gene regulation is independent of the canonical  Notch pathway  

In vertebrates, canonical Notch signalling regulates somitogenesis via a Su(H)/RBPjk/CBF1 

dependent pathway (Rida et al., 2004). In Xenopus, the overexpression of a dominant 

negative form of Su(H) [Su(H)DBM] has been shown to impair Notch signalling and perturb 

somitogenesis (Wettstein et al., 1997). However, our results indicate that the early 

regulation of the Hox genes by X-Delta-2 is independent of the function of Su(H), since we 

do not see any effect in Hox expression when we overexpress the dominant negative 

construct Su(H)DBM. This is contrary to the situation in mouse where embryos lacking functional 

RBPjk (the Su(H) mouse homologue) exhibit a downregulation in Hox gene expression in the 

segmenting region of the paraxial mesoderm (Zakany et al., 2001). However, differences in 

the regulation of the Notch pathway between Xenopus and mouse can explain this 

discrepancy. Whereas in Xenopus, the Su(H)DBM  upregulates the expression of X-Delta-2, in 

mouse the RBPjk mutant embryos lose dll1 expression in the somites (de la Pompa et al., 

1997), which is consistent with the downregulation of Hox gene expression only in the 

somites (Zakany et al., 2001). 

As the effect of X-Delta-2 on Hox genes is independent of canonical Notch signalling we 

investigated the possibility that, as shown for X-Serrate-1 (Xenopus) and Delta-D (zebrafish) 

(Kiyota and Kinoshita, 2004; Wright et al., 2004), X-Delta-2 can also function via its 

intracellular domain. This appears to be the case, as the co-injection of X-Delta-2 ICD mRNA 

is able to rescue the expression of Hox genes in embryos injected with the X-Delta-2 MO. It 

is interesting to consider X-Delta-2 as a molecule that can signal in two directions, either 

extracellularly via the canonical Notch pathway regulating neurogenesis and somitogenesis 

genes, or cell-autonomously via its own ICD, regulating complementary processes, such as 

neural migration (Wright et al., 2004) and mesodermal patterning. We propose therefore, 

that X-Delta-2 regulates somitogenesis via the canonical Notch pathway, and regulates AP 

patterning via its own ICD. 

A role for Hox genes in somitogenesis 

Despite the pivotal role of Hox genes in patterning the segments, a role in the actual process 

of segmentation has never previously been shown. Studies concerning Hox gene loss of 

function have so far failed to show any function in the somitogenesis process, even when a 

complete Hox cluster is deleted  (Medina-Martinez et al., 2000; Suemori and Noguchi, 
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2000; Zakany et al., 2001). In this study however, we show that the loss of function of PG1 

genes dramatically affects somitogenesis, possibly via the downregulation of X-Delta-2 

expression in the somitomeric region. These results for the first time demonstrate a role for 

Hox genes in the somitogenesis process. 

The fact that this has not been observed in mouse can be explained by the lack of a 

complete PG1 gene knockdown. It seems likely that the members from the same paralogous 

group (PG) have a higher functional redundancy than members of the same cluster. In 

Xenopus, mouse and zebrafish, the loss of function of a complete PG has been shown to be 

necessary to determine their common role in developmental processes (Hunter and Prince, 

2002; McNulty et al., 2005; van den Akker et al., 2001). Here, the effect on somitogenesis 

could be due to the disruption of the ‘Hox code’ in the PG1 knockdown embryos, as 

posterior Hox genes are also downregulated in these embryos. Thus, the cumulative loss of 

several Hox genes may be necessary before such a severe effect on segmentation is 

observed. This is similar to the situation in the hindbrain, where a complete knockdown of 

PG1 genes leads to the loss of rhombomere boundaries (McNulty et al., 2005); an effect not 

seen with single knockouts of Hox genes 

The regulation of X-Delta-2 by Hox genes and vice versa, suggests the existence of a 

feedback loop between these genes that could coordinate somitogenesis with Hox gene 

expression (Fig. 10). 

 
 
Fig 10. Schematic drawing showing the 
interactions between X-Delta-2 and Hox 
genes. In the lower cell, a simplified 
canonical Notch pathway driving 
somitogenesis is represented: the Notch 
intracellular domain (N-ICD) is cleaved 
upon the interaction with the ligand X-
Delta-2, this then binds to Su(H) and 
activates downstream targets, such as 
genes from the Hairy and ESR family. In the 
top cell the proposed feedback loop 
between the X-Delta-2 intracellular domain 
(D-ICD) and Hox genes is shown: the D-ICD 
somehow activates the expression of Hox 
genes and the HOX proteins also activate 
the expression of X-Delta-2, in this way 
generating a feedback loop. Dashed lines 
represent an unknown pathway. 
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Coordination between somitogenesis and patterning. 

How this coordination is achieved is still unclear, and we do not have any evidence that 

these regulations are direct, or that there is a cascade of events between them. One 

possibility is the existence of a common molecular clock that is independently responsible for 

the timing of Hox expression and for the oscillations of the somitogenesis genes, and 

consequent periodic formation of the somites. In this hypothesis, Hox genes and X-delta-2 

would modulate the ‘clock’ by a feedback mechanism that would keep both events in 

synchrony.  

Recently, evidence has been presented for a “time space translator” model to explain the 

AP patterning of the vertebrate trunk (Wacker et al., 2004a). In this model, the non-

organizer mesoderm expresses a temporally collinear sequence of Hox genes. During 

gastrulation, different regions of the non-organizer mesoderm are influenced by a signal 

from the organizer at different times, stabilizing the Hox genes that are being expressed at 

the moment of the interaction. In this way, the interaction between the non-organizer 

mesoderm and the Spemann organizer translates the temporal expression of Hox genes into 

a spatial expression pattern. The possibility of an axial patterning timing mechanism has 

also being discussed for mouse and chick (Gaunt, 2000). In the same way that this 

mechanism accounts for Hox expression patterns during gastrulation, it could also be 

involved in the somitogenesis clock. We show evidence here that the segmentation clock is 

working from the end of gastrulation onwards, much earlier than the start of somite 

formation, as shown by the stripes of X-delta-2 expression in the PSM. In chick, the 

segmentation clock starts at the beginning of gastrulation (Jouve et al., 2002), and although 

in Xenopus we do not know when the clock starts, it is likely that the timing is conserved 

among vertebrates. In this way, the segmentation clock and the Hox clock could be 

functioning at the beginning of gastrulation onwards and be one and the same. 

Alternatively, Hox genes could be involved in regulating boundary formation in somites, in a 

similar fashion as in the hindbrain, where it has been shown that the knockdown of the 

complete PG1 genes leads to a total loss of hindbrain segmentation (McNulty et al., 2005). 

This effect could be via X-Delta-2, or could be due to an effect on Eph/Ephrin signalling, as 

EphA2 expression in the hindbrain is downregulated in the mouse Hoxa1/b1 double 

knockout (Studer et al., 1998). Eph/Ephrin signaling, has also been shown to be involved in 

the formation of the somitic boundaries in zebrafish (Barrios et al., 2003; Durbin et al., 

1998).  
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A key feature of many models of somitogenesis is the existence of a wavefront which sets 

the position of the somitic boundary. The position of this wavefront has also been shown to 

be important in regulating the anterior border of Hox expression (Dubrulle et al., 2001). It 

would also be interesting therefore, in the context of X-Delta-2 and Hox PG1 genes loss of 

function, to analyse the expression of the molecules shown to be involved in the 

somitogenesis wavefront; FGF8; Wnt3a; and retinoid acid (Aulehla et al., 2003; Dubrulle et 

al., 2001; Dubrulle and Pourquie, 2004; Moreno and Kintner, 2004). 

To conclude, we present evidence for a central role of X-Delta-2 in the patterning of the AP 

axis. We demonstrate that X-Delta-2 function is necessary for the correct expression of Hox 

genes, possibly via its own intracellular domain. In addition we have shown for the first time 

a role for the Hox genes in somitogenesis. This crosstalk between traditional ‘patterning’ and 

‘segmentation’ molecules presents a possible mechanism by which these two processes can be 

coordinated in order to produce a correctly segmented and patterned organism.  
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In Drosophila, a well-delineated genetic cascade, involving gap, pair-rule, segment 
polarity and finally Hox genes, acts to concomitantly segment and pattern the 
anteroposterior (AP) axis (Gilbert, 2000). The situation in vertebrates, however, is more 
complex, with the processes of segmentation and patterning seemingly distinct, with 
few clear links between them.  The aim of this project was to study these two aspects of 
(AP) axis formation, and to investigate possible connections between them. To do this 
we used the model system Xenopus laevis, taking advantage of the relatively simple 
ways of regulating gene function, either by overexpressing the mRNA of a gene of 
interest (gain of function) or by injecting dominant negative constructs or morpholinos 
(loss of function), the latter of which have recently been shown to be a very efficient 
and flexible tool for knocking down gene function (Heasman et al., 2000; Nasevicius 
and Ekker, 2000). 

We focussed on the paralogous group 1 (PG1) Hox genes, as these are the first Hox 
genes to be expressed and as such, are good candidates to be key players in the overall 
patterning of the AP axis. Of the segmentation genes, we decided to centre our efforts 
on the Notch ligand X-Delta-2 because this is expressed from early on in development, 
in a similar pattern to the Hox genes. The fact that this gene is expressed in the right 
place at the right time, makes it a good candidate to be involved in any coordination 
between segmentation and patterning of the vertebrate trunk, the elucidation of which 
was our ultimate goal. 

The establishment of the ‘Hox code’. 

Hox genes have been the object of extensive studies, in particular with relation to AP 

patterning, and much is published about different aspects of their regulation and function. 

One of the exciting questions in the Hox field that is still subject for debate is how the spatial 

distribution of Hox genes is achieved along the AP axis. It is commonly believed that the 

spatial pattern of Hox genes results somehow from their temporally colinear expression 

(Kmita and Duboule, 2003). It has been suggested that several mechanisms are involved in 

this colinear expression, including chromatin remodelling, nuclear re-organization, cis-

regulation via local and global enhancers, and Hox gene cross-regulation (Deschamps and 

van Nes, 2005; Hooiveld et al., 1999; Kmita and Duboule, 2003).  

In the hindbrain, Hox gene expression and function is linked with the process of segmentation 

(Dibner et al., 2004; Lumsden, 2004; Rijli et al., 1998; Waskiewicz et al., 2002). The 

identification of binding sites for HOX proteins and the cofactor Pbx (HOX/PBC) in 

rhombomere-restricted enhancers of Hox genes suggests that auto- and cross-regulation of 

Hox genes occurs during hindbrain segmentation and that these type of Hox gene 
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regulations are essential for the patterning of the hindbrain (Gould et al., 1997; Maconochie 

et al., 1997; Manzanares et al., 2001; Popperl et al., 1995). Our results support the idea 

that cross-regulation is necessary to segment and pattern the hindbrain (Chapter II). 

However, our results also indicate that this mechanism is not restricted to the hindbrain, as we 

also lose the expression of more posterior Hox genes in PG1 MO injected embryos (Fig. 6, 

Chapter II). This suggests that the activation of posterior Hox genes by more anterior ones, 

could be part of a general mechanism contributing to the establishment of the ‘Hox code’ 

(Kessel and Gruss, 1991). We believe that this is an exciting line of research, worthwhile of 

pursuing. The PG1 MOs are a valuable tool for addressing several aspects of Hox gene 

cross-regulation and AP patterning.  

One interesting observation is that not all the Hox genes are affected in the same way when 

the PG1 genes are downregulated. Hoxd3 and Hoxd4 expression is shifted posteriorly 

rather than downregulated. It would be interesting to extend the study to other Hox genes, 

and try to look for a correlation between phenotype and cluster, as the least affected genes 

belong to the Hoxd cluster. These experiments, together with the analysis of the effects of 

single MOs on Hox expression, (Fig. 8, Chapter II) could contribute to the determination of 

whether there are cluster or paralogous group preferences in the cross-regulation of Hox 

genes.  

The complete knockdown of other PGs should also deliver useful information about functional 

redundancy between Hox genes, and consequently would elucidate which genes/PGs are 

key factors for specific features. PG4 genes could be good candidates to study, as Hoxd4 is 

still expressed in embryos lacking PG1 function (Fig. 6, Chapter II). We predict that some 

PGs will have more redundant functions than others, as a reflection of their evolutionary 

origin. 

The PG1 MOs can also be used to study whether cross-regulation between Hox genes is 

sufficient to establish AP patterning. We were able to rescue the expression of several Hox 

genes by simple overexpression of Hoxd1 mRNA (Fig. 7, Chapter II), suggesting that a single 

Hox gene can induce the expression of several other Hox genes, possibly via a cascade of 

Hox gene activation. It would be interesting to investigate which Hox genes would be 

rescued if we overexpressed more posterior Hox genes in a PG1 MO background. We can 

speculate that a particular Hox gene (or group of Hox genes) would rescue only more 

posterior Hox genes, as experiments with Hoxb4 and Hoxa7 have indicated (Hooiveld et al., 

1999). 
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Neural crest migration. 

The cranial neural crest cells play a critical role in the construction of the vertebrate head. 

Hox genes have been shown to be essential for the proper patterning of structures derived 

from neural crest cells (NCCs) (Gavalas et al., 2001; Grammatopoulos et al., 2000; 

Pasqualetti et al., 2000). Here, we unravel a new function for Hox genes in the control of 

NCC migration (Fig. 9, Chapter II). One interesting question is how the PG1 knockdown 

affects NCC migration. It would be interesting to investigate whether the hindbrain has any 

role in NCC migration, or if the migration is dependent on the Hox gene expression in the 

NCCs itself, as Hox genes can be differently regulated in the hindbrain and in the NCCs 

(Gendron-Maguire et al., 1993; Rijli et al., 1993). Transplanting cells from a PG1 MO 

injected embryo into the neural crest region should provide some clues about the spatial role 

of the Hox genes in NCC migration.  

The overexpression of Hoxd1 mRNA seems to enhance NCC migration (Fig. 9B, Chapter II). 

One possibility is that Hoxd1 could work by inducing a permissive environment, presumably 

at an earlier stage in development, when it is expressed in an expansive region of the 

embryo but not in the most anterior region. Therefore, the enhancement of NCC migration 

observed at tailbud stage in Hoxd1 injected embryos would be the result of the anterior 

expansion of the Hoxd1 domain, allowing rostral as well as ventral migration. 

Trunk NCCs give rise to the skin pigmentation and to the peripheral nervous system, and it 

would be interesting to investigate whether trunk NCC migration is affected in the PG1 loss 

of function embryos, and which, if any, Hox genes are directly involved in trunk NCC 

migration. 

Hox genes could also affect the migration of the NCCs via the regulation of other molecules 

shown to be involved in the migration of these cells; such as Slit/Robo (De Bellard et al., 

2003), Eph/Ephrins (Poliakov et al., 2004), and cadherins (Pla et al., 2001). Therefore, it 

would be interesting to analyse the effect of PG1 MOs on the expression of these molecules 

and assess whether this hypothetical regulation could explain the failure of NCCs to migrate. 

Hindbrain segmentation. 

Knockdown of both Hox PG1 genes, and X-Delta-2, impairs hindbrain segmentation 

(Chapters II and III). An active Notch pathway has been shown to be necessary for the 

establishment of boundary cells in the hindbrain (Cheng et al., 2004) and we show a 

downregulation of X-Delta-2 hindbrain expression in PG1 MO injected embryos (Fig. 8F, 

Chapter IV and unpublished results). This suggests that it is possible that the PG1 effect on 
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hindbrain segmentation is mediated by the Notch pathway. To test this hypothesis, we could 

overexpress the constitutively active Notch intracellular domain (N-ICD) and assess whether it 

rescues the rhombomere boundaries. This approach has been shown to work in zebrafish, 

where a mosaicly expressed dominant-active Su(H) was able to rescue rhombomere 

boundaries in the mindbomb (Notch pathway deficient mutant; Itoh et al., 2003; Jiang et al., 

1996) mutant embryos (Cheng et al., 2004). The analysis of Eph/Ephrin expression could 

also help to understand why the segmentation is perturbed in the hindbrain with the loss of 

PG1 function, and distinguish between a specific effect on boundary establishment via the 

perturbation of the Notch pathway, or a change in Eph/Ephrin expression that leads to the 

intermingling of cells and failure to form the rhombomere boundaries.  

Cerebellum specification 

The cerebellum originates from rhombomere 1 (r1), a region that expresses Gbx-2 and is 

free of Otx-2 and Hox gene expression (Eddison et al., 2004). PG1 loss of function results in 

the posterior expansion of Gbx-2 (Fig. 5F, Chapter II) as was also shown for the Hoxa2 

knockout in mouse (Gavalas et al., 1997). It would be interesting to analyse the fate of the 

Gbx-2 expressing cells in the PG1 knockdown embryos, and determine whether they 

differentiate into cerebellar cells. It would also be interesting to analyze FGF expression 

and see if either FGF8 expression in the isthmus, or FGF3 expression in rhombomere 4, is 

affected, as a role has been suggested for FGF in the patterning of r1 (Sato et al., 2004; 

Walshe et al., 2002). 

The Notch pathway in boundary formation 

The Notch pathway has been implicated in the formation of developmental boundaries and 

segments in vertebrates (somite boundaries in the PSM and rhombomere boundaries in the 

hindbrain), as well as in Drosophila (appendage segment boundaries and the dorsal-ventral 

boundary in the wing). The X-Delta-2 expression pattern in the Xenopus brain reflects this 

function of the Notch pathway. X-Delta-2 expression is excluded from the rhombomere 

boundaries, as well as from the forebrain-midbrain (FMB) and midbrain-hindbrain (MHB) 

boundary (Fig. 3, Chapter III). X-Delta-2 activates the Notch receptor in adjacent cells, and 

the exclusion of X-Delta-2 only from the boundaries suggests that the Notch pathway is 

active there. It is known that neurogenesis is inhibited in cells that have active Notch 

signalling (Cheng et al., 2004), so one of the roles of X-Delta-2 could be to inhibit the neural 

differentiation of the boundary cells. Notch signalling could also be necessary to actually 
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pattern the cells of the boundary, maintaining them distinct from the surrounding cells. It is 

interesting to note that in vertebrates the boundaries defined by the Notch pathway are not 

maintained; somites are re-segmented (only the sclerotome; Brand-Saberi and Christ, 2000) 

and rhombomeres are transient structures (Moens and Prince, 2002). In the Xenopus brain, X-

Delta-2 is excluded from these boundaries at specific stages, as well from the FMB and 

MHB, and it is possible that the formation of an X-Delta-2 free zone is a pre-requisite for the 

formation of the boundary. It would be interesting to analyse if this is really the case in the 

hindbrain, and FMB and MHB, by relating the downregulation of X-Delta-2 in these regions 

with their morphological appearance.  

X-Delta-2 ICD pathway 

The Notch pathway has been implicated in the regulation of Hox expression at the time that 

the somitic boundary is formed (Cordes et al., 2004; Dubrulle et al., 2001; Zakany et al., 

2001). Our studies show that Hox gene regulation by the Delta-Notch pathway is not 

restricted to somite formation, suggesting that X-Delta-2 is part of a general mechanism that 

regulates Hox expression from its initiation (Fig. 1 and 3, Chapter IV). One interesting aspect 

of this mechanism is that it seems to be independent of the Su(H) function. Furthermore, 

overexpression of the intracellular domain (ICD) of the X-Delta-2 ligand rescues Hox 

expression in X-Delta-2 MO injected embryos (Fig. 7, Chapter IV). The ICD of certain Notch 

ligands have been shown to be cleaved and translocated to the nucleus (Ikeuchi and Sisodia, 

2003; LaVoie and Selkoe, 2003) and it has also been suggested that they can have a 

biological role which is independent of the Notch receptor (Kiyota and Kinoshita, 2004; 

Wright et al., 2004). It is possible that X-Delta-2 is placed in a central position between 

segmentation and patterning; in one direction it regulates somite formation via the Notch 

pathway, and in the other direction it controls the expression of Hox genes via its own ICD. It 

would be interesting to further explore this possibility. The first question that arises is how the 

ICD is cleaved and if an interaction with the Notch receptor is necessary for this cleavage. 

Injecting a Notch MO or a dominant negative version of the Notch receptor and assessing 

Hox expression should help to clarify the role of Notch in the cleavage of the D-ICD. To 

check the cell-autonomous nature of this process it is possible to inject a single cell at the 16-

cell-stage with X-Delta-2 MO together with a lineage tracer. Assessing which cells later show 

downregulation of Hox expression would indicate whether the process is cell-autonomous or 

affecting the neighbour cells. Further studies could be carried out to investigate an 

interaction between the D-ICD and other proteins or with specific promoter sequences.  
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Hox genes and segmentation 

In Drosophila, the processes of patterning and segmentation of the AP axis are closely 

related, sharing the same chain of events. Gradients of maternal effect proteins along the 

AP axis regulate the expression of gap genes in broad domains. Different concentrations of 

the gap gene proteins then activate the transcription of pair-rule genes, which divide the 

embryo into periodic units, which in turn activate the expression of the segment polarity 

genes. At the same time the protein products of the gap, pair-rule, and segment polarity 

genes regulate the expression of homeotic selector genes (Hox genes) in each segment. Thus 

through a cascade of events, the Drosophila embryo divides and patterns its body axis 

simultaneously (Mann and Morata, 2000).  

In vertebrates, segmentation is a sequential process, where each segment (somite) is formed 

at regular intervals from anterior to posterior. Initial patterning is not correlated with the 

segments, as the Hox genes start to be expressed before and, apparently independently of, 

the segmentation process. However, our results suggest that patterning and axis formation 

can be more closely linked than initially thought. 

We unravel a new role of Hox genes in segmentation, shown by the disruption of 

somitogenesis in the PG1 MO embryos (Fig. 8C; Chapter IV). Hox genes may affect somite 

formation by regulating X-Delta-2 expression, as shown by the downregulation of its 

expression at neurula and late tailbud stages (Fig. 8F, 9C; Chapter IV). 

Hox genes not only seem to have a role in somitogenesis, but they also appear to be 

involved in axis formation, as suggested by unpublished experiments from our lab. Treating 

frog embryos with lithium chloride induces the formation of hyperdorsalised/anteriorised 

embryos via the inhibition of GSK3 (Wnt inhibitor) leading to an overactivation of the Wnt 

pathway (Kao and Elinson, 1988; Klein and Melton, 1996). Lithium treated embryos exhibit 

radial symmetry, lacking an AP axis and consisting mainly of anterior head tissue. The 

injection of Hoxd1 mRNA, in a localised position prior to lithium treatment, rescues an AP 

axis, including the formation of somites (Bardine et al, unpublished results). These preliminary 

experiments suggest that besides the role in patterning, Hox genes can indeed be involved 

in the establishment and segmentation of the AP axis. It would be very interesting to further 

study this possible new role of the Hox genes and address questions such as which portion of 

the axis can be rescued by which Hox genes, and how the expression of X-Delta-2 and other 

somitogenesis genes is changed in the lithium treated and rescued embryos. Conversely, it 

would also be very interesting to knockdown posterior Hox genes using MOs and assess 

whether only the posterior somites are affected. We have already knocked down the 
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complete paralogous group 7, by co-injecting MOs against both members, Hoxa7 and 

Hoxb7, and an early downregulation of Hoxa7 expression was observed, suggesting that 

the MOs were affecting the autoregulation of this gene (data not shown). However, no major 

phenotype was observed, with the somites being formed normally. This could be due to 

redundant functions with genes from neighbouring paralogous groups, or may simply require 

more in-depth analysis to uncover a phenotype.  

Coordination between Hox genes and somitogenesis 

It is more intuitive to imagine that Hox genes are regulated by the somitogenesis machinery, 

than the opposite. Somites are formed from anterior to posterior and each one of them 

needs to express the right set of Hox genes to fulfil its function according to its position 

along the AP axis. Thus it is possible to conceive a mechanism that would instruct the Hox 

genes to be expressed up to a certain somite number, as previously suggested (Cordes et 

al., 2004; Dubrulle et al., 2001; Zakany et al., 2001). In such a model the segmentation 

clock would give periodic indications to form a somite, and the ticking of the clock could give 

information to each cell regarding its AP position, in this way conditioning the expression of 

Hox genes. Our results however, suggest that Hox genes are regulated independently of the 

somitogenesis clock, as shown by the loss of Hox gene expression during gastrulation in X-

Delta-2 injected embryos, and the lack of changes in Hox gene expression when we perturb 

the somitogenesis clock by overexpression of X-Delta-2 or Notch-ICD mRNA.   

On the other hand, Hox genes are expressed in a temporally colinear way, where the time 

of activation is important for normal function (Juan and Ruddle, 2003). However, it is hard to 

imagine a method by which the activation of Hox genes would give periodic instructions for 

somite formation. It is likely that the ‘Hox clock’ is independent of the ‘segmentation clock’. It 

is possible, nevertheless, that Hox genes regulate somitogenesis independently of the 

segmentation clock. One possibility is that Hox genes regulate boundary formation in 

somites, in a similar fashion as in the hindbrain. This effect could be mediated via Eph/Ephrin 

signaling, as this has been shown to be involved in the formation of the somitic boundaries in 

zebrafish (Barrios et al., 2003). Disruption of Hox expression may perturb the segmental 

expression of Eph receptors and Ephrin ligands, impairing the formation of somites. To test 

this hypothesis, it would be interesting to analyse the expression of Ephs and Ephrins.  

The way in which an embryo coordinates segmentation and Hox expression is complex. 

Nevertheless, X-Delta-2 function clearly regulates Hox expression and Hox PG1 expression 

is vital for somitogenesis; how these processes occur is food for future thought. 
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Summary 

The formation of the anteroposterior (AP) axis is one of the key events that occur during 

embryogenesis. Here we investigate the dual processes of patterning and segmentation of 

the AP axis. To study the role of Hox genes in AP patterning, we decided to analyse the 

function of the PG1 (paralogous group 1) genes (Hoxa1, -b1, and -d1), the first Hox genes 

to be expressed in the embryo (Chapter II). PG1 genes are expressed in a widely 

overlapping domain in the future hindbrain and its associated neural crest. To overcome the 

functional redundancy of the Hox genes we knocked down the complete paralogous group 

using morpholinos (MOs) against all three PG1 genes. In the triple PG1 knockdown embryos, 

the hindbrain lacks segments and the posterior expansion of the rhombomere 1 (r1) marker, 

Gbx-2, suggests that in the absence of Hox PG1 expression the hindbrain acquires an r1-

like fate. This effect could be due to the reduction of other Hox genes, as we show that the 

‘Hox code’ is severely perturbed in the PG1 knockdown. Furthermore, PG1 function is also 

necessary for the migration of the neural crest cells and the formation of the gill cartilages. 

In Chapter III we study the expression and function of X-Delta-2, one of the genes shown 

previously to be involved in the somitogenesis of Xenopus laevis. We show that X-Delta-2 

pre-patterns the presomitic mesoderm (PSM) from the end of gastrulation on, much earlier 

than the formation of the first pair of somites. The expression analysis suggests that X-Delta-

2 is oscillating in the posterior part of the PSM, leading to the formation of a stripe of 

expression marking the presumptive somites. Complementary to the expression in the 

paraxial mesoderm, X-Delta-2 is also expressed in the central nervous system (CNS) and in 

the cranial placodes. Loss of function studies showed that X-Delta-2 is also involved in 

hindbrain segmentation and in regulating gene expression throughout the brain. 

Furthermore, X-Delta-2 also seems to be involved in the determination of eye size and in the 

neurogenesis and migration of the cranial placode cells.  

In vertebrates, somites are formed by segmentation of the Hox expressing paraxial 

mesoderm. Hox genes confer specific identity to the somites, and their anterior boundaries 

are maintained at the same somite number. This suggests that somitogenesis and AP 

patterning are coordinated at some level. In Chapter IV we study the interaction between 

these two events, and more precisely between X-Delta-2 and PG1 genes. We show that 

besides its role in segmentation, X-Delta-2 is also vital for Hox gene expression. X-Delta-2 

function is necessary for both ectodermal and mesodermal expression, not only during 

somitogenesis, as previously shown, but also during gastrulation when the 'Hox code' starts to 

be set. We also show evidence that the regulation of Hox genes is via the intracellular 
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domain of X-Delta-2, and not via the Notch receptor, as is the case in the somitogenesis 

process. For the first time evidence is shown for a clear involvement of the Hox genes in the 

somitogenesis process. The loss of PG1 gene function not only prevents segmentation in the 

hindbrain, as shown in Chapter II, but also stops the formation of somites in the paraxial 

mesoderm. This effect is likely to be via X-Delta-2, as we show that its expression in the PSM 

is downregulated.  

Our results show that the same molecules, X-Delta-2 and Hox genes, are involved in the 

tightly linked processes of segmentation and patterning throughout the AP axis, as discussed 

in Chapter V. 
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Sinopse 

A formação do eixo ântero-posterior (AP) é um dos eventos-chave que ocorre durante o 

desenvolvimento embrionário. Nesta tese investigamos os processos de padronização e 

segmentação do eixo AP utilizando o sapo Xenopus laevis como organismo modelo. Com o 

intuito de estudar o papel dos genes Hox na especificação do eixo AP, decidimos analisar 

a função do grupo parálogo 1 (PG1; Hoxa1, -b1, -d1), os primeiros genes Hox a serem 

expressos no embrião (Capítulo II). Os domínios de expressão dos genes do PG1 

sobrepõem-se na região do futuro encéfalo posterior (também designado por metencéfalo) 

e na correspondente crista neural. Para ultrapassar a redundância funcional entre os genes 

Hox, decidimos reduzir a expressão de um grupo parálogo completo utilizando morfolinos 

(MOs) contra os três genes do PG1. A redução da expressão dos três genes do PG1 resulta 

na falta de segmentação do metencéfalo e na expansão posterior de Gbx-2, um gene 

marcador do primeiro rombómero. Estes resultados sugerem que na ausência da expressão 

dos genes Hox, o metencéfalo adquire características típicas do primeiro rombómero. Este 

efeito poderá não ser somente resultado da redução da actividade dos genes PG1, visto 

que a expressão de outros genes Hox também é severamente perturbada aquando da 

redução do PG1. Além destas funções, os genes PG1 são também necessários para a 

migração das células da crista neural e para a formação da cartilagem das guelras.  

No Capítulo III estudamos a expressão e função de X-Delta-2, um dos genes envolvidos na 

formação de sómitos em Xenopus laevis. A análise detalhada do padrão de expressão 

sugere que o mRNA do X-Delta-2 oscila na parte posterior da mesoderme pré-somítica, 

resultando em bandas de expressão que marca a região dos futuros sómitos. Esta pré-

padronização ocorre desde o fim da gastrulação, muito antes da formação do primeiro par 

de sómitos. Complementarmente à expressão na mesoderme, X-Delta-2 também é expresso 

no sistema nervoso central e nas placas neurogénicas cranianas. A redução da actividade 

do X-Delta-2, através do uso de MOs, resulta na perda de segmentação no metencéfalo e 

na repressão da expressão génica ao longo de todo o cérebro. X-Delta-2 parece estar 

também envolvido na determinação do tamanho dos olhos e na neurogénese e migração 

das células das placas cranianas. 

Em vertebrados, os sómitos são formados através da segmentação da mesoderme paraxial 

que exprime os genes Hox. Os genes Hox conferem uma identidade específica a cada 

sómito, e os seus níveis de expressão ao longo do eixo AP são sempre mantidos no mesmo 

sómito. Estes dados sugerem que a formação dos sómitos e do padrão de expressão dos 

genes Hox é coordenada de alguma forma. No Capítulo IV estudamos a interacção entre 
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estes dois eventos, mais precisamente entre X-Delta-2 e os genes PG1. Demonstramos que, 

além do papel de X-Delta-2 na formação dos sómitos, X-Delta-2 é essencial para a 

expressão dos genes Hox, tanto na mesoderme como na ectoderme. X-Delta-2 regula a 

expressão dos genes Hox não só durante a formação dos sómitos, como foi previamente 

demonstrado, mas também durante a iniciação da sua expressão durante a gastrulação. À 

luz dos nossos resultados, propomos que a regulação dos genes Hox é feita através do 

domínio intracelular de X-Delta-2 e não através do receptor Notch, como acontece na 

formação dos sómitos. Pela primeira vez, são apresentadas evidências que demonstram um 

claro envolvimento dos genes Hox no processo de formação dos sómitos. A redução da 

actividade dos genes do PG1 não impede somente a formação de segmentos no 

metencéfalo, como também a formação de segmentos na mesoderme paraxial. A 

perturbação na formação dos sómitos, é provavelmente via a regulação de X-Delta-2, visto 

que a sua expressão na mesoderme pré-somitica é perturbada pelos PG1 MOs.  

Os resultados aqui apresentados demonstram que as mesmas moléculas, X-Delta-2 e os 

genes Hox, estão envolvidas nos processos intimamente relacionados de segmentação e 

padronização ao longo do eixo ântero-posterior, como é discutido no Capítulo V. 
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Samenvatting 

De vorming van de antero-posteriore as (AP) is een van de belangrijkste gebeutenissen die 

tijdens de embryogenese plaatsvindt. Hier onderzoeken we de processen van 

patroonvorming en segmentatie van de AP as. Om de rol van Hox genen in AP 

patroonvorming te bestuderen hebben we besloten om de functie van de paraloge groep 1 

(PG1) genen (Hoxa1, -b1, and -d1) te analyseren. Deze genen zijn de eerste Hox genen die 

in het embryo tot expressie komen (Hoofdstuk II). PG1 genen komen tot expressie in een 

grotendeels overlappend domein in de toekomstige achterhersenen en de daarbij 

behorende neurale lijst cellen. Om het probleem van de functionele overlap van de Hox 

genen te vermijden hebben we de complete PG1 uitgeschakeld m.b.v. morpholino’s (MOs) 

tegen de drie PG1 genen. In de embryos waarin de volledige PG1 groep is uitgeschakeld 

missen de achterhersenen segmenten en de posteriore expansie van de rhombomeer 1 (r1) 

marker, Gbx-2, suggereert dat de achterhersenen een r1-achtige identiteit aannemen. Dit 

effect kan het resultaat zijn van vermindering van de expressie van andere Hox genen 

omdat we aantonen dat de ‘Hox code’ zwaar is verstoord in embryos waarbij de PG1 

genen zijn uitgeschakeld. Bovendien is de functie van de PG1 genen ook noodzakelijk voor 

de migratie van de neurale lijst cellen en de vorming van het kieuwboogkraakbeen. 

In Hoofdstuk III bestuderen we de expressie en functie van X-Delta-2, een van de genen 

waarvan eerder is aangetoond dat het betrokken is bij de somitogenese in Xenopus laevis. 

We laten zien dat X-Delta-2 vanaf het einde van de gastrulatie een pre-patroon vormt in 

het presomitische mesoderm (PSM). Dit is veel eerder dan de vorming van het eerste paar 

somieten. De analyse van het expressiepatroon suggereert dat X-Delta-2 oscileert in het 

posteriore deel van het PSM. Dit leid tot een streepvormige expressie die de toekomstige 

somieten markeert. X-Delta-2 komt ook tot expressie in het centrale zenuwstelsel en de 

craniale placodes, complementair aan de expressie van X-Delta-2 in het paraxiaal 

mesoderm. Een analyse van embros waarin de functie van X-Delta-2 is uitgeschakeld laat 

zien dat dit gen ook is betrokken bij segmentatie van de achterhersenen en bij regulatie van 

gen-expressie in de hersenen. Bovendien lijkt X-Delta-2 ook een rol te spelen bij de 

bepaling van het formaat van het oog. Ook neurogenese en migratie van craniale placode 

cellen zijn processen waarbij X-Delta-2 een rol speelt. 

Somieten worden in gewervelden gevormd door segmentatie van paraxiaal mesoderm 

waarin Hox genen tot expressie komen. Hox genen geven een specifieke identiteit aan de 

somieten en hun anteriore grenzen liggen altijd op dezelfde somiet. Dit suggereert dat 

somitogenese en AP patroonvorming in zekere zin gecoördineerd zijn. In Hoofdstuk IV 
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bestuderen we de interactie tussen deze twee processen, en wel specifiek tussen X-Delta-2 

en PG1 genen. We laten zien dat X-Delta-2, naast zijn rol in segmentatie, ook onmisbaar is 

voor Hox expressie. De functie van X-Delta-2 is noodzakelijk voor mesodermale en 

ectodermale expressie, niet alleen tijdens somitogenese, zoals we eerder lieten zien, maar 

ook gedurende gastrulatie wanneer de ‘Hox code’ wordt opgezet. We laten ook bewijs 

zien dat de regulatie van Hox genen loopt via het intracellulaire domein van X-Delta-2, en 

niet via de Notch receptor, zoals dat tijdens somitogenese gebeurd. Voor de eerste keer 

wordt bewijs geleverd dat Hox genen betrokken zijn bij de somitogenese. Het verlies van 

PG1 functie verhinderd niet alleen segmentatie in de achterhersenen, zoals in Hoofdstuk II te 

lezen valt, maar het verhinderd ook de vorming van somieten in het paraxiaal mesoderm. 

Dit effect verloopt waarschijnlijk via X-Delta-2, omdat we laten zien dat expressie hiervan in 

het PSM omlaaggereguleerd wordt.  

Deze resultaten laten zien dat dezelfde moleculen, X-Delta-2 en Hox genen sterk met elkaar 

verbonden zijn in de processen van somitogenese en patroonvorming van de AP as zoals 

bediscussieerd in Hoofdstuk V. 
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