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Abstract

Vertebrate somitogenesis involves the establishment of a segmental pattern 

of gene expression within the presomitic mesoderm (PSM) and the subsequent 

translation of this pattern into physical furrows and epithelial somites. In the first part 

of this thesis we have investigated the role of Eph/Ephrin signalling in this process. 

We show that in the fused somites mutant, lack of intersomitic boundaries and 

failure of paraxial mesodermal cells to undergo mesenchymal-to-epithelial 

transition is accompanied by a lack of Eph/Ephrin signalling interfaces. Using 

mosaic analysis, we provide evidence for a role for the Eph/Ephrin signalling 

pathway in somite boundary morphogenesis and epithelialisation. Restoration of the 

Eph/Ephrin interface in the paraxial mesoderm of fss/tbx24 embryos resulted in the 

rescue of morphological boundaries and many aspects of epithelialisation.

In the second part of this thesis we took two approaches to try to understand 

how the early prepatterning mechanisms lead to the segmental expression of ephA4 

and efnB2a in the rostral PSM. We screened a subtractive library enriched for 

clones expressed in the PSM. We have isolated two interesting genes from this 

library, a hes6 an6 meox1. We present here the analysis of hes6. It does not appear 

to have a role during somitogenesis but instead appears to regulate early cell-fate 

specification, gastrulation and neurogenesis.

In a second approach we have analysed the promoter regions of the 

paralogs efnB2a and efnB2b. To facilitate this analysis we tested and then used the 

I See I meganuclease system. We established two transgenic lines that drive GPP 

under the control of efnB2a and efnB2b promoters. The efnB2a transgenic line 

recapitulates the endogenous expression in the PSM but the efnB2b line only drives 

expression during gastrulation. Based on this and a comprehensive comparison of 

efnB2a and efnB2b and EfnB2 expression, the evolution of efnB2 promoter regions 

is discussed.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 The use of the zebrafish as a developmental system

The experiments described in this thesis use the zebrafish as a model of 

vertebrate development. The zebrafish {Danio rerio) is a freshwater teleost fish, of 

the family Cypriniade, which originates from the Ganges river in India. A number of 

characteristics make this organism amenable to study (reviewed in (Strahle and 

Ingham, 1992; Grunwald and Eisen, 2002; Bradbury, 2004)). Zebrafish are small 

and simple to keep within a laboratory. They reach sexual maturity within three 

months, and a single female can lay in excess of one hundred eggs at one time. 

External fertilisation of eggs occurs, which means that embryos are available for 

observation and manipulation throughout the course of their development. The 

embryos are also transparent, which makes the observation of individual cells 

possible. The developmental stages of the zebrafish have been well described, and 

we refer to these stages in this thesis (Figure 1-1 and (Westerfield, 1993)).

George Streisinger at the University of Oregon was the first person to develop 

the zebrafish as an experimental model system, but it was the ability to carry out 

large-scale mutagenesis screens in the zebrafish, similar to those used to such 

great effect in Drosophila me/anopasfer (Nusslein-Volhard and Wieschaus, 1980) 

and Caenorhabditis elegans (Brenner, 1974), that revolutionised the use of this 

organism as a developmental model system (reviewed in (Grunwald and Eisen, 

2002; Bradbury, 2004). Genetic maps of the zebrafish are now available , making 

the mapping of both mutants and genes, as well as the positional cloning of mutated 

genes possible (reviewed in (Postlethwait and Talbot, 1997). This allows the 

characterisation and understanding of developmental mutants at a molecular level. 

The zebrafish genome is currently being sequenced at the Sanger centre, which is 

already allowing the fast identification of new genes and facilitating genomic 

analysis.
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Figure 1-1 Stages of Embryonic Development in the Zebrafish

Taken from (Haffter at a!., 1996).
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Chapter 1 Introduction

The research in this thesis is focused on events, in particular, cell behaviours, 

that occur during somite boundary formation. The zebrafish is a powerful model in 

which to study the events and regulations that occur during somitogenesis for 

several reasons. Many somitogenesis homozygote mutants reach adulthood and 

are fertile, providing large numbers of embryos for experimentation. External 

development of the embryos permits easy manipulation, for example, mRNA 

injections and cell transplantation for genetic mosaic analysis, throughout 

development. Their small size and transparency allow for the visualisation of whole 

embryos under the microscope at high resolution, enabling the in vivo study of cell 

behaviours and the fluorescent labelling of cells using transgenic reporter 

constructs.

1.2 Somitogenesis

1.2.1 Overview

Segmentation is a fundamental process in vertebrate embryogenesis. One of 

the earliest manifestations of segmental patterning is the generation of the somites. 

Somites form as a series of homologous, repeated epithelial blocks of mesodermal 

cells, in bilateral pairs, flanking the notochord and the neural tube (reviewed in (Tam 

and Trainer, 1994; Gossler and Hrabe de Angelis, 1998; Pourquie, 2001a). They 

form in a rostral-to-caudal direction, budding off in a highly coordinated fashion, from 

the anterior end of the unsegmented paraxial mesoderm, or presomitic mesoderm 

(PSM). During later embryogenesis, the somites provide a patterned substrate 

necessary for both the proper migration of axons and neural crest and for the 

regular wiring of the circulatory system. Each somite then begins to mature and is 

subdivided into three compartments, the dermatome, the myotome and the 

sclerotome. These go on to differentiate into the dermis, skeletal muscle and axial 

skeleton. At any time point during somitogenesis, the different temporal stages of 

somite formation and differentiation can be seen along the length of the body axis of 

the embryo.
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Somites are present in cephalochordates and vertebrates only. The model 

organisms chick, mouse, amphibians and zebrafish have served as excellent 

paradigms for the study of the highly regulated and orchestrated process of 

somitogenesis. Several differences in somitogenesis exist between species. In 

mouse, one somite pair forms every 120 min, with a total of 65 somite pairs being 

formed; in chick one somite pair forms every 90 min and the total number of somite 

pairs is around 50 (reviewed in (Keynes and Stern, 1988)). In Xenopus, somite 

formation involves the separation and the 90° rotation of a group of cells from the 

rostral PSM (reviewed in (Keller, 2000)). In zebrafish, one pair of somites forms 

every 30 min from the end of gastrulation until a total of 30 somite pairs have 

formed. Somite formation in zebrafish has been described as being the result of de

adhesion, which produces furrows across the PSM(Wood and Thorogood, 1994). In 

all these species, somitogenesis is tightly coordinated, both temporally and spatially, 

with the other processes that are occurring during embryogenesis. The formation of 

somites always occurs in a rostral-caudal direction, and the total number of somites 

and the time taken for each pair of somites to form is fixed and is species-specific. 

This suggests that the mechanism underlying somite formation is an accurately 

regulated, robust, highly coordinated process. It is likely that the mechanism is also, 

to a large extent, conserved between these species.

Before somitogenesis can occur, the mesodermal germ layer and 

subsequently the paraxial mesoderm need to be specified (reviewed in (Pourquie, 

2001a; Brennan et al., 2002)) The process of somitogenesis itself can be divided 

into three distinct temporal phases: the establishment of a segmental prepatterning 

in the PSM; morphological boundary formation and epithelialisation; and 

differentiation of the somites into the dermis, skeletal muscle and axial skeleton. In 

the following sections, each of these stages will be considered in turn.
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1.2.2 Prepatterning In the PSM

1.2.2.1 Evidence of a prepattern

The regular nature of somite boundary formation suggests that an underlying 

prepatterning mechanism exists. Several early investigations suggested the 

presence of a metameric pattern in the PSM before overt segmentation. Structures 

known as somitomeres have been observed by scanning electron microscopy in the 

anterior PSM of chick embryos ((Meier, 1979); reviewed in (Jacobson and Meier, 

1986)). Somitomeres consist of mesenchymal cells aligned concentrically and facing 

the neural primordium. Although the number of somitomeres present in the PSM 

appears to match the number of presumptive somites (Packard and Meier, 1983), 

the formation of a regular number of somites in a PSM explant does not require the 

pre-existence of somitomeres (Tam, 1988). The exact relevance of somitomeres 

remains unclear.

Evidence for the existence of an intrinsic prepatterning mechanism came 

mainly from embryo manipulations and grafting experiments. If the animal-vegetal 

sectors near the ventral meridian of Xenopus blastulae are excised, the embryos 

that develop are much smaller than normal; the entire body plan develops normally, 

with the correct number of somites, but smaller numbers of cells are allocated to 

each somite (Cooke, 1975). Similar observations were made in amputated mutant 

mice (Flint et al., 1978). These mice have a truncation of the caudal paraxial 

mesoderm and shorter rostral paraxial mesoderm. Nevertheless, adjustment in the 

numbers of cells allocated to each somite, so that a normal number of somites are 

formed rostrally to the axis truncation, compensates for this tissue loss. These 

experiments suggest that the length of somites can be adjusted depending on the 

total size of the tissue available.

In chick, if a region of the paraxial mesoderm is removed and grafted with a 

180° turn with respect its original rostral-caudal orientation, somitogenesis proceeds 

according to the original rostral-caudal orientation (Menkes and Sandor, 1977). 

More recent studies have demonstrated that within the PSM, different regions 

present different degrees of segmental determination (Dubrulle et al., 2001). Similar
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grafts rotating the PSM through 180° were performed; however, these grafts were 

limited to one somite in length and were taken from varying rostral-caudal levels. 

Analysis of these grafts for segmental gene expression demonstrated that the PSM 

becomes determined to segment at the level of S-IV (somite nomenclature after 

(Pourquie, 2001b)). Moreover, experiments in which paraxial mesoderm explants 

are cultured in isolation have demonstrated that somite formation occurs 

autonomously in the absence of notochord, neural tube and lateral plate mesoderm 

(Bellairs, 1963; Menkes and Sandor, 1977; Tam, 1986). These data together 

suggest that the ability to segment is an intrinsic property of PSM that does not rely 

on signals from adjacent tissues. In more rostral regions of the PSM, the segmental 

pattern is not fully determined, suggesting regulation of some kind.

Several early experiments looked at signalling in the PSM. When lengths of 

the neural tube and somites were excised from amphibian embryos, the PSM tissue 

caudal to the excised region still segmented normally. This occurs even if the 

embryo is cut into rostral and caudal halves (Deuchar and Burgess, 1967).

The periodic nature of somite boundary formation suggests that the 

underlying prepatterning mechanism may require oscillations of some kind. 

Evidence for this came from heat-shock treatments in a variety of species. Single 

transient heat shocks produce discrete, repeated somitic abnormalities, which 

appear a few hours after the shock. The successive disruptions to somite boundary 

formation occur at regular, evenly spaced, intervals with normally formed somites in 

between. The periodicity of disruption is species-specific (Pearson and Elsdale, 

1979; Primmett et al., 1988; Roy et al., 1999). The effects of heat shock can be 

mimicked by treating embryos with cell-cycle inhibitors affecting the S and M phases 

of the cycle, suggesting that the oscillatory mechanism may somehow be linked to 

the cell cycle.

In summary, these data suggest the existence of two prepatterning 

mechanisms. Firstly, there is a graded distribution of positional information along the 

rostrocaudal axis of the PSM that does not require the propagation of a signal in a 

rostral-caudal direction. It also seems, given the regulation of somite number and 

size in smaller embryos, that cells are sensitive to the steepness of this gradient. 

Secondly, the coordination of groups of cells in the PSM appears to require some
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kind of oscillatory mechanism that may be linked to the cell cycle. Several 

theoretical models have been proposed in relation to prepatterning in the PSM. 

These include the signal induction models, prepattern models, the cell-cycle model, 

the positional information model, the ‘clock and wavefront’ model and the ‘clock and 

trail’ model (Bellairs, 1963; Fraser, 1963; Cooke and Zeeman, 1976; Meier, 1979; 

Bellairs and Sanders, 1986; Jacobson and Meier, 1986; Meinhardt, 1986; Primmett 

et al., 1988; Primmett et al., 1989; Kerszberg and Wolpert, 2000). Of these models, 

it is the positional information model and the ‘clock and wavefront’ model are the 

most interesting since more recent experimental data seems to conform to many of 

their predictions. These are considered in the following sections.

1.2.2.2 Positional information model

In one of the more widely accepted models, Meinhardt suggested that 

metameric patterning results from the apposition of cells with differing identities 

(Meinhardt, 1986). A rostral-caudal gradient of ‘positional information’ is used to 

generate these identities by reaction-diffusion mechanisms. In the simplest model, 

each somite is subdivided into non-mixing anterior (A) and posterior (P) halves, with 

somite boundaries forming at the interface of these two cell types. Before boundary 

formation, cells would alternate between these two states. The period of the 

oscillation would be equal to the time that it takes for one somite to form, and the 

number of oscillations between the formation of a somitic precursor cell and the 

duration of segment formation are determined by an anterior-posterior gradient of 

positional information. Boundaries form in every somite, however, not every half

somite, yet there is also an A-P confrontation of cells in the middle of the somite. To 

resolve this problem, Meinhardt suggested that a third cell state also exists (S) such 

that boundaries only arise at each P-S confrontation. Another possibility is that the 

underlying metameric pattern is generated by a system with a two-segment 

periodicity, reminiscent of pair-rule genes in Drosophila. Alternating somites would 

have an odd (O) or even (E) identity, with boundaries only forming at A-P interfaces 

that coincide with 0 -E  interfaces. A confrontation between two states does appear 

to generate sclerotome borders (Stern and Keynes, 1987). However, this seems to 

be involved in the later maintenance of boundaries (section 1.2.5.2), since it occurs 

in already segmented somites. It is less clear whether the initial morphogenesis of 

somite boundaries can be driven by A-P appositions of cell state. The prediction of
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a long-range gradient established by a reaction-diffusion mechanism can explain 

the regulation of somite number in smaller embryos. However, given that 

somitogenesis can occur when small regions of the PSM are cultured in isolation, it 

is unlikely that a reaction-diffusion mechanism is responsible for the oscillations of 

A and P states. Moreover, if cells are added from one end of the field, such as the 

tailbud, Meinhardt’s model does not require the presence of a gradient.

1.2.2.3 The clock and wavefront’ model

In perhaps the most widely accepted model, Cooke and Zeeman proposed 

that somites were specified via an interaction of two components: an intracellular 

oscillator or clock, and a slow passing wavefront of maturation or somitogenic 

determination travelling in a rostral-caudal direction through the PSM (Cooke and 

Zeeman, 1976). Cells in the PSM oscillate synchronously according to the clock, 

with respect to some kind of biochemical state. At only certain phases of the 

oscillation would cells express the necessary components to segment. As the wave 

passes groups of cells in the PSM, the phase of oscillation would be fixed. If it 

passes them in the 'o ff phase, that group of cells would be unable to segment. If 

however, it passes them in the ‘on’ phase the group of cells would proceed to 

segmentation and somite boundary formation, producing a periodic pattern of 

boundaries. The wavefront was proposed to be kinematic in nature and to depend 

on an inherent graded property of the cells rather than the propagation of a signal. 

This can accommodate experimental evidence that demonstrates that 

somitogenesis is able to jump across a gap experimentally produced in the PSM. 

The slope of this gradient would determine the speed of the wavefront and so can 

explain the regulation of somite number in shorter embryos. In fact, it has been 

suggested that this model should be renamed the ‘clock and gradient’ model. Until 

recently, the experimental evidence in support of this model was that heat shock in 

Xenopus resulted in the disruption of the somites at the level of cells located in the 

PSM at the time of the shock (Elsdale et al., 1976). However, this does not fit so 

well with the generation of periodic disruptions following heat shock in other species. 

More recently, the molecular mechanisms of somite formation have begun to be 

unravelled and evidence has emerged for the existence of both an oscillator and a 

wavefront that appears to rely on a graded property within the PSM.
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1.2.3 The Molecular Nature of Prepatterning In the PSM

1.2.3.1 Overview

Over the past few years there has been a profound increase in our 

understanding of the molecular mechanisms governing somitogenesis. The studies 

of various knock-out mice with somitogenesis phenotypes and forward genetic 

screens in zebrafish, which have isolated several mutants with somitogenesis 

phenotypes, have been particularly important in identifying many of the major 

molecular players. It is becoming increasingly clear that a clock and wavefront type 

of mechanism controls the elaboration of a segmental production of somites. Many 

of the original models proposed that an oscillator exists, and indeed genes have 

now been identified that show oscillatory expression patterns in the PSM. Notch 

signalling, via negative feedback loops, is strongly implicated in regulating these 

oscillations and also in coordinating them between cells. Furthermore, a maturation 

wavefront involving FGF signalling also appears to exist in the PSM. The 

interactions of these two mechanisms appear to lead to the segmental expression of 

a number of other genes in the rostral-most PSM immediately before overt 

segmentation occurs. These stripes of expression correspond to the future rostral or 

caudal halves of the somites, suggesting that apposition of cells with different 

identities may indeed be required for somite boundary formation.

1.2.3.2 The segmentation clock -  identifying oscillatory gene expression

As we have seen, many of the theoretical models have proposed some sort 

of intracellular oscillator in order to explain the periodicity of somite boundary 

formation. The identification of the bHLH transcription factor c-hairy1, an avian 

homologue of the Drosophila hairy gene, and its oscillatory expression in the PSM 

provided the first molecular evidence that such an oscillator exists (Palmeirim et al., 

1997). Stripes of c-hairy1 expression are seen to travel in a caudal-rostral direction 

through the PSM. The periodicity of these oscillations corresponds in time to the 

formation of one somite. Three distinct phases of c-hariy1 can be identified (Figure 

1-2 A). It has been shown that the cycling of c-hairy1 is an intrinsic property of the 

PSM cells and does not require extrinsic signal propagation or cell
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migration(Palmeirim et al., 1997). It is important to realise that the dynamic pattern 

is caused by individual cells turning on and off the expression of c-hairy1 as they 

acquire a more rostral position relative to the tailbud, which is extending posteriorly 

(Figure 1-2 B).

Several other genes that show this kind of oscillatory expression in the PSM 

have now been identified in chick and other vertebrate species. In chick, these 

include c-hairy2, c-Hey2an6 Lunatic fringe (Lnfg) (McGrew et al., 1998; Aulehia and 

Johnson, 1999; Leimeister et al., 2000). In mouse. Hast, Hes7, Hey2 and Lnfg have 

been shown to oscillate in the PSM (Forsberg et al., 1998; Aulehia and Johnson, 

1999; Jouve et al., 2000; Leimeister et al., 2000; Bessho et al., 2001b; Bessho et 

al., 2003), while in Xenopus, enhancer of split related 9 (esrO) and esrfO oscillate (Li 

et al., 2003). In zebrafish, her1, her7an6 deltaC have all been shown to oscillate in 

the PSM (Holley et al., 2000; Jiang et al., 2000; Oates and Ho, 2002; Gajewski et 

al.2003).

The oscillating genes are functionally important for the periodic coordination 

of somite boundary formation. In mouse, mutations in Lnfg and Hes7  result in 

random and incomplete somite segmentation (Evrard et al., 1998; Zhang and 

Gridley, 1998; Bessho et al., 2001b). In zebrafish, a deletion mutant that covers 

her1 and her7, or morpholino knock-down of her1 or her7  results in disturbed 

somitogenesis (Henry et al., 2002; Holley et al., 2002; Oates and Ho, 2002). 

Importantly all these genes oscillate largely in synchrony in the PSM, suggesting 

that they are downstream of some common cycling activator. Since they are all 

components of Notch signalling, it was suggested that Notch signalling is one output 

of the clock and that periodic modulation of Notch activity may be involved in 

genera ting  the som ite boundaries (M aroto and Pourquie, 2001).
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Figure 1-2 The Phases of c-hairy1 Oscillation in the PSM

A A schematic representation showing dorsal views of the PSM and recently formed 

somites of the chick. Three distinct phases (l-lll) of c-hairy1 expression (red) can be 

observed in the PSM during the formation of one somite (90 min).

Phase I -  c-hairy-1 expression is initiated in the tailbud and the PSM. A stripe of c- 

hairyl expression is present in the caudal half of SO from the last cycle.

Phase II -  The band of c-hairy1 expression traverses rostral ly through the PSM, 

narrowing as it does so.

Phase III -  During this phase the band of c-hairy1 reaches the rostral PSM and 

somite boundary formation occurs.

Phase I -  At the end of 90 min the c-hariy1 stripe in the rostral PSM now resides in 

the caudal half of SO and expression is re-initated in the caudal PSM.

B The relative levels of expression c-hairy1 in the cell marked in A (green circle). 

During one somite it experiences one wave of c-hairy1 expression.

Somite nomnclature after (Pourquie, 2001b).

24





Chapter 1 Introduction

1.2.3.3 The segmentation clock requires Notch signalling

Notch is a large transmembrane receptor that can bind two families of 

ligands, Delta and Serrate (reviewed in (Schweisguth, 2004)). The mature Notch 

receptor is a heterodimer that has been processed intracellularly by a furin-like 

convertase. Upon ligand binding, Notch becomes proteolytically cleaved, firstly 

extracellularly by TNFa-converting enzyme metalloproteases, and secondly in the 

transmembrane domain by the y-secretase activity of Presenilin. This releases the 

Notch intracellular domain (NICD), which translocates to the nucleus. NICD 

associates with Su(H/)RBP-jk (Supressor of Hairless in Drosophila) in the nucleus, 

converting the latter from a transcriptional repressor into a transcriptional activator. 

This activates the transcription of bHLH genes of the hairy/Enhancer of Split (E(Spl)) 

complex in Drosophila and their vertebrate homologues, the HES and Her genes 

(section 4.1.2.1). These genes then regulate the transcription of other genes and 

also themselves.

Mice carrying mutations for different components of the Notch signalling 

pathway show similar defects in somitogenesis. These components include the 

receptor Notchi, two Notch ligands, delta-llke 1 (DII1), delta-llke 3 (DUS), the y- 

secretase, presenilin 1 (Psen1) and a downstream effector of Notch signalling 

Su(H)Rbp-jK {Cor\\or\ et al., 1995; Oka et al., 1995; Hrabe de Angelis et al., 1997; 

Saga et al., 1997; Wong et al., 1997; Kusumi et al., 1998). In all these mutants the 

rostral somites are largely unaffected while the caudal somites gradually lose the 

regular periodicity of boundary formation. The zebrafish mutants beamier (bea), 

after elght/deltaD (ael), deadly seven/notch 1 (des) and mind bomb/ublqultin llgase 

(mib) show a similar phenotype (Holley et al., 2000; Holley et al., 2002; Itoh et al., 

2003). (van Eeden et al., 1996). In bea mutants, only the first 3-4 somites form, 

while in ael, des and mIb mutants, only the first 7-9 somites form. Disruptions of 

Notch signalling by ectopic activation or inhibition of Notch signalling in Xenopus or 

zebrafish also cause aberrant somite formation (Dornseifer et al., 1997; Jen et al., 

1997; Takke and Campos-Ortega, 1999).

Importantly, in all vertebrates, disruptions in the Notch signalling pathway 

also result in disruptions in the expression of the oscillatory genes. In mouse,
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dynamic Hes1 and Lnfg expression is lost in Delta1-null mice and Hes7 is also 

controlled by Notch signalling (Barrantes et al., 1999; Jouve et al., 2000). In 

zebrafish, the oscillatory expression of her1 and her7  is lost in aei/deltaD , 

des/notch1, bea and mib/ubiquitin ligase (Holley et al., 2000; Jiang et al., 2000; 

Oates and Ho, 2002). This suggests that Notch signalling is functioning upstream of 

the segmentation clock, as well as being an output of the clock.

1.2.3.4 Negative feedback is a central component of the clock

Notch signalling can activate the transcription of the hairy/E(Spl) genes in 

vertebrates (Jarriault et al., 1995; Jarriault et al., 1998). In zebrafish, N1ICD  

injections cause ubiquitous expression of her1 in the PSM. It is also known that 

Hairy/E(Spl) proteins act as transcriptional repressors (Nakagawa et al., 2000). This 

provides a mechanism by which negative feedback could occur and suggests that 

Notch signalling could in fact be a core component of the clock itself. Evidence for 

this came from the studies of Lnfg in chick (Dale et al., 2003). Lnfg protein levels do 

indeed oscillate in the PSM, rapid turnover of the protein being consistent with a role 

in the core mechanism of the clock. Mis-expression of Lnfg in the PSM prevents the 

expression of c-hairy1, abolishing cyclic expression and severely disrupting somite 

boundary formation, which suggests that Lnfg inhibits Notch signalling. This is a 

similar phenotype to Lnfg-null mice and suggests that it is the oscillations of Lnfg 

protein and not just its presence that is important (Evrard et al., 1998; Zhang and 

Gridley, 1998; Serth et al., 2003). Mis-expression of Lnfg also abolishes the 

expression of Lnfg itself, providing a molecular basis for a feedback loop. Moreover, 

Lnfg is a target of Notch signalling; blocking of Notch signalling inhibited the 

expression of Lnfg and phenocopied the mis-expression of Lnfg (Dale et al., 2003). 

So a negative feedback loop exists in chick in which Notch-dependent production of 

Lnfg protein in turn acts to inhibit Notch signalling and thus downregulate Lnfg (and 

c-hairy1) expression. Since Lnfg has a rapid turnover, its negative effect on Notch 

signalling is transient and periodic. This periodic repression of Notch signalling is 

required for the periodic segmentation of the PSM.

Two studies have shown that the oscillatory expression of Lnfg is controlled 

at a transcriptional level (Cole et al., 2002; Morales et al., 2002). A CBF1/Su(H) 

binding site, as well as two E-boxes are present in the Lnfg promoter. This suggests
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that Lnfg may be directly activated by Notch, and perhaps repressed by HairyÆ(Spl) 

genes, such as Hes7  . Indeed, Hes7  can repress transcription from E-box 

containing promoters (Bessho et al., 2001b). This further strengthens the argument 

that the Notch pathway forms the core mechanism of the somite clock.

Lnfg does not oscillate in Hes7-null mice (Bessho et al., 2001b). Moreover, 

the ectopic expression of Lnfg in mouse does not inhibit endogenous Lnfg 

expression. It is unlikely, therefore, that the negative feedback loop identified in 

chick represents the core mechanism of the clock in mouse. The picture that is 

emerging from studies in mouse and zebrafish is that Notch signalling and the 

oscillatory hairy/E(Spl) genes may well represent the core oscillatory mechanism in 

these vertebrates. In mouse, Hes7 mRNA, Lnfg mRNA and Hes7 protein oscillate 

with a periodicity of 120 min, the time it takes for one somite to form, and Hes7 is 

regulated by Notch signalling (Bessho et al., 2001a; Bessho et al., 2001b). The 

expression of H es7  and Lnfg  occurs in domains negative for Hes7 protein, 

suggesting that Hes7 and Lnfg transcription is repressed by Hes7 protein. In the 

absence of Hes7 protein, Hes7 and Lnfg transcription is constitutively upregulated. 

In agreement with Hes7 autorepression, Hes7 protein can prevent the Notch- 

induced transcription from Hes7 promoter. So periodic repression by Hes7 protein is 

critical for cyclic transcription of itself and Lnfg, demonstrating that this negative 

feedback loop may underlie the segmentation clock in mouse (Bessho et al., 2003).

In zebrafish ectopic expression of oscillating genes such as her1 leads to 

decreased levels of deltaC anô deltaD expression in the PSM (Takke and Campos- 

Ortega, 1999). Moreover, in her1/her7 morphants, there appears to be a dramatic 

increase in the levels of her1 and her7an6 cfe/faC transcripts, and abolition of cyclic 

expression of her1 and deltaC, with concomitant prominent somite abnormalities. 

Although the interpretations of these her1 and fier7 morpholino experiments have 

led to some differences in opinion (Holley et al., 2002; Oates and Ho, 2002; 

Gajewski et al., 2003), the data tend to suggest that the effects on oscillatory gene 

expression are similar to the upregulation of Hes7 transcription seen in Hes7-null 

mice. Since the oscillating expression of her1 and her7 \s lost in the Notch-signalling 

m utants a similar autoinhibitory loop may exist in zebrafish, involving the 

hairy/E(Spl) genes (Holley et al., 2000; Holley et al., 2002; Oates and Ho, 2002). 

This suggestion has led to the proposal of models in which oscillatory gene
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expression is dependent on this autoinhibitory loop (Holley et al., 2002; Oates and 

Ho, 2002).

1.2.3.5 Modelling makes a comeback -  the core oscillator and coupled oscillations

The above work suggests that at least in mouse and zebrafish, the core 

oscillatory mechanism involves a negative feedback loop of hairy/E(Spl) proteins. Is 

this a feasible mechanism? It is clear that the levels of Hes7 mRNA and Hes7 

protein do oscillate in the PSM with a 2-h periodicity, one cycle for each somite 

formed (Bessho et al., 2003). Furthermore, the levels of Hes1 mRNA and Hes1 

protein can also cycle in cell-culture following a serum shock, suggesting that these 

oscillators share the same mechanism (Hirata et al., 2002). Hes1 protein oscillation 

is delayed by around 15 min relative to the H esi mRNA oscillation and both the 

mRNA and protein have very short half-lives of around 20 min. Furthermore, the 

degradation of Hesi and Hes7 is dependent on the ubiquitin-proteasome 

degradation pathway and when stabilised by proteasome inhibitors, the oscillations 

are severely disrupted (Hirata et al., 2002; Bessho et al., 2003). It seems highly 

plausible therefore that this mechanism does represent the core oscillator of the 

segmentation clock.

On the basis of the zebrafish data, it has been demonstrated recently using 

mathematical modelling that autoinhibiton of this kind, involving a simple 

hairy/E(Spl) loop, could very easily establish intracellular oscillatory gene expression 

(Lewis, 2003). Modelling this autoinhibitroy loop has revealed that the time taken to 

generate her1/her7 mRNA and to translate this message are the crucial factors in 

generating oscillations (Figure 1-3 A). The period of the oscillations is determined by 

the sum of these transcriptional and translational delays. The model of this loop 

shows that transcriptional oscillations with a period close to that in vivo (30 min) can 

be obtained with parameters within a physiological range. Varying the parameters of 

this model has demonstrated that even in the absence of strong protein synthesis, 

oscillations in mRNA could still occur, explaining the oscillations of c-hairy1 that are 

observed even when protein synthesis is blocked (Palmeirim et al., 1997). 

However, eventually these oscillations would be progressively dampened, 

particularly if protein synthesis is severely attenuated. This could explain the
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progressive loss of periodicity in boundary formation in mouse and zebrafish Notch- 

signalling mutants, Hes7-null mice and ./lerZ double-morphants.

Although the transcriptional and translational delays may be among the most 

important aspects governing the period of the oscillations, the half-life of the proteins 

is also important. The model of the autoinhibitory loop demonstrates that, for 

sustained oscillations, the half-life of the protein (and the mRNA) must be short 

compared to the sum of the transcriptional and translational delays. If either of the 

half-lives is longer than a certain threshold of somewhat less than this sum, then the 

oscillations are dampened. Recently, a Hes7-mutant mouse was generated in which 

the endogenous Hes7 protein was replaced by one with similar repressive capacity 

but an increased half-life (Hirata et al., 2004). The mutants display a progressive 

loss of oscillatory gene expression and a gradual loss of periodicity of somite 

boundary formation. This is identical to the pattern seen in Notch signalling mutants, 

and is consistent with the model predicting dampened oscillations.

In the original clock and wavefront model, the description of the 

segmentation clock proposed that the cells in the PSM would act as coupled 

oscillators. Although much of the work done in zebrafish, mouse and chick has 

suggested that Notch signalling may be a central component of the segmentation 

clock, it has also been suggested that, particularly in zebrafish. Notch is actually 

required for the synchronisation of the clock between cells (Jiang et al., 2000). In 

zebrafish mutants for the Notch signalling pathway, although the oscillatory 

expression of her1 and deltaC is lost in the caudal PSM, these genes are expressed 

in a static band in the rostral PSM. Within this band, individual cells express deltaC 

at different levels, in a salt and pepper pattern. This suggests that deltaC may still 

be oscillating in these cells. This finding led to the proposal that the effect of the 

mutations in Notch signalling is not the arrest of the dynamic expression of her1 and 

deltaC, but the loss of synchronisation between expressing cells (Jiang et al., 2000). 

A model was proposed in which the segmentation clock would be set up 

synchronously during gastrulation in the PSM precursor cells and thereafter, 

synchronisation would be maintained by cell-cell communication via Notch 

signalling. This model provides an explanation as to why the most rostral somites, 

those that are specified during gastrulation, are never disrupted in mice and fish 

mutants for the Notch signalling pathway.
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Figure 1-3 Oscillatory Loops in the PSM -  The Somite Clock

This figure is adapted from (Lewis and Eisen, 2004).

A schematic representation of the gene expression loops that may form the core 

oscillatory mechanisms of the somite clock. The loops depicted in are based on the 

available zebrafish data and were used to mathematically model potential 

oscillations in her1/her/expression in the PSM ((Lewis, 2003); section 1.2.4.5).

A This figure depicts the cell-autonomous intracellular her1/her7 loop proposed to 

exist in cells within the PSM. Transcription of the her1/her7 genes (probably under 

joint regulation by the same enhancers) leads to the production of her1/her/mRNA 

after a certain time delay. This mRNA is then translated into Her1 and Her? protein, 

again after a specific time delay. Once Herl and Her? proteins reach sufficient 

levels they bind to their own promoters, possibly as a heterodimers, inhibiting their 

transcription. After degradation of Her1 and Her?, the target promoters are released 

from repression and the cycle starts again. Mathematical modelling of this loop 

predicts that it is capable of sustained oscillations, with the transcriptional and 

translational delay times being one of the most crucial factors (see text for more 

details).

B This figure depicts the possible coupling between cells that may occur in the PSM 

due to Notch signalling. Herl and Her? are positively regulated by Notch signalling 

and can repress the expression of delta. As in A, transcription of the herl/h er/ 

genes leads to the production of her1/her7 mRNA after a certain time delay. This 

mRNA is then translated into Her1 and Her? protein, again after a specific time 

delay. Once Herl and Her? proteins reach sufficient levels they bind to their own 

promoters inhibiting their transcription and also that of delta, this would lower the 

levels of Notch signalling and therefore herl/her/ transcription in the adjacent cell. 

After degradation of Her1 and Her?, the target promoters are released from 

repression and the transcription and translation of delta is upregulated. This 

eventually leads to an increase in Notch signalling in the adjacent cell, activating 

her1/her/ expression. In this way, the oscillations of her1/her/ are synchronised 

between the PSM cells (see text for more details).
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Can the mathematical model of the autoinhibitory loop make any predictions 

as to why there is the salt-and-pepper expression of deltaC and her1 in the anterior 

PSM of zebrafish Notch signalling mutants? If noise in the system is taken into 

account, for example as a consequence of the stochastic nature of the binding of 

Her1 and Her? proteins to their own promoters, then the model predicts high 

impairment of protein synthesis would result in continued oscillations, rather than 

dampening of oscillations (Lewis, 2003). This could explain the fact that cells 

continue to display oscillatory expression in Notch signalling mutants

Where exactly is Notch signalling involved in the somite clock? Is it part of 

the core oscillator or is it required for the synchronisations of an as yet unidentified 

oscillator? The emerging model, particularly for zebrafish, is that Notch signalling 

may be a central component of the clock and also the pathway that couples PSM 

cells, synchronising the oscillations between cells. In more complex mathmatical 

models that extend the basic her1/her7 autoinhibitory loop to include the Notch 

signalling mechanisms that are known to occur in the PSM, it appears that the 

system can function as a coupled oscillator (Lewis, 2003). This second model 

introduces a second loop that is based on Notch activation by Delta in an adjacent 

cell (Figure 1-3 B). This loop drives the periodic activation of deltaC, resulting in 

rhythmic activation of Notch and its downstream targets her1  and her7. 

Hypothesising that deltaC expression is also inhibited by direct promoter binding of 

Herl and Her?, parameters can be found in this more complex model that allow this 

second Notch-signalling loop to synchronise the oscillations of the her1/her7  

autoinhibitory loop between cells (Lewis, 2003). This second loop however, is also 

capable of generating synchronous oscillation on its own, without implicating the 

her1/her7  autoinhibitory loop. The period of this loop is much longer, around 

133 min. This circuitry is usually assumed to mediate lateral inhibition, so it is 

surprising that it can generate oscillations (section 4.1.3.1). However, if noise is 

again factored in, the oscillations become unstable and a steady state, representing 

the standard outcome of lateral inhibition, is achieved. In mouse and chick, the 

intercellular Notch loop has a periodicity closer to that of boundary formation, while 

in zebrafish, it is the intracellular her1/her7 loop that has a periodicity closer to the 

rate This suggests that the relative use of the two loops may vary between species.
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accounting for the diversity in speed of somite formation between these species 

(Lewis, 2003).

1.2.3.6 A Wnt clock

Recently the expression of Axin2 has been shown to oscillate in the PSM of 

mouse, revealing the potential existence of a Wnt-based oscillator (Aulehia et al.,

2003). Axin2 is expressed in a dynamic sequence similar to that described for other 

Notch-related genes such as Lnfg, although its oscillations are out of phase with 

those of these genes. This suggests that Axin2 is not regulated by the same 

mechanisms and may represent an independent oscillator. Axin2 is a negative 

regulator of the Wnt/3-catenin pathway that is directly regulated by the Wnt/B- 

catenin signalling (Aulehia et al., 2003). This represents another autoregulatory 

negative feedback loop that is presumably capable of oscillations. In Notch- 

signalling mutants, in which Lnfg and Hes7 oscillations are disrupted, Axin2 still 

cycles. However, in Wnt3a-hypomorphic mutants, both Axin2 and Lnfg oscillations 

are disrupted. This suggests that the Wnt-based oscillator may lie upstream of the 

Notch-based oscillator. The details of the interaction are unknown; however, the two 

loops may be linked by disfievelled, which lies downstream of Wnt signalling and 

may bind directly to the intracellular domain of Notch (Aulehia et al., 2003).

1.2.3.7 The wavefront -  FGF signalling, fssAbx24 and retinoic acid

The clock and wavefront model also proposed that in order to translate the 

oscillatory pulses of the clock into spatial periodicity, the clock would need to 

interact with a determination front, or wavefront. In the more rostral PSM, the speed 

with which the waves of oscillatory gene expression traverse the PSM decreases, 

and eventually stops. At this point in the PSM, segmental expression of a new set of 

genes is observed. This suggests that the clock is indeed interacting with some kind 

of wavefront that translates the oscillations of the clock into a segmental periodicity. 

Studies in chick, zebrafish and Xenopus have suggested that the wavefront 

depends on a gradient of FGF signalling in the PSM (Dubrulle et al., 2001; Sawada 

et al., 2001; Dubrulle and Pourquie, 2004). Combined with retinoic acid signalling 

from the more anterior maturing somites, this gradient is capable of positioning the
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somite boundary (Diez del Corral et al., 2003; Moreno and Kintner, 2004). In 

zebrafish, this wavefront is also dependent on fused somites (fss) (reviewed in 

(Holley and Takeda, 2002)).

In chick, cells of the caudal PSM are undetermined with respect to 

segmentation schedule (Dubrulle et al., 2001). Determination occurs at the level of 

S-IV, the so called determination front. Within this caudal region, Fgfd is expressed 

in a graded fashion, with the highest level at the caudal end (Dubrulle et al., 2001). 

Furthermore, FGFR1, a receptor for FgfS is expressed in the PSM and has a peak 

of expression that appears to coincide with the determination front. In zebrafish, fgfd 

is expressed in a similar gradient in the PSM, and activation levels of FGF 

signalling, indicated by phosphorylation of MAPK, are high in the caudal PSM and 

low in the intermediate and rostral PSM (Sawada et al., 2001). This FGF signalling 

is a likely candidate for controlling the maturation of the PSM and positioning the 

determination front. In chick, ectopic expression of FGF8 in the PSM blocks somite 

boundary formation (Dubrulle et al., 2001). Furthermore, it induces the expression of 

Brachyury, a caudal marker, suggesting that FGF signalling functions to keep the 

PSM immature. This implies that PSM cells are not competent to segment until they 

leave the FGF signalling domain.

Transient manipulations of FGF signalling in chick and zebrafish alter the 

size of the somites (Dubrulle et al., 2001 ; Sawada et al., 2001). Transient increases 

in FGF signalling, induced by implanting FGF-soaked beads into the PSM, result in 

the formation of smaller somites rostral to the bead. Conversely, transient inhibition 

of FGF signalling induced using the drug SU5401 shifts the somite boundaries 

caudally, resulting in larger somites. Moreover, the changes in somite size are the 

result of changes in the allocation of the number of cells to each somite rather than 

in compaction of cells or cell movements. Analysis of gene expression in these 

manipulated embryos suggests that the change in allocation occurs as a result of an 

alteration in the position of the determination front rather than the speed of the 

segmentation clock (Dubrulle et al., 2001; Sawada et al., 2001). Inhibition of FGF 

signalling in zebrafish causes oscillatory her1 expression to be prematurely 

terminated, such that the most rostral strip now lies in the intermediate, rather than 

the rostral PSM (Sawada et al., 2001). The expression of segmentation genes, such 

as mesp and papc, is then seen in the intermediate rather than the rostral PSM.
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Taken together, these results suggest that FGF signalling controls the position of 

the boundary by inhibiting the maturation of PSM cells.

In the zebrafish somite mutant fss, as in the other somite mutants 

{aei/deltaD, des/notch1a, bea, mib), the rostral-caudal patterning of the presumptive 

somites is disrupted (van Eeden et al., 1996; Durbin et al., 2000). However, fss is 

unique in that no somite boundaries form at all. Fss encodes the T-box transcription 

factor Tbx24 and is expressed in the intermediate and rostral PSM (Nikaido et al.,

2002). The effect on the expression of the oscillatory genes in fss/tbx24 is also 

different to that in Notch signalling mutants. In the caudal PSM, the oscillations of 

her1 and deitaC occur, but in the rostral PSM, the rostral-most stripe of her1 

expression is missing (Holley et al., 2000). Conversely, in aei/deitaD, the oscillatory 

expression of her1 and DeitaC is lost in the posterior PSM but there is de novo 

induction of her1 in the anterior PSM. This de novo induction is entirely dependent 

on fss/tbx24, since it is lost in fss/tbx24;aei/deltaD double mutants (Holley et al., 

2000). This reveals a rostral PSM specific activity for fss/tbx24. Furthermore, 

fss/tbx24 is required for the correct segmental expression of many genes in the 

rostral PSM, such as mesp and papc (Durbin et al., 2000; Sawada et al., 2000; 

Barrios et al., 2003). This suggests that fss/tbx24 is required for the maturation of 

cells in the PSM and so may play a role in the wavefront. Exactly how fss/tbx24 

regulates the maturation process is unclear. Inhibition of FGF signalling not only 

shifts the rostral-most stripe of her1 expression to the intermediate PSM but this 

stripe now becomes fss/tbx24-6epen6en\ (Sawada et al., 2001). However, it 

appears that fss/tbx24-6eper\6enX maturation functions independently of FGF 

signalling and Notch signalling, since the expression of FGF8 is not disrupted in 

fss/tbx24 mutants, while FGF inhibition still leads to a caudal shift in the rostral-most 

stripe of her1 expression in aei/deitaD.

All these results demonstrate that a gradient of FGF signalling exists in the 

PSM, which interacts somehow with the clock to generate segmental expression of 

genes in the rostral PSM. Since FGF seems to keep cells immature, it can be 

considered to negatively regulate the wavefront. The tailbud is the source of the 

highest FGF8/fgf8 expression. So as the tailbud extends in the embryo and new 

cells are added to the PSM, the anterior limit of FGF signalling will shift caudally 

(Figure 1-4 A). This could be considered equivalent to a wavefront running in a
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rostral-caudal direction as proposed by the clock and wavefront model. This 

determination front positions the somite boundary.

It has been shown recently that retinoic acid (RA) is also important in 

positioning the determination front (Diez del Corral et al., 2003; Moreno and Kintner, 

2004).. RA is synthesised in the maturing somites as evidenced by the expression 

of the RA-synthesising enzyme Ra!dh2 in chick and Xenopus (references in (Diez 

del Corral et al., 2003; Moreno and Kintner, 2004)). In Xenopus, transient treatment 

with RA results in large somites with disorganised boundaries (Moreno and Kintner, 

2004). In these embryos, the width of the segmental stripes of gene expression that 

are seen in the rostral PSM, such as thylacinel, increase, and the newest stripe 

occurs more caudally than normal. Moreover, RA treatment can repress the 

expression of caudal PSM markers such as Mes1. This suggests that RA can 

regulate the passage of the wavefront and drive the maturation of the PSM (Diez del 

Corral et al., 2003; Moreno and Kintner, 2004).

The effect of RA signalling is opposite to that seen when FGF signalling is 

manipulated. Indeed, inhibition of FGF signalling in Xenopus produces changes 

similar to those seen following RA treatment. In chick, RA antagonises FGF 

signalling by inhibiting FGF8 expression in the PSM (Diez del Corral et al., 2003). 

This does not appear to be the case in Xenopus. Instead, RA appears to upregulate 

the expression of MKP3, a phosphatase that inactivates ERK (Moreno and Kintner,

2004). Reciprocally, FGF signalling appears to upregulate Cyp26, an RA-degrading 

enzyme. Together, these data suggest a model in which high levels of RA at the 

rostral end of the PSM promote maturation, while high levels of FGF signalling at 

the caudal end of the PSM inhibit maturation. The cross-regulation that occurs 

between the two pathways regulates the opposing gradients, the progression of the 

maturation wavefront and hence the position of the somite boundary.
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Figure 1-4 An FGF Gradient Controls Somite Boundary Position -  The 

Determination Front

A schematic representation showing dorsal views of the PSM and recently formed 

somites of a vertebrate embryo during the formation of one somite (Phases l-lll).

A The tailbud is an FGF signalling source. This establishes a gradient of FGF 

signalling (purple) in the PSM, with high levels caudally and lower levels rostrally. 

FGF signalling keeps PSM cells in the caudal PSM (region I) immature and prevents 

segmentation. As the tailbud extends caudally, the rostral limit of the FGF signalling 

domain shifts also shifts caudally. This reduces the levels of FGF signalling in cells 

in rostral PSM (region II), allowing them to mature and segment. This creates a 

determination front, or wavefront that ‘moves’ in a rostral-caudal direction thorugh 

the PSM dividing the PSM into two regions (see text for more details). It is thought 

that as cells leave the FGF signalling domain the cycle of the clock, the expression 

of c-hairy1 (red) is fixed’ converting the oscillations into spatial periodicity.

B Immediately anterior to the determination front, in the rostral-most PSM the 

segmental expression of a number of genes is observed. The earliest known genes 

are those of the /Wesp-family of bHLH transcription factors (yellow). This is shortly 

followed by the expression of a number of genes such as ephA4 and efnB2a in 

segmental stripes that correspond to the future rostral or caudal halves of the 

forming somites.
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1.2.3.8 Segmental gene expression in the rostral PSM -  Rostral-caudal polarity 

and Notch signalling loops again

Rostral-caudal polarity is important for somite boundary formation (section 

1.2.4.2) and, in amniotes at least, it is also important for the maintenance of somite 

boundaries and the correct differentiation of the rostral and caudal parts of the 

sclerotome into the vertebrae (section 1.2.5.2). In the rostral PSM, presumably 

following the interaction of the clock and wavefront, the location of expression of 

cycling genes such as her1 and deltaC changes from a broad domain in the caudal 

PSM to a narrow band in the rostral PSM that represents the future caudal half of 

the prospective somite S-l. This change corresponds to the arrest of the oscillation 

of these genes. This is shortly followed by the expression of a number of genes in a 

segmental manner in the S-l I to SO region, such that stripes of expression represent 

the future rostral and caudal halves of the forming somites (Figures 1-4 B and 1-5). 

In the rostral halves of presumptive somites in zebrafish, this includes the 

expression of her1, her7, mesp-a, mesp-b, deltaD, notch6, papc, ephA4 and efnB2b 

(Westin and Lardelli, 1997; Durbin, 1998; Durbin et al., 1998; Yamamoto et al., 

1998; Holley et al., 2000; Sawada et al., 2000). Markers of the caudal halves include 

notchS, efnB2a and myoD (Weinberg et al., 1996; Westin and Lardelli, 1997; Durbin 

et al., 1998). This indicates that the arrest of the clock and the establishment of 

rostral-caudal patterning is closely related.

Exactly how the clock and wavefront interact to generate rostral-caudal 

polarity is unknown. It seems, however, that Notch signalling is involved in 

establishing rostral-caudal polarity in the rostral PSM. Mesp-like genes, which 

encode bHLH transcription factors that function downstream of Notch signalling, are 

implicated in this process in frog, mouse and zebrafish (Saga et al., 

1997)}(Buchberger et al., 1998; Sparrow et al., 1998; Durbin et al., 2000; Sawada et 

al., 2000; Takahashi et al., 2000; Nomura-Kitabayashi et al., 2002; Takahashi et al.,

2003).
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In the mouse Notch signalling mutants DII1, RBP-jk and Notchi, the 

expression of both rostral and caudal markers is repressed, suggesting that the 

somites show neither rostral nor caudal identity (Hrabe de Angelis et al., 1997; 

Barrantes et al., 1999). In DII3, Lnfg and Hes7 mutant embryos, there is a salt and 

pepper pattern of caudal markers (Evrard et al., 1998; Kusumi et al., 1998; Zhang 

and Gridley, 1998; Bessho et al., 2001a). All these mutations also affect oscillatory 

gene expression (section 1.2.3.3), so it is difficult to determine whether these 

defects are due to disruptions to the clock or to another Notch signalling related 

process. It does suggest though that the specification of rostral and caudal identity 

is likely to involve feedback loops between the two compartments rather than 

independent specification.

That Notch signalling functions in the rostral PSM, independently to its role in 

generating oscillations, was suggested following experiments in Xenopus (Jen et al., 

1997; Sparrow et al., 1998; Jen et al., 1999). The hairy/E(Spl)-re\a\e6 genes ESR-4 

and ESR-5 are expressed at high levels in the tailbud in Xenopus. Immediately 

more rostral to this, however, at around the level of S-lll, there is a region devoid of 

expression. More rostrally still, at the levels of S-ll to SO, ESR-4 and ESR-5 are 

segmentally expressed in stripes that correspond to the future anterior halves of the 

forming somites. Segmental expression in this rostral region overlaps with the 

expression the Notch ligand Xdelta2 and Thylacinel (Thyl), a Mesp-like bHLH 

transcription factor (Sparrow et al., 1998). The expression patterns of ESR-4 and 

ESR-5 suggest that the PSM of Xenopus can actually be divided into three regions, 

while lack of expression of ESR-4 and ESR-5 in the intermediate PSM suggests that 

Notch pathway genes may be repressed in this region.

Inhibition of the Notch pathway by overexpression of dominant negative 

forms of SuH and E(spl) genes, results in the broad expression of X-delta2 in the 

rostral PSM indicating that Notch signalling is required for the downregulation of X- 

cfe/fa2 expression in that region (Jen et al., 1997). Furthermore, overexpression of 

thylacinel, X-deita2, ESR-4 or ESR-5, which repress Notch signalling by a negative 

feed back loop, results in the formation of a X-delta2 negative stripe in the rostral 

PSM (Jen et al., 1999). These results demonstrate that the there is a Notch 

signalling dependent repression of Notch pathway genes in the caudal halves of the 

presumptive somites at the level of S-lll. In the rostral-most PSM however, ESR-5
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takes on a positive feedback role, promoting the expression of Notch pathway 

genes (Jen et al., 1999).

Together these data suggest that Notch signalling is active in the tailbud, 

and that subsequently it mediates repression of Notch pathway genes in the S-lll 

region and finally activation of Notch pathway genes in the anterior PSM to generate 

rostral-caudal patterning. Exactly how the Notch-dependent repression of Notch 

pathway genes is integrated with the clock is not clear. It has been suggested that 

Notch signalling lowers the levels of Notch pathway gene expression in the S-lll 

region, but the levels are only pushed periodically below a certain threshold by the 

oscillating repressive activity of the clock (Jen et al., 1999).

In mouse, Mesp2 mutants and DII1 mutants allow the analysis of Notch 

function in the rostral PSM independently of its role in the oscillator since in both 

mutants, the cyclic genes still oscillate in the PSM (Koizumi et al., 2001; Nomura- 

Kitabayashi et al., 2002). Mesp2 is expressed in a single stripe in the rostral PSM, 

initially in a one-somite wide domain. It is then restricted rostrally so that it is only 

expressed in the presumptive rostral half of the forming somite, immediately before 

boundary formation. Mesp2 autoregulation is required for this restriction (Saga et al., 

1997; Takahashi et al., 2000). In Mesp2-null mice, markers of rostral identity are lost 

and caudal markers, such as DII1 and Uncx4.1, are expressed everywhere (Saga et 

al., 1997). Somite boundary formation is severely disrupted in these mice. The 

Notch signalling pathway appears to mediate this effect of Mesp2 since in Mesp2- 

null mice Notchi expression is reduced (Saga et al., 1997). In addition, when a 

dominant active form of Notchi is introduced into the Mesp2 locus. Dill expression 

is reduced in the rostral PSM, even in the absence of (Takahashi et al.,

2000). This, as in Xenopus, suggests a Notch-mediated repression of Notch genes 

in the rostral PSM.

Psenl-null mice show the opposite phenotype with respect to the 

rostral-caudal polarity of the somites. Dill expression is lost and rostral markers are 

expressed everywhere (Takahashi et al., 2000). This suggests that a Psenl- 

dependent Notch pathway induces the expression of Dill. In Psen1/Mesp2 double

null mice. Dill is expressed everywhere in the rostral PSM (Takahashi et al., 2000). 

This demonstrates that the Mesp2 mutation dominates the Pseni mutation, so that
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Inhibition of DII1 is Mesp2-clependent but Pseni-independent. The downregulation 

of DII1 expression seen when activated Notchi is introduced into the Mesp2 locus, 

occurs without the expression of stripes of Dill in the rostral PSM (Takahashi et al., 

2000).

Together, this data suggests that two Notch signalling pathways regulate 

Dill stripes in the rostral PSM. Initially, a Pseni-independent pathway represses the 

expression of Dill in a domain equivalent to one somite; subsequently a Pseni- 

dependent pathway re-activates Dill expression in the caudal half of the forming 

somites. Mesp2 seems to activate the inhibitory pathway and suppress the induction 

pathway. The restriction of Mesp2\o the rostral half of the somite is therefore crucial 

in generating rostral-caudal polarity. Although the mechanism by which Mesp2 

expression is rostrally restricted is not fully understood, it seems to depend on 

Psen/-dependent Notch signalling because no restriction is observed in Psenl-null 

mice (Koizumi et al., 2001).

The Notch signalling mutants in zebrafish, commonly show a salt and pepper 

pattern of rostral- or caudal-half markers, such as ephA4 and efnB2a in the rostral 

PSM (Durbin et al., 2000; Holley et al., 2000; Jiang et al., 2000; Holley et al., 2002). 

This is also the case in her1;her7 mutants and morphants (Henry et al., 2002; Oates 

and Ho, 2002). In all these cases, the expression of oscillatory genes is disrupted. 

This indicates that the clock is essential for somite patterning. However, it precludes 

the detailed analysis of the later roles of the Notch pathway generating ros tra l- 

caudal polarity, although epistasis experiments have revealed a potential role for 

Notch signalling in the refinement of the striped expression of deltaC in the rostral 

PSM (Holley et al., 2002). In herl morphant embryos, although the cycling of deltaC 

is disrupted, refinement into two stripes still occurs in the rostral PSM. When herl 

morpholino injections are performed into aei/deltaD, bea, des/notchi mutants or 

combined with deltaC morpholino injections, this refinement is lost and deltaC is 

expressed in a broad band (Holley et al., 2002). This suggests that the Notch 

pathway functions downstream of herl in the rostral-most PSM to refine the stripes 

of deltaC expression, perhaps repressing the expression of deltaC. This again 

suggests that Notch-dependent repression of Notch pathway genes is also a 

component of rostral-caudal patterning in zebrafish.
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In contrast to the Notch signalling mutants, fss/tbx24 mutants display a 

caudalised phenotype. Markers of rostral identity, such as papc and ephA4 are lost 

and caudal markers, such as myoD and efnB2a, are expressed continuously in the 

rostral PSM (Durbin et al., 2000; Nikaido et al., 2002). In zebrafish, as in mouse, 

Mesp-like genes are also expressed in the rostral PSM, in two or three stripes that 

correspond to the future rostral halves of the somites. The expression of mespa and 

mespb in the rostral PSM is lost in fss/tbx24 mutants while in Notch signalling 

mutants, mespa is lost and mespb displays a salt and pepper pattern (Durbin et al., 

2000; Sawada et al., 2000). This suggests that in zebrafish. Notch signalling is 

required for the correct localisation and expression of mesp genes. In addition, the 

lack of mespa and mespb expression in fss/tbx24 correlates with a loss of rostral 

identity, as it does in mouse. Moreover, mespb has been shown to actively promote 

rostral identity, repress caudal identity and can rescue the phenotype of Mesp2-null 

mice (Sawada et al., 2000; Nomura-Kitabayashi et al., 2002).. Taken together with 

the epistasis data, this suggests that the wavefront activity of fss/tbx24 is required 

for mespb expression, which in turn can regulate the rostral-caudal polarity in a 

Notch-signalling dependent manner.

There are other genes that regulate the rostral-caudal polarity in the rostral 

PSM. In particular these include the Foxc family of forkhead/winged helix 

transcription factors (Kume et al., 2000b; Kume et al., 2000a; Kume et al., 2001; 

Topczewska et al., 2001a). In zebrafish, foxda is expressed in the tailbud and in a 

band in the rostral PSM, immediately posterior to the last formed somite 

(Topczewska et al., 2001b). Disruption of Foxcia translation by injection of 

morpholino antisense oligonucleotides results in disruption of somitogenesis 

(Topczewska et al., 2001a). The expression of oscillatory genes, such as deltaC, in 

the caudal PSM is unaffected in these morphants but both rostral and caudal 

markers are absent or downregualted. Intriguingly, this is different to phenotypes of 

the fss/tbx24 mutants, in which caudal markers are expanded and rostral makers 

lost, and the Notch-signalling mutants in which rostral and caudal markers are 

expressed throughout the PSM. The strong down-regualtion of the segmental 

expression of efnB2a and ephA4 observed in these morphants suggests that 

Foxcia may directly regulate these genes. Together, these observations suggest 

that foxda  is involved in the establishment of rostral-caudal specification in the
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rostral PSM. Similar disruption to both rostral and caudal gene expression is seen in 

Foxc1/Foxc2 double-null mice (Kume et al., 2001).

Epistasis experiments have also revealed that the relationship between 

fss/tbx24 and the Notch signalling components, such as deltaD, deltaC  and 

/?er7,changes in different regions of the PSM and has suggested that in zebrafish, 

the PSM can also be divided into at least three regions (Holley et al., 2002). This is 

further supported by promoter studies, which demonstrate that the cyclic expression 

of her1 and h e r /  is differently regulated in the caudal and intermediate PSM 

(Gajewski et al., 2003). Taken together, the data suggest that the mechanisms that 

regulate rostral-caudal patterning in mouse, frog and zebrafish may be fairly well 

conserved.

1.2.4 Somite Boundary Formation

1.2.4.1 Furrow formation and epithelialisation

The formation of the somites from the anterior end of the PSM requires a 

number of morphogenetic events, including the development of physical furrow 

between adjacent somites and epithelialisation of cells at the somite boundaries. 

These events have been characterised to some extent in Xenopus, chick and 

zebrafish. In Xenopus, the PSM is made up of elongated cells that span the 

mediolateral axis. During somite formation, blocks of approximately nine cells 

separate from the paraxial mesoderm and rotate 90°, so that each somite becomes 

one-cell long at its rostral-caudalanterior-posterior axis (reviewed in (Keller, 2000)). 

This is different to what is seen in most other vertebrates.

In chick, mouse and zebrafish, no rotation of PSM cells is seen, rather a 

physical furrow forms between groups of cells, one somite wide, in the anterior 

PSM. In chick, time-lapse analysis has suggested that dynamic morphogenetic 

movements occur during somite boundary formation (Kulesa and Fraser, 2002). 

Time-lapse analysis in zebrafish embryos has demonstrated that there is little cell 

movement during somite boundary formation. Border cells (retropectively identified) 

are initially distributed in mediolateral stripes within the PSM. They are moderately
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Intermingled with each other and also with presumptive internal cells. Morphogensis 

of the boundary is accomplished as these cells segregate from each other with 

relatively little movement in the rostral-caudal direction. After their alignment, border 

cells undergo selective de-adhesion as previously described (Wood and Thorogood, 

1994).

In mouse and chick embryos, furrow formation correlates with the 

epithelialisation of the cells at the boundary. This results in the formation of a somite 

comprising an external epithelial monolayer surrounding a mesenchymal core 

(Trelstad et al., 1967; Poelmann, 1981). Epithelial cells of the outer layer are 

connected to each other by junctional complexes close to the apical cell surface that 

faces the mesenchymal core. The basal cell surface rests on a basal lamina formed 

by collagen, laminin and fibronectin. This basal lamina covers the somite, separating 

it from adjacent tissue (Bellairs, 1979). In zebrafish, somite epithelialisation occurs 

in a similar manner ((Henry et al., 2000; Barrios et al., 2003)).

From these observations, it is clear that somite formation involves 

morphogenetic changes closely associated to changes in cell-cell and cell- 

extracellular matrix adhesive properties. Little is known about the factors that control 

boundary morphogenesis or the mesenchymal-epithelial transition that occurs in 

boundary cells, yet several genes have been shown to play a role in the formation of 

intersomitic furrows and somite epithelialisation.

1.2.4.2 Genes involved in driving boundary morphogenesis -  is rostral-caudal 

polarity required for somite boundary formation?

Somites are patterned into rostral and caudal halves (section 1.2.3.8). This 

patterning is essential for correct neural crest migration, axonal innervation and 

vascularisation (reviewed in (Keynes and Stern, 1988)). It is also required for the 

correct differentiation of the rostral and caudal parts of the sclerotome into the 

vertebrae (section 1.2.5.2). In contrast to dorsoventral and mediolateral patterning, 

which occurs during differentiation, rostral-caudal patterning of the somites occurs 

in the rostral PSM (reviewed in (Keynes and Stern, 1988)). When this rostral-caudal 

polarity is disrupted, somite boundary morphogenesis is also disrupted. In mouse
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and zebrafish, the Notch signalling mutants, the mutants and morphants for 

oscillatory hairy/E(Spl)-re\a\e6 genes and fss/tbx24 mutants all show defects in 

rostral-caudal polarity and disruption of somite boundary morphogenesis (section 

1.2.3.8). This suggests that somite boundary formation results from the translation 

of the segmental pattern of gene expression observed in the rostral PSM. 

Meinhardt’s original model suggested that boundaries occur at the juxtaposition of 

cells with rostral and caudal identities (section 1.2.2.2). That boundaries are 

disrupted when rostral-caudal polarity in the rostral PSM is affected is evidence in 

favour of this model.

Although several genes are expressed in a segmentally restricted manner in 

the rostral PSM, only a few of these are likely candidates as mediators or effectors 

of boundary morphogenesis. These include members of the Eph family of receptor 

tyrosine kinases, their Ephrin ligands, and the protocadherin Papc. The Eph/Ephrins 

are known to be involved in morphogenetic events associated with cell migration, 

axon guidance, vascularisation and hindbrain segmentation (section 1.3.3). 

Moreover, the downstream pathways stimulated by Eph/Ephrin signalling frequently 

converge on the cytoskeleton or cell-adhesion molecules (section 1.3.2)

Boundary formation is preceded by the onset of expression of several 

members of the Eph/Ephrin family of receptor tyrosine kinases at the level S-l to SO. 

In zebrafish, chick and mouse, the receptor ephA4 and one of its ligands, efnB2 

(efnB2), are expressed in complementary domains in the rostral and caudal halves 

of the prospective somites, respectively (Nieto et al., 1992; Flenniken et al., 1996; 

Wang and Anderson, 1997; Durbin et al., 1998).

In zebrafish, disruption of Eph/Ephrin signalling by overexpression of 

truncated and full-length forms of efnB2a leads to severe defects in somite 

boundary formation (Durbin et al., 1998). In fss/tbx24 mutants, expression of ephA4 

is lost, efnB2a is expressed throughout the PSM and no somite boundaries form 

(van Eeden et al., 1996; Durbin et al., 2000; Barrios et al., 2003). In the Notch 

signalling mutants, both genes are expressed everywhere in the rostral PSM and 

boundaries are severely disrupted (van Eeden et al., 1996; Durbin et al., 2000). So 

the pathways that result in correct rostral-caudal patterning affect the expression of 

these genes. Furthermore, apposition of ephA4 and e/nB2a-expressing cells
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rescues morphological boundaries in fss/tbx24 mutants (Durbin et al., 2000; Barrios 

et al., 2003). These observations indicate that Eph/Ephrin signalling may be 

involved in the translation of the segmental pattern of gene expression into physical 

furrows. They also indicate that rostral-caudal patterning in zebrafish seems to be a 

pre-requisite for boundary formation (Durbin et al., 2000). However, in her1\her7 

double-mutant or double-morphant embryos, although ephA4 and efnB2a are 

expressed in a salt and pepper pattern in the PSM, boundaries still form, albeit with 

a periodicity of 1.5-2 somites (Henry et al., 2002).

papc (paraxial protocadherin), is also expressed in the rostral PSM at the 

level of S-ll to SO, in stripes that correspond to the rostral domain of prospective 

somites in zebrafish, Xenopus and mouse ((Kim et al., 1998; Yamamoto et al., 

1998; Yamamoto et al., 2000); protocadherins are reviewed in (Suzuki, 2000; Frank 

and Kemler, 2002)). In Xenopus, disruption of Papc protein function causes severe 

defects in somite formation and myotomal cells remain orientated along the 

mediolateral axis of the paraxial mesoderm suggesting that Papc is required for 

correct rotation of the somitic cells (Kim et al., 2000). Furthermore, Papc expression 

has been shown to be regulated by Notch signalling and Thylacinel during the 

establishment of segment polarity (Kim et al., 2000). In zebrafish, the segmental 

expression of papc is disrupted in rostral PSM in all the somite mutants, suggesting 

that it may also play a role in boundary formation in zebrafish (Jiang et al., 2000; 

Henry et al., 2002; Oates and Ho, 2002).

Surprisingly, mice deficient for EphA4, EfnB2 or PAPC do not present 

defects in somite formation, indicating possible redundancies within these widely 

expressed families of molecules (Dottori et al., 1998; Wang et al., 1998; Adams et 

al., 1999; Yamamoto et al., 2000). Zebrafish morphants for ephA4, efnB2a or 

ephA4;efnB2a double-morphants also do not display a somite boundary phenotype 

(personal observation).

1.2.4.3 Genes involved in epithelialisation

During somite formation, cells at the boundaries undergo epithelialisation. 

Paraxis, a gene that encodes a bHLH transcription factor has been implicated in this 

process. In mouse and chick, Paraxis is expressed in the rostral PSM and forming
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somites; as somites mature, Paraxis expression becomes restricted to the 

dermomyotome (Burgess et a!., 1995). Remarkably, in Paraxis-null mice, somites 

fail to epithelialise, although morphological segmentation of the paraxial mesoderm 

occurs normally (Burgess et al., 1996). The same phenotype is observed in chick 

when Paraxis function is disrupted by treatment with antisense oligonucleotide 

(Barnes et al., 1997). These results demonstrate that Paraxis is required for 

epithelialisation of the somites and, furthermore, that boundary formation and 

epithelialisation of the somites can be uncoupled. A paraxis homologue has been 

identified in zebrafish, its expression is lost in foxda  MO injected embryos but is not 

affected in fss/tbx24 ox aei/deitaD mutants ((Shanmugalingam and Wilson, 1998; 

Topczewska et al., 2001a) and Figure 5-4).

1.2.4.4 Changes in cell adhesion

Changes in cell adhesion are essential for somite morphogenesis and furrow 

formation. Several ECM molecules and cell-cell adhesion molecules have been 

implicated in somitogenesis. Laminin and fibronectin are extracellular matrix 

molecules (ECM) involved in cell-matrix adhesion. Disruption of fibronectin 

localisation in Xenopus embryos by heat-shock treatment results in impaired 

rotation of the cells during somite formation (Danker et al., 1992). In chick, treatment 

of cultured mesodermal cells with exogenous fibronectin or peptides containing the 

fibronectin-binding sequence leads to increased cell-cell adhesion (Lash et al., 

1984; Lash et al., 1987). These results suggest that fibronectin-mediated signalling 

may be responsible for the compaction of mesodermal cells that is observed in the 

rostral PSM of the chick embryo prior to boundary formation.

Integrins are a family of receptors for ECM molecules expressed in 

developing somites ((Pow and Hendrickx, 1995); integrins are reviewed in (Bokel 

and Brown, 2002)). In mouse embryos lacking a5-integrin, the paraxial mesoderm 

segments form but epithelial somites fail to do so, suggesting a role for ECM/integrin 

signalling in somite formation (Yang et al., 1999). Focal adhesion kinase (FAK) is a 

non-receptor tyrosine kinase implicated in transducing signals generated from ECM- 

cell interactions involving integrin signalling (Parsons et al., 1994). Consistent with a 

role for these interactions in somite formation, mice mutant for FAK display a similar 

phenotype to those mutant for fibronectin (Furuta et al., 1995). The analysis of FAK
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mRNA and protein distribution in zebrafish embryos suggests a role for this 

molecule in somite epithelialisation (Henry et al., 2001). As somites undergo 

mesenchymal-epithelial transition, phosphorylated, and therefore activated, FAK 

concentrates at the basal pole of the boundary cells, indicating a role in stabilisation 

of the somitic furrow and epithelial morphology (Henry et al., 2001).

Another family of molecules involved in cell adhesion, the Cadherins, are 

physically associated to the cytoskeleton through cytoplasmic p-Catenin and a- 

Catenin (reviewed in (Angst et al., 2001)). N-Cadherin, Cadherin11 and j5-Catenin 

are expressed in the PSM, more strongly in the rostral PSM (Duband et al., 1987; 

Linask et al., 1998). In N-Cadherin mutant mice, an ectopic boundary forms in the 

middle of the somites separating the rostral and caudal compartments (Radice et 

al., 1997). Importantly, cells at the ectopic furrow undergo epithelialisation. 

Cadherin11 mutant mice do not present a phenotype; however, in Cadherin11/N- 

Cadherin double mutants, the phenotype is enhanced, displaying complete 

disaggregation of the somite (Horikawa et al., 1999). These observations indicate 

that rostral and caudal regions within the somite have different adhesive properties 

and that different Cadherins regulate the maintenance of the somitic unit.

1.2.5 Differentiation of the Somites

1.2.5.1 Compartmentalisation of the somites

The differentiation of the somites has been well studied in higher vertebrates 

but is less well understood in zebrafish. Epithelial somites are only transient 

structures, and shortly after their formation they are rapidly patterned into distinct 

compartments in response to signals from the surrounding tissue (reviewed in 

(Brand-Saberi and Christ, 2000; Brent and Tabin, 2002)). The ventral portion of the 

somite de-epithelialises to form the mesenchymal sclerotome, which will 

subsequently differentiate into the axial skeleton. The dorsal portion remains an 

epithelial sheet and forms the dermomyotome. During further maturation, cells at the 

margins of the dermomyotome delaminate and migrate underneath the 

dermomyotome to form a third compartment, the myotome, leaving the remaining 

cells to form the dermatome. The myotome will give rise to the skeletal muscles of
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the trunk, limb and tongue, and the dermatome cells will contribute to the dorsal 

dermis. Recently, a fourth compartment has also been identified, the syndetome 

(Brent et al., 2003). This compartment is formed at the interface between the 

myotome and sclerotome at the rostral and caudal extremities of the somite. It is 

formed from a dorso-lateral domain of the sclerotome and will differentiate into the 

tendons.

1.2.5.2 Sclerotome differentiation -  resegmentation and maintenance of somite 

boundaries

Sclerotome differentiates as a mesenchyme located in the ventral region of 

the somites (Christ and Wilting, 1992). Grafting experiments have shown that the 

sclerotome differentiates shortly after the somites are formed (Aoyama and 

Asamoto, 1988). This differentiation is positively regulated by signals from the 

notochord and ventral neural tube and negatively regulated by the overlaying 

ectoderm (Brand-Saberi et al., 1993; Dietrich et al., 1993; Pourquie et al., 1993; 

Monsoro-Burq et al., 1994). The ventralising signais from the notochord appear to 

be Sonic Hedgehog (Shh) and noggin (Echelard et al., 1993; Johnson et al., 1994; 

Dietrich et al., 1997; McMahon et al., 1998). Sclerotome differentiation is inhibited in 

the dorsal region of the somite (prospective myotome) by direct contact with the 

surface ectoderm (Kenny-Mobbs and Thorogood, 1987). It is Wnt signals emanating 

from the dorsal region that are responsible for this inhibition (Wagner et al., 2000).

After the epithelial-to-mesenchymal transition, sclerotomal cells migrate 

dorso-medially, ventro-medially and, in the thoracic region, ventro-laterally. Cells 

that migrate ventro-medially towards and around the notochord will form the 

vertebral bodies and intervertébral discs (Verbout, 1985). Cells that migrate dorso- 

medially around the neural tube form the neural arches. In the thoracic region, 

caudal sclerotomal cells migrate ventrolaterally to form the ribs (Huang et al., 1994). 

Differentiation of the sclerotome into the axial skeleton requires chondrogenesis and 

proliferation of sclerotome cells and chondrogenesis. Among the genes induced in 

the sclerotome by Shh are Pax1  and Pax9, which encode for paired box 

transcription factors (Fan et al., 1995; Peters et al., 1999). The chondrogenesis of 

the sclerotome requires Pax1 and Pax9. Paxl-null and Pax1/Pax9 double-null mice
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display severe defects in the vertebral column (Peters et al., 1999). Foxc2 is 

required for sclerotome proliferation (Winnier et al., 1997).

The study of the interactions between the developing peripheral nervous 

system and the sclerotome has shown that the sclerotome of each somite is divided 

into a rostral and a caudal half. This rostral-caudal patterning of the somites occurs 

in the rostral PSM and is required for somite boundary formation (section 1.2.4.2). 

However, it is also required for the correct formation of the vertebral column. When 

the vertebrae form, they do so out of register with the original somites. On the basis 

of this observation, Remak proposed the theory of ‘N e u g l i e d e r u n g ’ 

(resegmentation) (Remak, 1855). According to this concept, the vertebral bodies are 

derived from the fusion of the caudal and rostral halves of two adjacent segments. 

This would cause a phase shift of the vertebrae relative to the myotome-derived 

axial muscles, allowing the muscle segments to span and therefore move the 

vertebrae.

Much evidence has now accumulated in support of resegmentation. When 

rostral or caudal somite halves in the chick embryo are replaced by equivalent quail 

tissues, sclerotome cells from both halves contribute to the vertebrae, ribs and 

intervertébral discs of more than one vertebra (Stern and Keynes, 1987). This 

indicates that individual somites do not correspond to individual vertebrae. Similarly, 

cells of one somite labelled with Oil contribute to the caudal half of one vertebra, the 

invertebral disc and the rostral half of the adjacent caudal vertebra (Bagnall, 1992; 

Ewan and Everett, 1992). Recent half-somite transplant experiments have 

confirmed these results, at least in avian embryos. Rostral half-somite transplants 

form the caudal half of the vertebral body and the intevertebral discs, while caudal 

half-somite transplants form the rostral half of the vertebral body and the pedicles of 

the neural arch (Aoyama and Asamoto, 2000).

The establishment of rostral-caudal polarity in the rostral PSM via Mesp2 

and Notch signalling (which is important for somite boundary formation) is also 

essential for the correct patterning of the vertebrae. In Mesp2-null mice, in which 

caudal markers are expanded, the vertebrae are caudalised and consist mainly of 

pedicle. In Psenl-null mice, in which caudal markers are lost, the vertebrae are 

rostralised and consist mainly of intevertebral disc and lack pedicles (reviewed in
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(Saga and Takeda, 2001)). In hypomorphic Mesp2 mutant mice, using an allele 

derived from zebrafish mespb, this function of rostral-caudal patterning can be 

separated from initial somite boundary formation (Nomura-Kitabayashi et al., 2002). 

In particular, expressions of Lnfg, EphA4 and Pape in the rostral PSM were normal 

in these mice but caudal restriction of DII1 and Uncx4.1 did not occur. This suggests 

that the Mesp pathway controls two different downstream events. The first results in 

the immediate rostral-caudal patterning of the presumptive somite in the rostral 

PSM, via the expression of genes such as EphA4, and is essential for boundary 

formation. The second pathway results in a slightly later rostral-caudal patterning, 

involving the expression of genes such as DIM and Uncx4.1, that is essential for 

boundary maintenance and correct resegmentation.

That rostral-caudal patterning is also essential for boundary maintenance 

can explain the outcome of early grafting experiments. In the chick embryo, when 

multiple caudal or rostral halves of epithelial somites are placed adjacent to each 

other, sclerotomal cells from similar half-somites mix and those from opposite 

halves do not (Stern and Keynes, 1987). Moreover, the juxtaposition of the two 

opposite halves causes the formation of a boundary between the two halves. This 

suggests that the rostral-caudal differences that exist in the mature somite are 

sufficient to separate the two halves and are therefore probably involved in 

maintaining the boundary in mature somites.

Paraxis-null mice also exhibit a defect in somite boundary maintenance and 

display vertebral fusions (Johnson et al., 2001). Expressions of Lnfg and EphA4 are 

unaffected but expressions of DII1 and EfnB2a are not restricted caudally in the 

maturing somites. This again suggests that distinct pathways regulate initial 

boundary formation and boundary maintenance. In Paraxis-null mice, the 

expression of Mesp2 and the Notch pathway genes is not affected in the caudal 

PSM. This demonstrates that Paraxis may function in the later of these pathways, to 

regulate the rostral-caudal polarity required for boundary maintenance.

In zebrafish, the somite consists mainly of myotome, with sclerotome a 

relatively minor component (reviewed in (Currie and Ingham, 1996; Stickney et al., 

2000)). Although the sclerotome lies ventral to the myotome in somites of zebrafish 

and amniotes, the relative positions of the cells relative to other trunk tissues differ.
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In amniotes it is the sclerotome that lies adjacent to the notochord, whereas in 

zebrafish it is the myotome. Relatively little is known about the differentiation of the 

sclerotome in zebrafish. The cluster of cells that make up the sclerotome can be 

identified morphologically shortly after somite formation on the ventro-medial 

surface of the embryos (Morin-Kensicki and Eisen, 1997). The cells express pax9 

and fw/sf (Nornes et al., 1996), and migrate dorsally to encircle the notochord and 

neural tube (Morin-Kensicki and Eisen, 1997). It has been demonstrated that in 

zebrafish, leaky' resegmentation occurs (Morin-Kensicki et al., 2002). Furthermore, 

fss/tbx24 mutants display axial skeleton defects consistent with early defects in 

rostral-caudal patterning, although in zebrafish the vertebral bodies may derive from 

the notochord and not the sclerotome (van Eeden et al., 1996; Fleming et al., 2004). 

This suggests that many of the mechanisms described for sclerotomal development 

in higher vertebrates may also exist in zebrafish.

1.2.5.3 Dermomyotome differentiation -  muscle differentiation

Induction of dermomyotome requires Wnt signalling from the dorsal neural 

tube and surface ectoderm (Munsterberg and Lassar, 1995; Spence et al., 1996; 

Dietrich et al., 1997; Fan et al., 1997; Ikeya and Takada, 1998; Olivera-Martinez et 

al., 2001). Myotome formation and subsequent differentiation into muscle are 

dependent on Shh signalling from the notochord, to induce the myogenic bHLH 

transcription factors, and on Wnt signalling from the dorsal neural tube to maintain 

expression of the myogenic factors (Munsterberg and Lassar, 1995; Dietrich et al., 

1997; Dietrich et al., 1998; Wagner et al., 2000). Wnt expression in the dorsal neural 

tube is induced by BMP signalling, and the presence of noggin in the dorso-medial 

somite inhibits the direct action of BMP on this tissue (Marcelle et al., 1997). Since 

Shh and Wnts are secreted molecules that can act at a distance, the dorso-ventral 

patterning of the somite results from a balance of gradients between these 

dorsalising and ventralising signals (reviewed in (Brent et al., 2003).

The myotome will give rise to the skeletal muscles. In all vertebrates, 

myogenesis requires a cascade of bHLH transcription factors that are expressed in 

the myotome, including MyoD, Myf5, Myogenein and MRF4 (reviewed in (Currie and 

Ingham, 1998; Pownall et al., 2002)). Pax3 is also expressed and is required for 

skeletal muscle differentiation (Goulding et al., 1991 ; Goulding et al., 1993; Maroto
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et al., 1997; Tajbakhsh et al., 1997). In some contexts it has been shown to be both 

necessary and sufficient for such differentiation (Ridgeway and Skerjanc, 2001). 

Pax3 acts upstream of the myogeneic bHLH transcription factors and is required for 

MyoD expression (Maroto et al., 1997; Tajbakhsh et al., 1997). Myogenesis and the 

expression of Pax3 and the myogenic bHLH factors are initiated in the myotome in 

response to the signals from the notochord, neural tube and lateral plate that pattern 

the somite (reviewed in (Currie and Ingham, 1998; Pownall et al., 2002).

The myotome of zebrafish constitutes a much larger portion of the somite than 

in amniotes and lies adjacent to the notochord (Morin-Kensicki and Eisen, 1997). As 

in all vertebrates, the adult zebrafish myotome contains both fast and slow muscle 

fibres. The fast fibres constitute the majority of the myotome, while slow fibres can 

be found at the lateral margins and along the horizontal myoseptum (reviewed in 

(Hughes and Salinas, 1999; Stickney et al., 2000)). Fate-mapping studies have 

demonstrated that the slow muscle fibres arise from the adaxial cells, which are 

morphologically identifiable during somitogenesis (Devoto et al., 1996). Adaxial cells 

are cuboidal and lie adjacent to the notochord. During differentiation, they elongate 

to span the length of the somite and then migrate radially through the somite. 

Following migration, they form a monolayer of superficial muscle cells that later 

differentiate into slow muscle fibres. The fast muscle fibres arise from more lateral 

regions and do not migrate. Recent elegant work has demonstrated that these 

multiple muscle fibre types are induced by distinct levels and timing of Shh activity 

from the notochord (Currie and Ingham, 1996; Blagden et al., 1997; Norris et al., 

2000; Roy et al., 2001 ; Wolff et al., 2003; Baxendale et al., 2004).

1.3 The Eph/Ephrin Family of Receptors and Ligands

1.3.1 Overview

The Eph receptors are a large family of closely related, membrane- 

associated receptor tyrosine kinases, comprising nine EphA and five EphB 

receptors in most vertebrates. Their ligands are called Ephrins. Five membrane-GPI 

linked, EphrinA ligands and three trans-membrane EphrinB ligands have been
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identified in a number of vertebrate species (reviewed in (Himanen and Nikolov, 

2003a). In contrast, only one Eph receptor and four EphrinA ligands have been 

identified in C. elegans {George et al., 1998; Wang et al., 1999); and one Ephrin and 

one Eph receptor are present in the Drosophila genome (Scully et al., 1999). 

Through cell contact-dependent interactions with the Ephrin ligands, which are also 

present on the cell surface, Eph receptors elicit signals that propagate in both the 

receptor- and the ligand-expressing cell. This is known as bidirectional signalling 

(reviewed in (Kullander and Klein, 2002; Murai and Pasquale, 2003).

The Eph family members function in a variety of processes during 

development, including axon guidance, neural crest cell migration, boundary 

maintenance and vascular development. In the adult, they are involved in synaptic 

plasticity, nerve regeneration, cancer progression and angiogenesis (reviewed in 

(Krull, 1998; Holder and Klein, 1999; Dodelet and Pasquale, 2000; Wilkinson, 2000; 

Xu et al., 2000; Adams, 2002; Cooke and Moens, 2002; Coulthard et al., 2002; Knoll 

and Drescher, 2002; Kullander and Klein, 2002; Murai and Pasquale, 2002; 

Nakamoto and Bergemann, 2002; Augustin and Reiss, 2003; Thompson, 2003; Bolz 

et al., 2004)). Classical Eph/Ephrin interactions were thought to mediate contact- 

dependent cell repulsion in many of these processes. However, it has become 

apparent that under certain circumstances, they are also capable of promoting 

adhesion (reviewed in (Holmberg and Frisen, 2002; Wilkinson, 2003).

1.3.2 Eph/Ephrin Interactions and Signalling Pathways

1.3.2.1 Biochemical structure of Eph/Ephrins

The Eph receptors were so named because the first one identified was 

isolated from a erythropoietin-producing human hepatocellular carcinoma cell line 

(Hirai et al., 1987). The ligands are called Ephrins for Eph family receptor interacting 

proteins (Committee, 1997).

Eph receptors are transmembrane molecules, the extracellular region of 

which consists of four domains (Figure 1-5 A; reviewed in (Kullander and Klein, 

2002; Himanen and Nikolov, 2003b; Murai and Pasquale, 2003)). The most N-
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terminal domain is referred to as the globular domain, and it is both sufficient and 

necessary for ligand-binding (Labrador et al., 1997). Adjacent to the globular domain 

is a cystein-rich region and two fibronectin type III (FNIII) repeats (Tuzi and Gullick, 

1994). The intracellular domain of the receptors contains a single highly conserved 

tyrosine kinase domain that has closer homology to non-receptor tyrosine kinases 

than to other receptor tyrosine kinases. Next to and within the tyrosine kinase 

domain are tyrosine residues susceptible to phosphorylation that are important for 

the signalling cascades (reviewed in (Kullander and Klein, 2002; Himanen and 

Nikolov, 2003b; Mural and Pasquale, 2003)). The C-terminal region of the protein 

consists of a less conserved non-catalytic region that includes a sterile alpha motif 

(SAM) and a PDZbinding domain (Schultz et al., 1997; Hock et al., 1998). These 

domains have been proposed to act as protein interaction modules for receptor 

oligomerisation and/or for the recruitment of intracellular signalling molecules.

Ephrin ligands are classified in two groups according to their structure (Fig.1- 

5 A; reviewed in (Kullander and Klein, 2002; Himanen and Nikolov, 2003b; Mural 

and Pasquale, 2003)) EphrinA ligands are membrane-bound through a glycosyl 

phosphatidylinositol (GPI) linkage. EphrinB ligands are transmembrane and present 

a highly conserved short intracellular domain. The intracellular domain of EphrinB 

ligands contains tyrosine residues that become phosphorylated upon receptor 

binding, and is important for the intracellular signalling cascades (Bruckner et al., 

1997). The extracellular domain of both groups contains four conserved cystein 

residues (Pandey et al., 1995a). The crystal structure of the receptor-binding 

ectodomain of EfnB2 reveals this region to contain dimérisation sites, suggesting 

that, in contrast to Eph receptors, Ephrins have the ability to dimerise through their 

extracellular domain (Toth et al., 2001). The three amino acids at the carboxy- 

terminus of both groups constitute a PDZ-binding domain that has been shown to be 

important for the recruitment of intracellular signalling molecules (Songyang et al., 

1997; Lin et al., 1999).
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Figure 1-5 Structure and Downstream Signalling Pathways of the Eph/Ephrins

A The structure of an EphA or EphB receptor and the structure of EphrinA ligands 

and EphrinB ligands (see section 1.3.2.1).

B A summary of the main forward and reverse signalling pathways that have been 

identified downstream of EphA/EphrinA interactions (see section 1.3.2.3).

C A summary of the main forward and reverse signalling pathways that have been 

identified downstream of EphA/EphrinA interactions (see section 1.3.2.4).
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1.3.2.2 Eph/Ephrin interactions

Large-scale binding studies showed differential binding specificity for each 

Ephrin class to different subsets of Eph receptors as well as different affinities within 

one class (Gale et al., 1996). In this sense, GPI-linked EphrinA ligands will bind to 

EphA receptors and transmembrane EphrinB ligands will bind to EphB receptors, 

with the exception of Eph A4, which binds to both classes of Ephrins (Gale et al.,

1996). This promiscuity, together with their widespread expression within the 

embryo in adjacent as well as overlapping domains, generates the possibility of 

multiple mechanisms of action and regulation (Flenniken et al., 1996; Gale et al., 

1996; Cooke et al., 1997b).

Early biochemical studies provided the first clues to understanding how 

interactions between Ephrins and Eph receptors are promoted and the biological 

relevance of membrane-bound ligands (reviewed in (Kullander and Klein, 2002; 

Himanen and Nikolov, 2003b; Murai and Pasquale, 2003)). Both soluble and 

membrane- attached forms of the ligands were able to bind their receptors. 

However, only membrane-associated ligands caused high phosphorylation of the 

Eph receptors, suggesting the requirement of ligand clustering for receptor 

activation (Davis et al., 1994). Effects downstream of receptor activation that differ 

depending on the level of Ephrin clustering have also been observed in vivo (Stein 

et al., 1998). This suggests that in vivo, the amount of Ephrin detected by an Eph 

receptor-expressing cell determines the type of signal transduced and therefore the 

cellular response.

Further insights on how Eph/Ephrin interactions and clusters form have been 

provided by the determination of the crystal structure of the binding domains of 

EphB, EfnB2 and the EphB2/EfnB2 complex (Himanen et al., 1998; Himanen et al., 

2001; Toth et al., 2001). This has revealed the presence of two domains of contact 

between Eph receptors and ligands, and suggests that binding takes place in two 

steps. Initially, an Eph receptor binds an Ephrin through an expansive dimérisation 

domain, dominated by the insertion of an extended Ephrin loop into a channel on 

the surface of the receptor. This is a high-affinity interaction and results in the 

formation of an Eph-Ephrin heterodimer. Two Eph-Ephrin dimers then join to form a

60



Chapter 1 Introduction

tetramer, in which each ligand interacts with two receptors and each receptor with 

two ligands. This is mediated by a second lower-affinity binding interface that 

provides class specificity. These ring-like tetrameric associations are very stable 

and promote high phosphorylation of the Eph-receptor intracellular domains. 

Eph/Ephrin binding, however, might not be the only mechanism by which ligands 

and receptors cluster. Other extracellular and intracellular structures, such as 

cysteine-rich domains, SAM domains and PDZ-binding regions may also be 

important for the positioning and signalling of both receptors and ligands (Lackmann 

et al., 1998; Torres et al., 1998; Stapleton et al., 1999).

Recently, the idea that Eph/Ephrin interactions are restricted to 

EphA/EphrinA or EphB/EphrinB binding pairs has been challenged. Although EphA4 

can bind to both classes of Ephrins, no such interactions had been observed for 

EphB receptors binding to EphrinA ligands. It has now been shown that EphB2 can 

indeed bind to EfnA5 and stimulate clustering, receptor activation and neurite 

retraction (Himanen et al., 2004). Some specificity still exists, however, since EfnA5 

interacts with EphB2 only and not other EphB receptors. Although the responses 

induced in cell-culture by the EphB2/EfnA5 pair seem to be the same as those 

induced by the standard EphB2/EfnB1 pair, higher levels of EprhinAS are required. 

This suggests that in vivo, EphB2 may be a density sensor’ for EfnA5, responding 

only to high levels of EfnAS.

1.3.2.3 Signalling downstream of Eph receptors -  forward signalling

Major progress has been made during recent years in identifying molecules 

that directly interact with the intracellular domain of EphA and EphB receptors, and 

the downstream pathways influenced by Eph receptor signalling (Figure 1.5 B and 

C). These pathways, in most cases, lead to regulation of the cytoskeleton and cell 

adhesion (reviewed in (Kullander and Klein, 2002; Murai and Pasquale, 2003; Noren 

and Pasquale, 2004)).

Upon ligand engagement, each member of the receptor dimer, or cluster, 

undergoes autophosphorylation on several tyrosine residues located in the 

intracellular domain (Davis et al., 1994; Kalo and Pasquale, 1999b). 

Phosphorylation of the juxtamembrane region is required to induce a conformational

61



Chapter 1 Introduction

change in the cytoplasmic portion of the Eph receptors, which relieves inhibition of 

the juxtamembrane region on the kinase domain (Zisch et al., 2000). This 

phosphorylation establishes binding sites for adaptor proteins containing SH2 and 

SH3 domains, which subsequently regulate downstream pathways (reviewed in 

(Pawson and Scott, 1997).

Among the many downstream pathways influenced by Eph receptor 

signalling, several are noteworthy. Eph signalling can affect the cytoskeleton by a 

number of identified routes. EphB2 and EphA4 receptors interact with the SH2 

domain of Ableson (Abl) and an Abl-related protein Arg in yeast two-hybrid assays 

(Yu et al., 2001). The Abl family of non-cytoplasmic tyrosine kinases are implicated 

in actin cytoskeleton organisation, particularly in the developing nervous system 

(reviewed in (Yu et al., 2001). Abl and Arg have actin-binding motifs in their carboxy- 

terminal and are localised with Eph receptors in neuronal growth cones, suggesting 

a role for Abl in regulating Eph-mediated axon pathfinding. Mouse embryos that lack 

Abl and Arg show neural closure defects that are similar to those seen in EfnA5-null 

mice, suggesting that Abl/Arg- mediated EphA signalling may regulate neural tube 

closure.

The identification of Ephexin, a novel guanine nucleotide exchange factor for 

Rho GTPases, has provided another mechanistic link between Eph signalling and 

the cytoskeleton (Shamah et al., 2001). The Rho family of GTPases, are important 

regulators of the actin cytoskeleton (reviewed in (Hall, 1998; Luo, 2000). Rho 

promotes growth-cone collapse. Two other family members, Cdc42 and R ad , 

promote filopodial and lamellipodial extension, respectively (Kozma et al., 1997). 

Ephexin interacts with the cytoplasmic region of EphA4 in a yeast two-hybrid assay 

and a dominant-negative form of Ephexin can inhibit growth-cone collapse in retinal 

ganglion cells (Shamah et al., 2001). In cell culture, Ephexin appears to activate 

RhoA and inhibit Cdc42 and R ad, linking Eph signalling and the actin cytoskeleton. 

A similar link to the Rho family exists for EphB receptors. However, it appears to be 

via the exchange factors Kalirin and Intersectin rather than Ephexin (Irie and 

Yamaguchi, 2002; Penzes et al., 2003).

In contrast to many receptor tyrosine kinases, Eph receptors do not appear 

to have mitogenic activity in cell culture (Lhotak and Pawson, 1993; Brambilla et al..
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1995; Bruce et al., 1999). It was recently shown that EphB and EphA receptors are 

in fact negative regulators of the signal-regulated kinase/mitogen-activated protein 

kinase (ERK/MAPK) pathway (Elowe et al., 2001; Miao et al., 2001). Suppression of 

this pathway seems to lead to a reduction in mitogenic signals and also to 

enhancement of cytoskeletal changes. RasGAP, which can bind to EphB receptors 

(Holland et al., 1997), may mediate the regulation of the ERK/MAPK pathway by 

Eph receptors (Tong et al., 2003).

Eph receptor signalling has also been linked to changes in cell adhesion in 

several ways. Attachment of neuronal cells to fibronectin activates the ERK/MAPK 

pathway and, since EphB2 can reduce ERK/MAPK activation, may modulate 

integrin signalling (Elowe et al., 2001). EphB2 also promotes the phosphorylation of 

R-Ras, which in turn suppresses the ability of R-Ras to support integrin activity (Zou 

et al., 1999). In prostate carcinoma cells, activation of EphA2 can suppress integrin- 

mediated adhesion by inducing the dephosphorylation of focal adhesion kinase 

(FAK) (Miao et al., 2000). Other studies have linked modulation of aSpiintegrin- 

mediated cell attachment to EphBI (Huynh-Do et al., 1999). EphBI kinase activity 

can recruit low-molecular-weight protein tyrosine phosphatase (LMW-PTP) and the 

SH2-SH3 adaptor Nek. Downstream activation of Nck-interacting kinase can also 

modulate integrins and increase cell attachment (Becker et al., 2000). EphA8 can 

localise a phospatidylinositol 3-kinase subunit to the plasma membrane, which is 

also required for integrin-mediated adhesion (Gu and Park, 2001). So EphA and 

EphB receptor signalling are both linked to integrin-mediated cell adhesion, 

although, depending on the system, the effect may be either upregulation or 

downregulation. This suggests that in vivo, a complex balance of signalling 

regulates the final cellular response.

A number of PDZ-domain proteins can bind to the PDZ-binding motif at the 

C-terminal end of Eph receptors. AF-6, a Ras-binding protein, has been found 

associated to the PDZ-binding motif of various Eph receptors (Hock et al., 1998). 

Interestingly, receptor phosphorylation is not required, for AF-6 binding. It has been 

suggested that AF-6 acts as a scaffolding molecule in the complex formed between 

EphB receptors and Ryk (Halford et al., 2000). Ryk is a catalytically inactive 

receptor tyrosine kinase that is trans-phosphorylated following complex formation
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with EphB receptors. These observations demonstrate that crosstalk between Eph 

receptors and other transmembrane molecules is a common event.

EphA4 signalling has also been linked to the Jak/Stat signalling pathway in 

C0S7 cells and C2C12 myotubes (Lai et al., 2004). Stimulated Eph A4 induces 

tyrosine phosphorylation of the tyrosine kinase Jak2 and the transcriptional activator 

stats, in a kinase-dependent manner. This, in contrast to links to the cytoskeleton, 

suggests that prolonged activation of Eph receptors may also regulate gene 

expression.

In summary, Eph receptor signalling has been linked in a variety of ways to 

the modification of the actin cytoskeleton and changes in integrin-mediated cell- 

adhesion. These observations are consistent with many of the in vivo roles that 

have been demonstrated to depend on Eph receptor signalling (section 1.3.3). 

Furthermore, Eph receptors are able to communicate with a variety of other cell 

surface proteins by several crosstalk mechanisms.

1.3.2.4 Signalling downstream of Ephrins -  reverse signalling

Ephrin molecules were originally considered as simple ligands. Comparative 

analysis of transgenic mice expressing different truncated versions of Eph receptors 

revealed that truncations of the extracellular ligand-binding domain of the receptor 

sometimes results in stronger phenotypes than truncations of the intracellular kinase 

domain (Henkemeyer et al., 1996; Holland et al., 1996). These observations 

presented the first indication that Ephrins act as receptors as well as ligands, that 

may be capable of signalling. Since then many experiments have demonstrated that 

this is indeed the case. It is now clear that of the processes that require Eph/Ephrin 

signalling in vivo, some require Eph receptor signalling only (forward signalling), 

some Ephrin signalling only (reverse signalling) and some bidirectional signalling 

(reviewed in (Kullander and Klein, 2002). Downstream signalling pathways for both 

EphrinA ligands and EphrinB ligands have been identified (Figure 1-5 B and 0).

The presence of five conserved tyrosine residues in the cytoplasmic tail of 

EphrinB ligands suggests that EphrinB2 reverse signalling may require 

phosphorylation of these residues. Indeed, upon receptor binding, these tyrosine
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residues are phosphorylated in vitro ar\6 in vivo (Holland et al., 1996; Bruckner et 

al., 1997; Kalo and Pasquale, 1999a). In primary endothelial cells and cortical 

neurons, it was shown that it is the Src family of kinases that mediates this 

phosphorylation event (Palmer et al., 2002). They are rapidly recruited to EphrinB 

clusters following stimulation by EphB2.

The cytoplasmic tail of EphrinB ligands, like Eph receptors, also contains a 

PDZ-binding motif and can recruit PDZ-domain proteins. One such protein is the 

protein-tyrosine phosphatase PTP-BL. This appears to act as a negative regulator of 

Src family kinases and indicates the presence of a switch that allows a shift from 

phosphotyrosine-dependent signalling to PDZ-domain dependent signalling. EfnBI 

is also phosphorylated following stimulation of the PDG F receptor, suggesting that a 

direct interaction may occur between the PDGF receptor and EfnBI (Bruckner et al., 

1997).

Signalling downstream of EphrinB ligands also affects cytoskeletal dynamics 

(reviewed in (Cowan and Henkemeyer, 2002)). The SH2-SH3 domain adaptor 

protein Grb4 is recruited to phosphorylated EfnBI ligands that have been stimulated 

with EphB2 (Cowan and Henkemeyer, 2001). The recruitment of Grb4 to EfnBI 

results in the loss of polymerised F-actin and the disassembly of focal adhesions. 

Grb4 itself interacts with polyproline-containing proteins such as Abl-interacting 

protein-1 (Abi-1) and C-Cbl-associated protein (CAP). It is via these proteins that the 

cytoskeletal modifications occur (Cowan and Henkemeyer, 2001).

There is some limited evidence that GPI-linked EphrinA ligands are also 

capable of signalling. Genetic studies have indicated that in C. eiegans, which has 

one Eph receptor (VAB-1) and four EphrinA ligands, the functions of VAB-1 are 

partly kinase-independent (Wang et al., 1999). This is consistent with reverse 

signalling through the EphrinA ligands. Activated EphrinA ligands can regulate 

integrin-mediated cell adhesion. This appears to occur by activating the Src family 

kinase Fyn, which is localised with EphrinA receptors in lipid-rafts (Davy et al., 1999; 

Davy et al., 2004). This is perhaps how EphrinA ligands mediate the attractive force 

that appears to exist during topographical projections in the vomeronasal system 

(Huai and Drescher, 2000).
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In summary, the Ephrins can also act as receptors and are capable of 

downstream signalling. More is known about signalling downstream of EphrinB 

ligands, although EphrinA ligands are also capable of signalling. This dual function 

of Ephrins means that during any intercellular Eph/Ephrin interaction, signals may 

be propagated in both cells. This is known as bidirectional signalling.

1.3.2.5 Repulsion versus adhesion

With the identification of such a diverse group of molecules and pathways 

downstream of Eph receptor and Eprhin activation, it is becoming increasingly clear 

that Eph/Ephrin signalling can act to promote both cell repulsion and cell adhesion.

The cell contact dependent repulsive effect of Eph/Ephrin signalling has 

been well characterised in several developmental processes, particularly during 

neural development. These include cell sorting in the hindbrain, restriction of neural 

crest migration to specific pathways, and axon-guidance (reviewed in (Flanagan and 

Vanderhaeghen, 1998; Wilkinson, 2001)). The intercellular interaction of Eph 

receptors with their Ephrin ligands is one of high affinity. It is therefore difficult to 

envisage how this initially adhesive interaction is converted into repulsion. It is now 

clear that as well as the various downstream pathways stimulated by Eph/Ephrin 

signalling, the removal of the receptor-ligand complex from the cell surface is a 

crucial process enabling the disengagement of the cells. This can occur by at least 

two mechanisms.

In the first mechanism, the binding of EfnA2 to EphA receptors activates the 

cleavage of the EfnA2 by the ADAMIO/Kuzbanian metalloprotease (Hattori et al., 

2000). This releases EfnA2 from the cell surface allowing the cells to move apart.

In the case of EphrinB ligands, metalloprotease cleavage seems to be 

inefficient or absent. Instead, EphB/EphrinB complexes appear to be removed from 

the cell surface by endocytosis (Marston et al., 2003; Zimmer et al., 2003). In cell 

culture when EphB2- and EfnBI-expressing or EphB4- and EfnB2-expressing cells 

interact, intracellular vesicles rapidly appear containing phosphorylated 

EphB2/EfnB1 complexes. This endocytosis is often bidirectional, since the vesicles 

are observed in both cells (Zimmer et al., 2003). The process appears to require the
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intracellular domains of the receptor and ligand and is dependent in some cases on 

Rac GTPase (Marston et al., 2003; Zimmer et al., 2003). Blocking endocytosis using 

truncated EphB2 or EfnBI results in prolonged adhesion between the cells or a lack 

of growth-cone retraction in primary neurons. This suggests a model whereby EphB 

receptor activation initially induces the cytoskeleton assembly that is required for the 

endocytosis and subsequently triggers cytoskeletal disassembly and the retraction 

of lamellipodial extensions, allowing the cells to disengage. So a switch from 

adhesion to repulsion may be regulated by progressive and gradual increases in 

Eph receptor and Ephrin clustering and activation, eventually leading to endocytosis

Several situations in which Eph/Ephrin signalling mediates a stable adhesive 

or attractive response have also been demonstrated. The first indication of such an 

effect was provided by in vitro experiments in which EphB-expressing cells and 

EphrinB-expressing endothelial cells fused to form capillary-like structures (Stein et 

al., 1998). Increased integrin-mediated cell attachment to the surface was also 

observed in these experiments (Huynh-Do et al., 1999). EfnA5-null mice present 

defects in neural tube closure consistent with a role of EfnAS in an adhesion event 

(Holmberg et al., 2000). Adhesive interactions also appear to play a role in several 

neuronal pathfinding events. In vomeronasal projection for example, apical axons 

expressing high levels of EfnAS project to the anterior of the accessory olfactory 

bulb, which expresses high levels of EphA6 (reviewed in (Knoll and Drescher, 

2002)). This suggests that EphA6 may actually be attractive or adhesive for EfnAS- 

expressing neurons. Although it is not clear how this occurs, it has recently been 

shown that an attractive interaction mediated by EfnAS and EfnA2 also occurs 

during retinotectal projection (a process in which Eph/Ephrin signalling was 

classically described as mediating contact-dependent repulsion). In this case 

though, it is the neurons that are expressing EphA receptors and the tectum that is 

expressing EphrinA ligands. A switch between adhesion/attraction and 

repulsion/growth-cone collapse appears to be mediated by the level of EfnA2 that 

the neurons encounter (Hansen et al., 2004).

In summary, the emerging data suggest that Eph/Ephrin signalling mediates 

both attractive and repulsive responses. It is likely that distinct downstream 

mediators are involved in these responses of different cell types. However, it also 

seems that different levels of Eph signalling can affect the outcome. Endogenous
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dominant-negatives can reduce the signalling levels, leading to adhesion. While low- 

level signalling initially leads to cytoskeletal assembly, facilitating adhesion, higher 

levels of signalling appear to lead to endocytosis, allowing a repulsive interaction to 

occur. Thus regulation of endocytosis may also be important in determining an 

adhesive or repulsive outcome.

1.3.3 Biological Functions of Eph/EphrIn Signalling

Eph receptors and Ephrins are dynamically expressed in a wide range of 

regions of the embryo and in the adult brain, suggesting that they are functionally 

involved in a diverse number of processes. Their links to the cytoskeleton place the 

Eph family at the interface between patterning and morphogenesis. In the following 

sections we review some of the roles of Eph/Ephrin signalling during the 

development of the embryo, focusing on particular functions that illustrate the 

diversity but also the common themes of these roles.

1.3.3.1 Axon guidance -  topographical mapping

Graded expression of Eph receptors and Ephrin ligands appears to be a 

common mechanism for the regulation of topographical maps in most regions of the 

developing central nervous system (CNS). The first and best studied developmental 

system in which Eph receptors and Ephrins have been demonstrated to function as 

axon guidance cues in this manner comprises the retinotectal projections (reviewed 

in (Wilkinson, 2001 ; Knoll and Drescher, 2002)). These are the connections 

between the retinal ganglion cells of the eyes and the optic tectum. In the 

retinotectal map, nasal retinal axons project to the posterior part of the tectum and 

temporal retinal axons project to the anterior region. These projections are regulated 

by the different sensitivities of nasal and temporal axons to the gradient of EphrinA 

expression in the tectum.

In chick, mouse and fish, EfnAS ar\6 EfnA2 are expressed in the tectum, with 

a gradient increasing from anterior to posterior, and have different repulsive effects 

on nasal and temporal axons (Drescher et al., 1995; Brennan et al., 1997; 

Monschau et al., 1997).
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The mechanism involves EphA3/EphrinA repulsive signalling. In chick, 

EphA3 {EphA5 in mouse) is expressed in the retina in a low nasal—high temporal 

gradient (Cheng et al., 1995). High expression of Eph A3 in temporal axons provides 

high sensitivity to the Eprhin repulsive signal in the anterior tectum, whereas low 

expression of EphA3 in the nasal axons provides low sensitivity to Eprhin signals, 

leading to the migration of these axons to more posterior regions of the tectum 

(Flanagan and Vanderhaeghen, 1998; Wilkinson, 2001; Knoll and Drescher, 2002).

In vitro experiments in which retinal axons are exposed to different artificial 

gradients of EphrinA have shown that growth-cone collapse occurs at a particular 

threshold independent of the steepness of the gradient (Rosentreter et al., 1998). 

This suggests that EphrinA ligands act as a barrier to growth- cone movement of 

retinal axons. Consistently, in EfnA5-null mutant mice some temporal axons target 

more posterior regions of the tectum (Frisen et al., 1998; Feldheim et al., 2000). 

However, most axons reach their targets indicating that Ephrin repulsive signals 

bias competition for territory. Indeed it has been demonstrated that it is the relative 

levels of EphA receptor expression in retinal axons, rather than the absolute levels, 

that are important for topographical mapping in this system (Brown et al., 2000).

The axonal connections between the olfactory epithelium in the nose, the 

vomeronasal organ (VNO), and the accessory olfactory bulb (AOB) in the forebrain 

are known as vomeronasal projections. These vomeronasal projections are another 

topographical system in which Eph receptors and ligands have been shown to play 

a role. Contrary to other topographical systems, EphA ligands are expressed in the 

migrating axons, whereas receptors are expressed in the AOB targets, suggesting 

that reverse signalling plays a role in axon pathfinding (Zhang et al., 1996). 

Furthermore, Eph/Ephrin interactions appear to have an adhesive effect since high 

levels of EfnA3 or EfnA5  expression are seen in subsets of VNO axons that 

innervate regions of the AOB expressing high levels of E pM 6 (Zhang et al., 1996; 

Knoll et al., 2001a). Consistent with an adhesive interaction, in vitro stripe assays 

demonstrate that olfactory neurons expressing EphrinA preferentially grow on EphA- 

coated surfaces (Knoll et al., 2001b). Finally, the disruption of VNO-AOB 

connections in EfnA5-null mutant mice demonstrates that Eph/Ephrin signalling 

plays a role in the correct establishment of these projections in vivo.
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Recent refinement of growth-cone collapse assays has demonstrated that 

low levels of EphrinA ligands can attract retinal axons (Hansen et al., 2004). This 

suggests that rather than acting as a barrier for growth-cone extension, retinal 

axons really do ‘sense’ a gradient of EphrinA ligands and implies that an attraction- 

to-repulsion switch occurs at a certain threshold level of EphA/EphrinA signalling. 

This could explain the adhesive interactions during vomeronasal projections and 

may explain the expression patterns observed in both the retinotectal system and 

the vomeronasal system, which seem to imply adhesion rather than repulsion.

1.3.3.2 Axon guidance -  Projection pathfinding

The generation of mutant mice for Eph receptors and Ephrins has provided 

substantial information about the role that these molecules play during axon 

pathfinding in vivo. Interestingly, many of the mutants present disruption in 

commissural and ipsilateral projections as well as axon fasciculation defects, 

suggesting that the Eph family can mediate repulsive signals from adjacent 

environments to guide axons between territories and prevent growth cones from 

migrating across expression boundaries. Eph/Ephrin signalling has been implicated 

in the navigation of commissural axons across the midline of the forebrain and 

midbrain, the restriction of axons to longitudinal tracts that do not cross the ventral 

midline of the spinal cord, the pathfinding of spinal motor axons through the rostral 

half of the somites, and the pathfinding of motor axons in the limbs (Henkemeyer et 

al., 1996; Orioli et al., 1996; Park et al., 1997; Wang and Anderson, 1997; Dottori et 

al., 1998; Helmbacher et al., 2000; Imondi et al., 2000).

The Eph A4 forward signalling upon activation by EfnB3 that is required to 

restrict axons to the corticospinal tract is one good example of Eph/Ephrin signalling 

regulating axon guidance (Dottori et al., 1998; Kullander et al., 2001a). This tract is 

a long fibre that connects the brain to the spinal cord and provides central control 

over body movements. The tract begins in the neocortex, running ventrally through 

the brain, before crossing the midline at the brain-spinal cord boundary. It then 

continues down the side of the spinal cord and connects to the spinal-cord motor 

axons. In EphA4-null and EfnB3-null mice, the corticospinal tract axons aberrantly 

recross the midline in the spinal cord, resulting in a lack of motor control in the adult
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mice (Dottori et al., 1998; Kullander et al., 2001a). This interaction is dependent on 

the kinase-domain of EphA4 but not the intracellular domain of EfnBS (Yokoyama et 

al., 2001). EphA4 is expressed in the cortical neurons, and stimulation of these 

neurons with EfnBS results in growth-cone collapse (Kullander et al., 2001a; 

Kullander et al., 2001b). Interestingly, EphA4-null mice also have anterior 

commissure defects. In this instance, this can be rescued by the knock-in of a 

kinase-dead EphA4 receptor, suggesting that in this system, EphA4 is acting as a 

ligand (Kullander et al., 2001b).

1.3.3.3 Neural crest migration

Neural crest cells migrate from the lateral margins of the neuroepithelium 

through the trunk in a segmental pattern that is imposed by the region through which 

these cells migrate. Neural crest cells differentiate on arrival at their destination, 

giving rise to many cell types including dorsal root ganglia and sympathetic ganglia 

(reviewed in (Bronner-Fraser, 1993; Bronner-Fraser, 1994; Bronner-Fraser, 2000)). 

In the chick and mouse embryo, trunk neural crest cells migrate through the rostral 

half of each somitic sclerotome, avoiding the caudal half. The restricted migration 

appears to be regulated by repulsive cues in the posterior half of the somite and 

attractive cues in the anterior half.

Ephrins have been proposed to mediate repulsion of neural crest cell 

migration through the posterior half of the somites. In the chick embryo, EphB3 is 

expressed in the anterior sclerotome and in migrating neural crest cells, whereas 

EfnB I is expressed in the posterior sclerotome (Krull et al., 1997). Similarly, in 

mouse, EfnBI and EfnB2 are expressed in the posterior somite half, and receptors 

for these ligands are expressed in migrating neural crest cells (Wang and Anderson,

1997). In vitro experiments performed in chick showed that neural crest cells 

exposed to EfnBI-coated surfaces do avoid migration through these lanes, whereas 

treatment of neural crest cells with soluble forms of the ligand inhibited this effect 

(Krull et al., 1997).

Eph/Ephrin signalling has also been implicated in the regulation of neural 

crest cell migration through the branchial region in Xenopus. In this region, neural 

crest cells migrate from the midbrain and hindbrain in three streams to the first.
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second, and third and more posterior branchial arches. Here they contribute to 

cranial ganglia and differentiate into bone and cartilage (Kontges and Lumsden,

1996). In Xenopus embryos these streams are adjacent during the early stages of 

migration and Eph/Ephrin signalling is implicated in preventing their intermingling 

(Smith et al., 1997). EphA4 and EphBI are expressed in third arch and EfnB2\n 

second arch neural crest cells. Blocking and ectopic expression experiments 

indicate that signalling between EfnB2 and Eph receptors prevents migration of 

neural crest between the second and third arches, in either direction (Smith et al.,

1997).

1.3.3.4 Vascular development

The first indication of a role for Eph signalling in angiogenesis was the 

finding that EfnA1 expression is induced in endothelial cells by TNFa (tumour 

necrosis factor) (Holzman et al., 1990). Since then, many in vitro experiments have 

shown the ability of EfnAI to induce sprouting of blood vessels and migration of 

endothelial cells (Pandey et al., 1995b).

At least two other Eph family members are expressed in the vasculature of 

the embryo: EfnB2 in arterial endothelial cells; and EphB4, which complementarily 

labels venous endothelial cells at very early stages of development (Wang et al.,

1998). EphB2 an6 EphB3 are expressed with EphB4 in venous capillaries; low 

levels of EphB4 and EphB3 expression are seen in arterial capillaries (Adams et al.,

1999). The phenotypes of E fnB 2  mutant mice, EphB4  mutant mice and 

EphB2/EphB3 double mutant mice demonstrate a role for these molecules in 

vascular development (Wang et al., 1998; Adams et al., 1999; Gerety et al., 1999). 

The mutants present the same phenotype, characterised by impaired intercalation of 

venous and arterial capillary beds and an arrest of vasculogenesis at the primary 

capillary plexus stage. Mice lacking the intracellular domain of EfnB2 also present 

angiogenic remodelling defects, demonstrating that EfnB2 reverse signalling is 

required to maintain the venous-arterial interface. Recent in vitro experiments have 

also demonstrated reciprocal functions for EfnB2 and EphB4 in the formation of 

each characteristic type of vessel (Zhang et al., 2001).
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1.3.3.5 Segmental patterning

Segmentation provides an efficient mechanism for organising the 

development of the embryo, allowing the same developmental processes and 

molecules to be used repeatedly in each segment. The somites in the paraxial 

mesoderm and the hindbrain rhombomeres in the CNS are the most overt 

morphological segments within the developing vertebrate embryo.

In the hindbrain, cell intermingling is restricted between adjacent 

rhombomeres and gene expression is segmentally patterned, suggesting that cell 

identity and restricted cell movement contribute to the maintenance and sharpening 

of the segments (reviewed in (Lumsden and Krumlauf, 1996)). Expression of Eph 

receptors and Ephrins in the hindbrain suggests a role for this family in restriction of 

cell movement and cell identity. In chick, zebrafish and mouse embryos, EphB2, 

EphB3 and EphB4 are expressed in rhombomeres (r) 3 and 5, whereas efnB1, 

efnB2an6 efnB3 are expressed at high levels in r2, r4 and r6 (reviewed in (Xu et al.,

2000)). Overexpression of efnB2a or intracellularly truncated EphA4 in zebrafish 

embryos results in the presence of cells with r3/r5 identity in r2/r4/r6 territory (Xu et 

al., 1995). Expression of efnB2a in a subset of cells at the early cleavage stage 

results in the restriction of these cells to r2/r4/r6 without invasion of r3 and rS (Xu et 

al., 1999). Moreover, region- specific markers were correctly maintained in r3/r5, 

indicating that Eph/Ephrin signalling does not alter cell identity. These results 

suggest that disruption of Eph/Ephrin signalling leads to the loss of cell movement 

restriction, resulting in r3/r5 cells invading adjacent territories.

Similar results were independently obtained in our laboratory for efnB2a and 

EphB4 interactions in the caudal hindbrain (reviewed in (Cooke and Moens, 2002)). 

In Valentino {vat) zebrafish mutants, which present a mutation in the zebrafish 

homologue of the mouse gene Kreisler, rhomobomere boundaries do not form 

posterior to r4 (Moens et al., 1996). In addition, EphB4 is downregulated in rS/r6 and 

efnB2a  expression is upregulated in this region. Consistent with a role for 

Eph/Ephrin signalling in restricting cell intermingling, vat cells from rS/r6, which 

express EfnB2a, are unable to contribute to r5/r6 of wild-type embryos where EphB4 

is expressed (Cooke et al., 2001). Blocking Eph/Ephrin bidirectional signalling
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between val and wild-type cells by ectopically expressing soluble EfnB2 in r5/r6 

rescued the ability of r5/r6 val cells to contribute to r5/r6 of wild-type embryos.

Taken together, these results demonstrate that in the hindbrain, Eph/Ephrin 

interactions restrict cell intermingling between adjacent rhombomeres in order to 

maintain cell identity. Using an in vitro system in which zebrafish cells expressing 

exogenous Eph receptor were juxtaposed with cells expressing exogenous full- 

length or intracellularly truncated EphrinB ligands, it was shown that both 

bidirectional and unidirectional activation of the receptor restricts gap-junctional 

communication between adjacent cell populations (Mellitzer et al., 1999). It has 

been proposed that this may allow adjacent populations of hindbrain cells to adopt 

different identities. In this assay, bidirectional signalling is required for the restriction 

of cell intermingling (Mellitzer et al., 1999). This suggests that bidirectional signalling 

is required for the establishment of boundaries between cell populations.

As discussed earlier, in the PSM, a segmental pattern of gene expression 

confers positional identity on the cells that will form a somite. Segmental expression 

of Eph receptors and Ephrins is also found in the paraxial mesoderm in a number of 

vertebrate species (Scales et al., 1995; Flenniken et al., 1996). In zebrafish, EphA4 

and efnB2a are expressed in adjacent complementary domains in the somites and 

rostral PSM. Overexpression of full-length and truncated forms of EfnB2a in 

zebrafish embryos results in the disruption of somite boundary formation, 

suggesting a role for Eph/Ephrin signalling in the translation of the pattern of gene 

expression into somites (Durbin et al., 1998).

1.4 The Project

1.4.1.1 The role of Eph/Ephrin signalling during somitogenesis

The segmental expression of EphA4, efnB2a and efnB2b and the links 

between Eph/Ephrin signalling and the cytoskeleton make Eph/Ephrin signalling a 

likely candidate to drive the morphogentic events that occur during somite formation. 

Our laboratory has previously demonstrated a role for the Eph family in zebrafish 

somitogenesis (Durbin et al., 1998; Durbin et al., 2000). The first aim of the project
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described in this thesis was to investigate further the mechanisms by which the Eph 

receptors and the Ephrins regulate somite formation. This part of the project was 

conducted in collaboration with Arantza Barrios. In particular we wanted to 

investigate potential regulation of morphogenesis during boundary formation and 

epithelialisation by Eph/Ephrin signalling. In fss/tbx24 mutants the expression of 

EphA4 is lost and efnB2a is expressed throughout the rostral PSM. We wanted to 

restore the Eph/Ephrin interface in the paraxial mesoderm of fss/tbx24 and analyse 

the effects on boundary formation and cell morphology in order to investigate in 

greater detail the role of Eph/Ephrin signalling in somite morphogenesis.

1.4.1.2 The regulation of Eph/Ephrin expression during somitogenesis

Various genes involved in the patterning of embryonic structures have been 

identified as regulators of Eph receptors and Ephrin expression. However, genetic 

evidence demonstrating a direct link to transcription regulation has only been 

provided for a few transcription factors.

The expression of EfnA2 and EfnA5 in the vertebrate tectum is induced at 

the sites of ectopic en-2 expression (Shigetani et al., 1997). Similarly, in the retina, 

expression of EphB2, EphB3, EfnB1 and EfnB2 is induced by the Emx-related 

homeobox genes cVax  and m Vax2  (Schulte et al., 1999). However, these 

interactions are not known to be direct. Factors identified as possible regulators of 

Eph receptor expression during angiogenesis are cytokines such as TNFa (Holzman 

et al., 1990) ar\6 grl/hey2 m zebrafish (Zhong et al., 2000; Zhong et al., 2001; 

Gessler et al., 2002).

The region that has been the best characterised in terms of the control of 

expression of Eph family members, is the hindbrain. Binding sequences for HoxAl 

and HoxBI have been identified in the regulatory region of EphA2 (Chen and Ruley,

1998). Binding sequences for Krox-20 have been identified in an enhancer element 

that drives specific expression of Eph A4 in this region, demonstrating that Krox-20 is 

a direct regulator of EphA4 in the hindbrain (Theil et al., 1998). In zebrafish, 

Valentino has been shown to regulate expression of EphB4a in this region (Moens et 

al., 1996; Cooke et al., 2001). However, a direct genetic link between the regulatory 

sequences of EphB4 and valentino has not been demonstrated. This is also the
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case for HoxA2, which has been shown to be necessary for the specific expression 

of EphA7 in the hindbrain (Taneja et al., 1996).

During somitogenesis, retinoic acid signalling has also been proposed to act 

on the induction of mesodermal EphA4 expression by the surrounding ectoderm and 

lateral mesoderm in the chick embryo (Schmidt et al., 2001). However, nothing is 

known about the direct regulation that drives the segmental expression of 

Eph/Ephrin family members in the rostral PSM. Given that the segmental expression 

of EphA4, efnB2a and efnB2b seems to be necessary for boundary formation, the 

regulation of these genes in the rostral PSM is a crucial step in somitogenesis 

(Durbin et al., 2000). These genes are among the latest genes to be expressed in 

the rostral PSM of zebrafish (Figure 1-6). It is likely therefore that their expression is 

regulated by some of the genes we know to be expressed earlier in the PSM, and to 

be controlled by the clock and wavefront mechanisms that regulate somite boundary 

formation (Figure 1-6). Indeed, the segmental expression of these genes is 

disrupted in the somite mutants. However, the molecular nature of the link between 

the genes that establish rostral-caudal patterning and the expression of EphA4 and 

efnB2a is unknown. The second of aim of the project was to try and find these 

molecular links and to gain insight into the regulation of Eph/Ephrin expression in 

the rostral PSM.

We approached this in two different ways. The first was to generate a 

subtractive library enriched for genes expressed in the PSM with the aim of 

identifying new molecules that may be involved in the segmental expression of 

Eph/Ephrin family members in the rostral PSM. The second was to analyse the 

promoter regions of efnB2a and efnB2b in order to find enhancer/promoter 

sequences capable of driving segmental expression in the rostral PSM. The 

objective was to establish transgenic lines that recapitulate the segmental 

expression of these genes and to use these lines to investigate the 

enhancer/promoter sequences in more detail with a view to uncovering direct 

regulatory mechanisms.
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Figure 1-6 A Summary of Many of The Genes Expressed in the PSM of 

Zebrafish

The expression patterns depicted in this figure are based on (Hug et a!., 1997; 

Durbin et a!., 1998; Griffin et a!., 1998; Haddon et al., 1998; Jiang et al., 1998; 

Yamamoto et al., 1998; Durbin et al., 2000; Holley et al., 2000; Sawada et al., 2000; 

Henry et al., 2002; Nikaido et al., 2002; Oates and Ho, 2002; Yoo et al., 2003). 

her1, her7anà ûfe/faC expression oscillates in the PSM.
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Chapter 2 Materials and Methods

2.1 Embryo Manipulations

2.1.1 Maintenance of Zebrafish

Breeding zebrafish {Danio rerio) were maintained at 28°C on a 14 h light/10 

h dark cycle (Westerfield, 1993). Embryos were collected by natural spawning and 

staged according to Kimmel etal. (Kimmel et al., 1995).

Embryos were generated from the wild-type lines *AB, Tübingen and Tup 

Longfin. Mutant embryos were obtained from the heterozygous or homozygous 

crosses of the mutant lines fused somitesf^^ '̂^, fused somite^'^ (fss), after eigfif^^^ 

(aei), mind spadetaif^^^ (spt), pipetaif^^^ (ppt), knypek^'^ (kny), silberblick

(slb)an6 one-eyed-pinehead^^^ (oep and i^Zoep) (Hammerschmidt et al., 1996; 

Heisenberg et al., 1996; Schier et al., 1996; Solnica-Krezel et al., 1996; van Eeden 

et al., 1996).

2.1.2 Observation of Live Embryos

2.1.2.1 DIG microscopy

Embryos at somitogenesis stages were observed in fish tank water and 

manually dechorionated with #5 watchmaker's forceps. When required, embryos 

were anaesthetised with 0.02% tricane (3-amino benzoic acid ethyl ester) and 

mounted for viewing in 3% methylcellulose in fish tank water.

Embryos at epiboly stage were dechorionated on agarose-coated Petri dishes 

in embryo medium with 100 Units/ml penicillin and 100 ^g/ml streptomycin (Imperial 

Laboratories).
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2.1.2.2 Confocal microscopy

Embryos at somitogenesis stages were dechorionated and embedded in 1% 

low melting point agarose (Sigma) in embryo medium and placed in a glass ring 

(Fisher) on the slide. For dry/oil immersion lenses but not for water immersion 

lenses, a coverslip was placed over the sample. Two different models of confocal 

microscopes were used: a Leica DMRE fluorescence microscope and a Leica 

DMLFS fluorescence microscope both with (Schulte-Merker et al., 1994)a TCS SP 

Confocal head and TCSNT software.

2.1.2.3 Visualisation of cell morphology in living embryos

Living embryos at stages between 8 and12 somites were incubated in 

Bodipy 505-515 or Bodipy ceramide (Molecular Probes) for 2 h at 28 °C on a 

shaker. Stock solutions at a concentration of 10 mM were made up in DMSO and 

used 1:50 in embryo medium (Cooper etal., 1999). Following rinsing in embryo 

medium, the embryos were mounted for visualisation by confocal microscopy using 

the argon laser and the FITC filter set up at the 488-nm excitation wavelength.

2.1.3 Manipulations of Live Embryos

2.1.3.1 RNA injections

Templates for synthesis of mRNA for injection were generated by linearising 

pCS2+ clones at the 3’end with an appropiate restriction enzyme. Following 

purification of the DNA by 1x phenol:chloroform extraction, 1x chloroform extraction 

and precipitation with 0.1 volumes of NaAc 3M and 2.5 volumes of 100% ethanol at 

-80°C for 30 min, the DNA was resuspended in ddHgO. Ijxg of the linear DNA was 

used for the in wfro transcription.

In vitro transcriptions were carried out using the SP6 Message Machine Kit 

(Ambion). Transcription reactions were incubated for 2 h at 37 °C. The DNA 

template was removed by a15 min incubation with DNase. The reaction was
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Stopped by addition of 180 î! dHgO. The RNA was extracted once with 

phenol [Chloroform and once with chloroform and then precipitated with 0.1 volumes 

NaAc 3 M and 2.5 volumes 100% ethanol at -80 °C for 30 min. The RNA was 

microfuged for 15 min at 4 °C, washed in 70% ethanol and resuspended in 20 |liI 

dHgO.

RNA was cleaned and concentrated using a microconcentrator (microcon 

100, Amicon), microfuging at 4°C. The RNA concentration was determined by 

spectrophotometry.

Embryos at the 1-2 cell stage, still in their chorions, were aligned in a plastic 

trough. RNA was injected at a volume of approximately 1-2nl into one cell of the 

embryo using a borosilicate glass capillary with inner filament (Clark) needle 

attached to a Picospritzer. The injected embryos were left to develop at 28 °C.

The concentration of RNA injected was: Full-length EphA4:eGFP 300- 

400 ng/|il; truncated EphA4:eGFP 200 ng/^l; truncated efnB2a:eGFP 200 ng/p\\ full- 

length and truncated papc 100 ng/^il (Kim et al., 1998; Kim et al., 2000); XDeltaSTU 

200-300 ng//yl (Chitnis et al., 1995); N5ICD 100 ng//vl (Itoh et al., 2003); GFP 200- 

400 ng/p\] ngn1 50-100 ng/p\ (Blader et al., 1997); hes6 100-200 ng/pV, eGFP:hes6 

and mo:eGFP:hes6 300-400 r\g/p\.

The distribution of injected RNA in vivo was determined by green 

fluorescence for the GFP fusion constructs and by co-injection with GFP RNA for 

the other constructs.

2.1.3.2 Morpholino injections

Embryos were injected as for RNA injections (section 2.1.3.1), with various 

morpholino s (Gene Tools). Morpholinos (MOs) were designed against direct 

sequencing for hes6. The sequence is as follows :

hes6 MO 5 -GCAGATGGTCGGCGGGTTCAGTTCG-3'
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MOs were injected in Danieau’s medium (Nasevicius and Ekker, 2000). 

Various concentrations were injected at a range of 0.1mM-1mM.

2.1.3.3 Mosaic analysis

Donor embryos were injected at the 1-2 cell stage with rhodamine-dextran 

(Molecular Probes) and either mRNA encoding for a GFP fusion protein or a mixture 

of GFP mRNA plus the mRNA of interest. Transplants were carried out as described 

elsewhere (Ho and Kane, 1990). Sets of 1 donor and 3 hosts were mounted in 

depression slides with 3% methylcellulose and embryo medium. Labelled cells from 

a donor embryo at 30% epiboly were removed with a borosilicate glass capillary 

needle (Clark) attached to an oil precision manual injector (Sutter Instrument 

Company) using a Nikon compound microscope. To ensure that the transplanted 

cells were expressing the injected mRNA, donor cells were selected by green 

fluorescence. Approximately 30 cells were transplanted into each of the unlabelled 

hosts at the 30% epiboly stage. The slides were then placed into Petri dishes with 

embryo medium plus lOOU/ml penicillin and 100 pg/ml streptomycin and into a 

28 °C incubator. Host embryos were allowed to develop to the stage of 8-12 

somites. Rhodamine dextran (determined by red fluorescence with a TRITC filter set 

up at the 568 nm excitation wave length) allowed the visualisation of the 

transplanted cell clones when the host embryos were stained with green dyes 

(section 2.1.2.3). In some instances host embryos were injected directly at the 16- 

cell stage.

2.2 Molecular Biology

2.2.1 General Techniques

General molecular biology techniques, such as DNA isolation, were performed 

according to methods previously described (Sambrook et al., 1989).

2.2.1.1 In situ hybridisation
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Templates for synthesis of antisense RNA probes were generated by 

linearising the clone at the 5’end with an appropriate restriction enzyme. Following 

purification of the DNA by 1x phenol:chloroform extraction, 1x chloroform extraction 

and precipitation with 0.1 volumes of NaAc 3M and 2.5 volumes of 100% ethanol at 

-80°C for 30 min, the DNA was resuspended in ddHgO. 1|Lig of the linear DNA was 

used for the in vitro transcription reaction in which the RNA probe was labelled with 

either digoxigenin-11-UTP or fluorescein-11-UTP. A 20 jxl reaction was set up in 1x 

transcription buffer (200mM Tris-HCI, pH 7.5, 30 mM MgClg, 10 mM spermidine, 50 

mM NaCI) containing 10 mM DTT, NTP-digoxigenin/fluorescein mix (ImM ATP, 

CTP, GTP, 0.65 mM DTP, 0.35 mM UTP-digoxigenin/fluorescein), 40 U Rnasin, 10 

U T3/T7 RNA polymerase. The transcription mix was incubated at 37 °C for 2 h 

before 1 U of DNase was added to remove the template. The DNase reaction was 

stopped after 15 min at 37 °C by the addition of 1 \i\ 0.5M EDTA, pH 8.0. The RNA 

was precipitated as described above, resuspended in 20 pil ddHgO and made up to 

100 |Lil with prehybridisation mix (50% formamide, 5x SSC, 50 |Lig/ml heparin, 

500 pig/ml torula RNA, 9.2 mM citric acid, 0.1 % Tween-20), and used at a dilutions 

of 1:50 to 1:200.

The single whole-mount in situ hybridisation protocol was essential as 

previously described (Thisse et al., 1993). Embryos were dechorionated and fixed in 

4% paraformaldehyde in PBS, pH 7.4 (4% PFA), overnight at 4°C or for 3 h at room 

temperature. Embryos were rinsed in PBT (PBS, 0.1% Tween-20), 50% PBS:50% 

methanol and stored in 100% methanol at -20°C.

Embryos were rehydrated with 3 x 5  min washes of progressively decreasing 

concentrations of methanolPBS followed by 4 x 5 minute washes in PBT. Embryos 

older than tailbud stage were treated with 10 jxg/ml proteinase K at 20°C for 10-20 

min depending on age, rinsed twice in PBT and refixed in 4 % PFA for 20 min at 

room temperature. Following 5x5 min washes in PBT, embryos were prehybridised 

at 65 °C for 2 h in prehybridisation mix. The RNA probes were added and hybridised 

overnight at 65 °C.

Post hybridisation washes were carried out at 65 °C. Embryos were rinsed in 

prehybridisation mix, and then 15 min washes with decreasing concentrations of 

prehybridisation mix;2 x SSC followed by 2 x 30 min washes in 0.2 x SSC. Embryos
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were washed into antibody block at room temperature in MAB (0.1M maleic acid, 

0.15M NaCI, pH 7.4) and then blocked in 2% Boehringer block (Boehringer 

Mannheim) in MAB for 2 h. The embryos were incubated in the appropriate 

antibody, either anti-digoxigenin-alkaline phosphatase Fab fragments (1 in 5000) or 

pre-absorbed anti-fluorescein-alkaline phosphatase Fab fragments (1 in 2000) 

overnight at 4 °C.

The antibody was washed off 8x15 minutes in MAB at room temperature. 

The embryos were equilibrated 3x5 min in developing buffer (100 mM Tris-HCI 

pH 9.5, 100 mM NaCI, 5 mM MgClg, 0.1%Tween-20). The embryos were developed 

in BM purple substrate (Boehringer Mannheim) in the dark. The colour reaction was 

stopped by rinsing 3x PBT and refixing. Embryos were stored and photographed in 

70% glycerol in PBS.

The following zebrafish cDNA clones were used as templates to synthesise 

RNA probes for expression analysis: Eph A4 (Xu et al., 1994), efnBa, efnB2b 

(Durbin, 1998; Durbin et al., 1998), hes6 (Poole, unpublished), myt1 (Poole, 

unpublished IMAGE:3725433), papc (Yamamoto et al., 1998), myoD (Weinberg et 

al., 1996), p a n  (Shanmugalingam and Wilson, 1998), her1 (Muller et al., 1996), 

deltaD (Haddon et al., 1998), ngn1 (Blader et al., 1997), isletl (Inoue et al., 1994), 

tbx24 (Nikaido et al., 2002), hgg1 (Vogel and Gerster, 1997), nf/(Schulte-Merker et 

al., 1994), dlx3 (Ekker et al., 1992).

2.2.1.2 Immunohistochemistry

Embryos were fixed in 4% PFA at 4°C overnight or for 2 h at room 

temperature and then washed several times in PBT (0.8% Triton X-100 in PBS). 

Different embryo permeabilization procedures were performed for each particular 

antibody. For the anti p-catenin antibodies, the embryos were dehydrated with 

methanol and kept at -20 °C for at least 30 min. For the y-tubulin antibody, an extra 

step of permeabilization was carried out by treating the embryos acetone at -20°C 

fpr 5 mins.

Following permeabilization, the embryos were washed several times in PBT 

(0.8% Triton-X-100 in PBs) and blocked for at least 1 hr in 10% goat serum in PBT.
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The embryos were incubated in the primary antibody diluted in 1% goat serum in 

PBT overnight at 4°C. The concentrations used were: 1:500 for (3-catenin (BD 

Trasnduction Laboratories): 1:200 for y-tubulin (Sigma); 1:2.5 for pan-myosin 1025 

(a gift from Simon Hughes).

The embryos were washed out of the antibody by rinsing several times over 

3-4 hours in PBT and then incubated overnight at 4°C with the secondary antibody 

diluted 1:200 in 1% goat serum in PBT. The secondary antibody, Alex flour 488 anti

mouse IgG (Molecular Probes) was washed out with several wahes in PBT. 

Following washes in PBT, the embryos were stored and photographed in 70% 

glycerol in PBS (Cityfluor Ltd.). Alexa fluor antibodies were detected by fluorescence 

with a confocal microscope.

In some cases Phalloidin (Molecular Probes) staining was performed after 

antibody staining. Embryos were incubated for 2 hr at room temperature in a dilution 

of 1:40 (in 2% PBT) from the commercial stock.

2.2.1.3 Southern blotting

Following a suitable DNA digestion and gel electrophoresis of the DNA the 

gel was placed in transfer solution (0.4M NaOH, 0.6M NaCI) for 30 mins with gentle 

agitation. The DNA was transferred from the membrane using capillary transfer. A 

stack was built using strips of Whatman paper as a wick, extending into transfer 

solution. Parafilm was placed over this wick leaving a square uncovered onto which 

the gel was placed. A membrane (HybondN+) was placed on top of the gel and the 

position of the gel loading slots was marked on the membrane. At least 4 sheets of 

transfer solution-soaked Whatman paper was placed on top of the membrane, 

followed by several sheets of dry Whatman paper. A heavy weight was placed on 

top of the stack and it was left overnight at room temperature.

The following day the membrane was placed in neutralising solution (0.5M 

Tris-CL pH7, 1M NaCI ) for 15 min with gentle agitation. The DNA was crosslinked 

to the filter by a brief exposure to UV light. The filter was then screened with a 

radioactive probe (section 2.2.1.4)
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2.2.1.4 Radioactive Filter screening

Gel purified digested or PCR DNA probes for screening were labelled with 

[a-^^P]dCTP using the DNA Megaprime DNA Labelling System (Amersham).

Screening of various membranes (Southern blots (section 2.2.1.3), cDNA 

libraries or PAG libraries) was performed as follows. Hybridisation solution (5X SSC, 

5X Denhardt’s, 0.5% SDS, 50 ^g/ml heparin) was prewarmed to 68°G. The 

membrane was prehybridised in a box containing hybridisation solution for at least 1 

hr in a 68°G shaking water bath. Freshly labelled probe (50/vl) was denatured by 

heating at added to the hybridisation solution and left to incubate overnight at 68°G 

in the water bath. The radioactive hybridisation solution was removed and disposed 

of. The membrane was washed for 10 min in wash solution (stringent: 0.2X SSG, 

0.1% SDS; less stringent: 2X SSG, 0.1% SDS). Then the membrane was washed 

over 2 hrs with 2-3 changes of wash solution. The membrane was then sealed in 

Seran wrap and placed in a cassette. In the dark room unexposed film (Kodak) was 

placed over the membrane. The cassette was sealed and left at -80° overnight (for 

Southern blot membranes this time was reduced to 1-2 hrs). The film was 

developed in an automatic processor.

2.2.1.5 Radioactive end-labelled oligomer filter screening

To screen filter using synthetic oligomers the 5'-ends of these oligomers 

were labelled [y-^^PjATP. A 30 /yl reaction was set up in ddHgO containing 50mM 

Tris-GI pH 7.5, lOmM MgGIg, 5mM DTT, 1-50 pmol oligomer DNA (5’-ends), 50 

pmol (150 pGi) [y-^^P]ATP (specific activity >3000 Gi/mmol), 50 jug/ml BSA and 20 U 

T4 polynucleotide kinase. This reaction was incubated for 60 min at 37°G. The 

reaction was stopped by heating to 75°G for 10 min. The unincorporated nucleotides 

were removed by filtration through a Spehadex G-100 spin column.

Suitable Southern blots (section 2.2.1.3) were screened with these labelled 

oligomer probes as follows. The membrane filter was prehybridised for 30 mins at 

42°G in hybridisation buffer (5X SSG, 5X Denhardt’s, 0.5% SDS). 0.5 ml of Salmon 

sperm DNA (1 mg/ml) and the labelled probe were added and the membrane was

86



Chapter 2 Materials and Methods

hybidised in this solution for 3 hrs at 42°C. The filter was washed once in 2XSSC, 

0.5% SDS for lOmins, then in 1XSSC, 0.5%SDS for 10 mins then in 0.1XSSC, 

0.5%SDS for 10 mins, all at room temperature. The membrane was then sealed in 

Seran wrap and placed in a cassette. In the dark room unexposed film (Kodak) was 

placed over the membrane. The cassette was sealed and left for 30 mins -80°. The 

film was developed in an automatic processor.

2.2.1.6 PCR and sequencing reactions

For PCR and sequencing reactions suitable specific primers were ordered 

(LifeTechnologies). Lyophilised primers were diluted in mQHgO to a concentration of 

lOO^M and stored at -20°C. For sequencing these primers were further diluted in 

mQHgO to a concentration of 3.2 and sent along with the DNA for sequencing 

(Genetix). For PCR reactions the primers were diluted to a concentration of 20 /vM. 

A 20 /vl reaction mixture containing IX  PC reaction buffer (Promega), 0.25 mM 

dNTP mix, 1.5 mM MgClg, 1 1̂ template DNA, 1 ^M upper primer, 1 ^M lower primer 

and 0.2 fj\ Taq Polymerase (or Taq polymerase/Pfu polymerase 14:1 mixutre). A 

standard PCR reaction consisting of 5 min 94 then cycle thorugh 30 sex 94°C, 30 

sec annealing temperature, 1 min 74°C for 25-30 cycles followed by a final 10 min 

74°C. The annealing temperature was calculated independently for each set of 

primers based on the G/C and A/T content and the extension time was varied 

depending on the length of the expected PCR product.

2.2.2 Subtractive Library Generation

2.2.2.1 Generation of a subtractive library enriched for clones expressed in the 

PSM

This library was generated by Lindsey Durbin in an attempt to isolate novel 

cDNAs that are expressed in the PSM but not the formed somites. Zebrafish 

embryos were cut posterior to the last formed somite, giving tissue containing the 

PSM, notochord, ectoderm and the tailbud. Another cut was made anterior to the 

third last formed somites, giving tissue containing mature somites, notochord and 

ectoderm. Total RNA was isolated from both tissues. cDNA was generated form
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these two populations of RNA and the clones generated from the mature somites 

were subtracted from those generated from the PSM using the Clontec PCR-Select 

cDNA Subtraction Kit which is based on PCR suppression. The resulting subtractive 

cDNA library was cloned into pCR®ll (Invotrogen, Motherland) vectors and stored at 

-80°C in LB/Glycerol.

2.2.2.2 Screening the subtractive library clones by in situ hybridisation

Clones in the resulting subtractive were analysed by in situ hybridisation (section 

2.2.1.1). Template for synthesis of antisense RNA probes from the library clones 

were generated by PCR using M l3 universal and M l3 reverse primers. For each 

PCR reaction, 1 1̂ of the vector in LB culture (approx. 50 ng of plasmid DNA) was 

added to 49 1̂ of the PCR mixture (10% Promega lOx Thermophilic Polymerase 

Buffer, 15 mM MgCI2, 0.2 ^g/^l dNTP mix (1:1:1:1), 0.5 ^M M13 universal (-21) 

primer, 0.5 /vM M l3 reverse (-29) primer, 0.05 units/^l Promega Taq). The PCR was 

carried out with the following protocol: initial five mins 94°C, then cycle through 30 

secs 94°C, 30 secs 50°C and 60 secs 72°C for 30 cycles and then a final 10 mins at 

72°C. 45^1 of the PCR reaction was then allowed to precipitate at -80°C for 30 

minutes with 4.5 1̂ NaOAc and lOOjul of 100% ethanol. The precipitate was spun

down at 14,000 rpm for 15 minutes at room temperature and the supernatant

discarded. The pellet was rinsed in 100 /vl of 70% ethanol and then spun down

again at 14,000 rpm for 15 minutes at room temperature and the supernatant

discarded. The pellet was dried of all residual alcohol and dissolved in 12 /vl of mQ 

water. The DNA concentration was measured using a GeneQuant Pro (Amersham) 

spectrophotometer.

For each in vitro transcription reaction, 1 jjg  (about 5 jul) of PCR template 

DNA was added to 20 jj\ of the transcription mixture (section 2.2.1.1). In s itu  

hybridisation with these probes was performed on wild-type embryos at the 10-15 

somite stage as described (section 2.2.1.1).

2.2.3 Clonings
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2.2.3.1 EphA4:GFP and e/nB2a.GFP fusion constructs

These constructs were cloned by Arantza Barrios. Three constructs, 

Xenopus^uW length and dominant negative EphA4 (Xsek1){Xu et al., 1995) and 

dominant negative efnB2a (Durbin, 1998) were cloned into the pEGFP-N1 vector 

(Clontech) upstream of and in frame with the GFP sequence. Dominant negative 

Eph A4 was truncated after amino acid 602 using the PCR pimers :

5’ primer, 5’-TCAGATCTGCCACCATGGCTGGGATTGTA-3’

3’ primer, 5-ATCCCGGGATTCATAAGTAAATGGGTC-3'

Dominant negative efnB2a was truncated after amino acid 251 by using the 

PCR primers:

5’ primer, 5-TACCGCGGACCATGGGCGACTCT-3'

3' primer, 5-GTGGATCCGTCGTCGATACTTCAGGAG-3'

The blunt-end PCR fragments were cloned into pBluescript and 

subsequently digested out with Sma! and B glll . The fragments were cloned 

directionally into the pEGFP-N1 vector previously digested with the same restriction 

enzymes. To generate expression vectors for the synthesis of mRNA the these 

constructs were sub-cloned into pCS2+.

2.2.3.2 full-length cloning and eGFP:hes6 iusion constructs

From the subtractive library we isolated two non-overlapping fragments of 

hes6. Clone 569 was 133 bp corresponding to the second half of the orange domain 

of Hes6 (amino acids 114-158). Clone 624 was 396 bp long and corresponded to 

the first 105 amino acids of Hes6, including the bHLH domain and part of the orange 

domain with stop codons in all reading frames just before the start6 of the putative 

open reading frame (ORF).

To clone a full-length hes6 we screened two RZPD-spotted cDNA library 

filters (section 2.2.1.4). The probe for this screening was 290 bp long and spanned

89



Chapter 2 Materials and Methods

the bHLH domain of hes6. Specific primers were used to generate this fragment 

based on the sequence of clone 624:

5’ primer, 5’-GCCTCCTTCGCTTGTTTTG-3’

3’ primer 5-TAGAAGAGCTTACTGAGGGG-3'

The screening yielded two positive pSPORTI clones, hes6 (4.2) which had 

an insert of 1265 bp and hes6 (1.1) which had an insert of 1100 bp. We sequenced 

the longer of these clones and used it for all subsequent analysis. To generate an 

expression vector for the synthesis of mRNA an 893bp BamHI/Xhol PCR fragment, 

containing 50 bp of 5’-UTR, the whole ORF and 30 bp of 3’-UTR. was generated 

from hes6 (4.2) and inserted BamHI/Xhol into pCS2+. The primers used were:

5’primer, 5-AACTGAACCCGCCGACCAT-3'

3' primer, 3-TAGAAGAGCTTACTGAGGGG-3'

To generate eGFP:hes6 N-terminal fusion constructs to test the hes6 MO we 

first generated a pCS2+ clone containing full length hes6  with the MO target 

sequence removed. An 863bp EcoRI/Xhol PCR fragment was generated and cloned 

EcoRI/Xhol into pCS2+ to generate -mo:hes6. The pimers used were:

5’primer, 5’-GCGCGAATTCATGGCCCCTGCGTCCCGC-3’

3' primer, 3-GCGCCTCGAGTAGAAGAGCTTACTGAGGGG-3’

Next, we generated an 839 bp BamHI/EcoRI PCR eGFP fragment which 

was cloned BamHI/EcoRI in frame with hes6 \nXo -mo:hes6\o generate eGFP:hes6 

(with no MO target sequence). Finally, we generated an 863bp BamHI/EcoRI PCR 

eGFP fragment with the MO target sequence artificially inserted just upstream of the 

ATG which was cloned BamHI/EcoRI in frame with hes6 \n\o -mo:hes6 \o generate 

mo:eGFP:hes6. The primers used were;

5’primer, 5’-GCGCGGATCCATGGTGAGCAAGGGCGAG-3’

or

5’primer, 5’-GCGCGGATCCCGAACTGAACCCGCCGAC 

CATCTGCATGGTGAGCAAGGGCGAG-3’
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and

3’ primer, 3-GCGCGAATTCTCCTCCTCCCTTGTACAG 

GTCGTGCAT-3’

2.2.4 Transgenic Analysis

2.2.4.1 Generating ngn1 IScel constructs

To test the IScel system we used the 3.1 kb and 8.4 kb n g n 1  

promoter/enhancer regions (Blader et al., 2003). We cloned these into the IScel 

vector. We cloned a Notl/Xhol 3.1 ngn 1 :GFP iragmenX from jpBS-3.1ngn1 :GFP \n\o 

the empty IScel vector (Thermes et al., 2002). This vector, obtained from Jochen 

Wittbrodt, is modified version of pBS. It contains 2 copies of the IScel 18 bp 

recognition sequence at either end of the polylinker. To gen rate \Sce\-8.4ngn1:GFP 

we replaced the 3.1ngn1 fragment in \Sce\-3.1 ngn1 :GFP \N\Xh an 8.4ngn1 Notl/Ncol 

fragment from pBS 8.4ngn1 :GFP.

2.2.4.2 Generating I See I-GFP

To allow cloning of efnB2a and efnB2b fragments more easily upstream of 

GFP in the IScel vector, we first cloned the ORF of GFP into IScel. A 922 bp 

Xhol/Kpnl GFP-SV40 fragment was cloned from pGS2-GFP into the empty IScel 

digested with Xhol/Kpnl.

2.2.4.3 Isolating efnB2a and efnB2b containing PAGs

To isolate efnB2a and efnB2b containing PAGs we screened the RZPD 

spotted PAG filters (library number 706) with probes specific to efnB2a and efnB2b 

(section 2.2.1.4). We designed primers against efnB2a and efnB2b and used these 

to amplify a 693 bp fragment of efnB2a and a 531 bp fragment of efnB2b by PGR. 

The fragment of efnB2a covered the first half of the ORF and the fragment of 

efnB2b covered the second half of the ORF. The primers used were:

efnB2a 5’primer, 5’-GTGGAGATATTAGTTTGGAG-3’
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3’ primer, 3-ATGATGACGATGACGCTTGC-3’

efnB2b 5’primer, 5’-TCATCTGOACCTCTAACAGC-3’

3’ primer, 3-CGCTAACCTTCTGGTAATGG-3’

This resulted in the isolation of four PAGs for each gene. We chose one PAG 

at random for each gene to work with, since preliminary digests suggested the 

PAGs covered similar genomic regions. We confirmed the presence of the 5’-end of 

efnB2a and efnB2b in the relevant PAGs by PGR using the primers:

efnB2a 5’primer, 5’-TGAAATTAGAAATTGGGGGGA-3’

3’ primer, 3-GAGGGGATGAGTAAAAGTGG-3’

5’primer, 5’-GGATTATGAGGGGTTGTGG-3’

3’ primer, 3-AAGGGAAGAGGAAGAGAGG-3’

2.2.4.4 Generating efnB2a and efnB2b IScel promoter/enhancer constructs

As described in detail in the results chapter we used end-label oligomer 

blotting to identify upstream fragments of efnB2a and efnB2b genomic DNA. The 

primers used to identify these fragments were;

efnB2a 5’-TGAAATTAGAAATTGGGGGGA-3’ (upstream of Ncol)

5’-GAATGGGTGAGGGGTTGA-3’ (upstream of Sail)

ern62b5’-TAGATTGGGAGTTGGGAAGG-3’ (upstream of PstI)

Using this approach, with the first oligo for efnB2a, we identified two 

fragments that were immediately upstream of the Ncol site at the ATG of efnB2a 

which was perfect for directional cloning into the Ncol site at the ATG of the GFP in 

IScel-GFP. A 1.2 kb Sall/Ncol fragment, a 2.9 kb EcoRI/Ncol fragment. We then 

cloned these fragments into the IScel-GFP vector. We digested the efnB2a PAG 

with EcoRI/Ncol and size selected fragments between 2-4 kb. We shot-gun cloned 

these fragments into IScel-GFP digested with EcoRI/Ncol. To identify positive 

clones we performed PGR with the original end-labelling oligo and a 3’-primer
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situated within the GFP. In this way we generated 2.9efnB2a:GFP. Next we 

removed the 1.2 kb Sall/Ncol fragment from 2.9efnB2a:GFP and re-cloned it into 

IScel-GFPto generate 1.2efnB2a:GFP.

With the first oligo we identified a 4 kb Ncol/Ncol fragment upstream of the 

ATG which meant that this was the longest fragment we could possibly clone using 

the Ncol site at the ATG. Using the genomic sequence from the Sanger centre, we 

designed the second oligomer upstream of the Ncol site, just 5’ to a Sail site and 

using this identified a 7-8 kb Spel/Sall fragment that lay further upstream from the 

ATG. This Sail site was within the 2.9 kb upstream region contained within 

2,9efnB2a:GFP. We digested the efnB2a PAC again, but this time with Sall/Spel 

and size selected for fragments greater than 6 kb. We shotgun-cloned these 

fragments into 2.9efnB2a:GFP digested with Sall/Spel. To identify positive clones 

we performed PCR with the second oligomer and a 3’-oliog within the GFP. By this 

method we also identified re-ligated 2.9efnB2a:GFP clones. To confirm the positive 

clones we performed a Notl digest which released a 4.1 kb fragment in the case of 

re-ligated vector, but a 10.1 kb fragment in the case of positive clones. In this way 

we generated 10.2aefnB2:GFP. All three constructs contain endogenous genomic 

DAN right up to the ATG of the GFP.

Our analysis of efnB2b cDNA revealed a PstI site that lay 100 bp upstream 

of the ATG, suitable for cloning. To ensure we had endogenous genomic DNA right 

up to the ATG we performed a PCR to amplify this region and cloned it into 

IScel:GFP Pstl/Ncol to generate 0.1efnB2b:GFP. We used the following primers;

5’primer, 5’-TAGATTGCCAGTTGCGAAGG-3’

3’ primer, 3-GCGCCTCGAGTAGAAGAGCTTACTGAGGGG-3’

The end-label blotting with the efnB2b probe identified a 1.7 kb Hindlll/PstI 

fragment, a 3.1 EcoRI/PstI fragment and an 11.1 kb Sall/PstI fragment. To facilitate 

the cloning we reversed the orientation of the 0.1efnB2b:GFP piece in the IScel 

vector, to generate 0.1efnB2b:GFP(-). Into this we shot-gun cloned the 11.1 kb 

Sall/PstI fragment from the efnB2b PAC. We were able to identify positive clones 

using the original end-labelling oligomer and a 3’-primer in the GFP. We removed 

the 3.1 kb EcoRI/PstI and the 1.7 kb Hindlll/PstI fragments from 11.1efnB2b:GFP
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and cloned them separately into 0.1efnbB2b:GFP(-) to generate 1.7efnB2b:GFP 

and 3.1efnB2b:GFP. All the constructs were injected with the IScel enzyme to 

monitor transient expression and to generate stable transgenic lines (section 

2.24.5).

2.2.4.5 IScel Injections

The protocol we used was essentially as described previously for medaka 

(Thermes et al., 2002). At the early 1-cell stage we injected approximately In i of 

injection solution containing 10-20 ng/^l DNA (circular IScel reporter plasmid such 

as 10.2aefnB2a:GFP), 0.5X IScel Buffer (NEB) and 0.6-0.75 /yl of IScel (NEB) 

diluted in 6 fj\ of mQHgO.
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Chapter 3 The Role of Eph/Ephrin Signalling During 

Somite Boundary Morphogenesis

3.1 Introduction

3.1.1 Overview

This chapter is a report of laboratory work undertaken in collaboration with 

Arantza Barrios to help her investigate the role of Eph/Ephrin signalling during 

somite morphogenesis in zebrafish. This work has now been published (Barrios et 

al., 2003). Arantza performed the majority of the experiments. I performed some cell 

transplant experiments, various antibody labelling (in particular the ytubulin/actin 

staining in Figures 3-1, 3-2 and 3-8; the sytox/actin staining in Figure 3-2) and in situ 

experiments (in particular those in Figures 3-3 and 3-5). I also contributed to the 

planning of the project and the presentation and interpretation of the results. The 

text and figures in this chapter are taken directly from this publication with some 

modifications.

During maturation of the paraxial mesoderm, segmental patterns of gene 

activity provide the instructions by which mesenchymal cells epithelialise and form 

somites. Various members of the Eph family of trans-membrane receptor tyrosine 

kinases and their Ephrin ligands are expressed in a segmental pattern in the rostral 

pre-somitic mesoderm in such a way that a receptor/ligand interface is established 

at each site of somite furrow formation. In the fused somites {fss/tbx24) mutant, lack 

of intersomitic boundaries and failure of paraxial mesodermal cells to undergo 

mesenchymal-to-epithelial transition is accompanied by a lack of Eph 

receptor/Ephrin signalling interfaces. These observations suggest a role for 

Eph/Ephrin signalling in the regulation of somite epithelialisation.

Using a genetic mosaic approach we show that restoration of Eph/Ephrin 

signalling in the paraxial mesoderm of fss/tbx24 mutants rescues most aspects of
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somite morphogenesis. First, restoration of bidirectional or unidirectional 

EphA4/Ephrin signalling results in the formation and maintenance of morphologically 

distinct boundaries. Second, activation of EphA4 leads to the cell-autonomous 

acquisition of a columnar morphology and apical re-distribution of p-catenin, aspects 

of epithelialisation characteristic of cells at somite boundaries. Third, activation of 

EphA4 leads to non-autonomous acquisition of columnar morphology, apical 

relocalisation of the centrosome and basal relocalisation of the nucleus in cells on 

the opposite side of the forming boundary. These non-autonomous aspects of 

epithelialisation may involve interplay of Eph A4 with other intercellular signalling 

molecules.

Our results demonstrate that Eph/Ephrin signalling is an important 

component of the molecular mechanisms driving somite morphogenesis. We 

propose a new role for Eph receptors and Ephrins as intercellular signalling 

molecules that establish cell polarity during mesenchymal-to-epithelial transition of 

the paraxial mesoderm.

3.2 Results

3.2.1 Analysis of Somite Morphogenesis and Eph/Ephrin Expression in 

Wiid-Type and fss/tbx24 Mutant Embryos

3.2.1.1 Cells of the paraxial mesoderm fail to undergo mesenchymal-to-epithelial 

transition in fss/tbx24 mutant embryos

During somite formation, PSM cells positioned either side of the prospective 

intersomitic boundary align to form palisade-like structures along the intersomitic 

furrow (Figure 3-1 A). Unlike in chick (Kulesa and Fraser, 2002), there is virtually no 

cell movement during this process in zebrafish (personal observation and (Wood 

and Thorogood, 1994)). Flowever, the boundary cells do undergo changes 

associated with transformation from a mesenchymal to an epithelial morphology. 

Epithelial morphology is revealed by acquisition of a columnar shape (Figure 3-1 A), 

accumulation of molecules associated with adhesion complexes, such as p-catenin.
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at the apical pole of the cells (Figure 3-1 B), basally directed relocalisation of cell 

nuclei towards the somite boundary (Figure 3-1 C) and apical relocalisation of 

centrosomes (Figure 3-1 D). These changes are initiated contemporaneously with, 

and not prior to, intersomitic boundary formation (Figure 3-2). Unlike cells at the 

boundaries, those within the core of the somite remain mesenchymal, like cells of 

the PSM.

In fss/tbx24 mutants, cells in the maturing somitic mesoderm undergo some 

reorganisation but somite boundaries do not form. Cells fail to epithelialise at 

segment borders and remain mesenchymal (Figure 3-1 I), p-catenin appears 

localised homogenously throughout the cell membrane (Figure 3-1 J), nuclei remain 

in the centre of the cells (Figure 3-1 K) and centrosomes are distributed randomly 

within the cytoplasm (Figure 3-1 L). The morphology of the cells in the somitic 

mesoderm of fss/tbx24 mutants resembles the mesenchymal morphology of cells in 

the core of the PSM of wild-type embryos (Figure 3-1 E-H). The PSM of wild-type 

zebrafish embryos also contains cells with epithelial morphology at sites where the 

paraxial mesoderm borders with the notochord, neural and surface ectoderm, and 

lateral plate mesoderm (Figure 3-2). In fss'' embryos, equivalent cells also display 

epithelial morphology (data not shown and (van Eeden et al., 1996)), indicating that 

the intracellular machinery required for cellular epithelialisation is functional in fss'' 

cells.
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Figure 3-1 Cells Undergo Mesenchymal-to-Epithelial Transition at Somite 

Boundaries in Wild-Type but Not fss/tbx24 Mutant Embryos

Dorsal views of left-sided paraxial mesoderm of embryos labelled with Bodipy 

ceramide (which reveals cell morphology) or with Bodipy 505-515 (which reveals 

nuclear position), or immunostained for p-catenin or for y-tubulin (which labels 

centrosomes) and stained with phalloidin (which labels actin). Anterior is to the top. 

A -D  Cells at somite boundaries in wild-type embryos. Arrowheads point to the 

intersomitic boundary.

E-H Cells in the presomitic mesoderm (PSM) of wild-type embryos. Arrows point to 

epithelial adaxial cells in which centrosomes are apically localised (H), as also seen 

in epithelial cells at somite boundaries (D). Centrosomes are randomly positioned in 

other PSM cells.

I-L Cells in the somitic mesoderm of fss'' embryos remain mesenchymal. 

Abbreviations ac, adaxial cells; n, notochord.
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Figure 3-2 Cells Within the Core of the PSM Are Mesenchymal and 

Epithelialisation of Somite Boundary Cells Occurs Concomitantly with 

Boundary Formation

Wild-type embryos have been stained with Bodipy ceramide (A and B), phalloidin 

(red in C, green in D), Sytox (red in D) or Bodipy 505-515 (E). In C, the embryo has 

been immunostained for y-tubulin (green) to show centrosomes. A and C-E dorsal 

views, anterior to the top. B lateral view, anterior to the left.

A-B Cells can be seen adjacent to the neural tube and the lateral plate mesoderm 

that have an epithelial columnar morphology (arrows) similar to that at the forming 

somite boundary (arrowhead). Cells caudal to the last somite boundary, within the 

core of the PSM, remain mesenchymal in shape.

C Cells adjacent to the notochord also have an epithelial columnar morphology and 

an apical positioning of the centrosome (arrow), similar to those at the somite 

boundary (arrowhead). Cells caudal to the last somite boundary remain 

mesenchymal in shape and have a random positioning of the centrosome.

D-E Cells adjacent to the notochord and the lateral plate mesoderm also have a 

basally located nucleus (arrows), similar to somite boundary cells (arrowhead). Cells 

caudal to the last boundary within the core of the PSM remain mesenchymal and 

have a nucleus within the centre of the cell.

Abbreviations Ipm, lateral plate mesoderm; nc, notochord; nt, neural tube.
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3.2.1.2 Eph/Ephrin signalling is disrupted in the paraxial mesoderm of fss/tbx24 

mutant embryos

In the rostral PSM of wild-type embryos, somite boundary formation is 

preceded by the segmental expression of ephA4, two Ephrins, efnB2a and efnA1 

that bind this receptor and efnB2b, which is also likely to bind EphA4 (Gale et al., 

1996; Durbin et al., 1998). ephA4 and efnB2b are expressed in two or three stripes 

in the PSM (Durbin et al., 1998) such that by the stage that cells are in SO (somite 

nomenclature after (Pourquie, 2001b)), expression is restricted to one or two rows of 

cells in the most rostral region of the segment adjacent to the forming somite 

boundary (Figure 3-3 C and E). efnB2a and efnA1 show graded expression within 

presumptive somites, with highest expression in caudal cells adjacent to the forming 

boundary (Figure 3-3 G and I). Each new intersomitic furrow, therefore, forms at the 

interface between caudal cells in SO expressing high levels of efnB2a and efnA1 

and rostral cells in S-l expressing high levels of ephA4 and efnB2b (Figure 3-3 K).

Segmental expression of these Eph family members is abolished in fss/tbx24 

mutants. ephA4 and efnB2b expression in cells with rostral identity is absent in the 

paraxial mesoderm (Figure 3-3 D and F); expression of efnB2a is detected 

throughout the S-II/SII region (Figure 3-2 H). Segmental expression of efnA1 is also 

lost in fss'̂ ' embryos and, in the S-II/SII region, transcripts are only detected in the 

medial region of the paraxial mesoderm (Figure 3-3 J). Analysis of the expression 

patterns of these Eph family members demonstrates the absence of a ligand- 

receptor interface in the PSM of fss mutants, suggesting that Eph/Ephrin signalling 

is disrupted in the region where somite boundaries should be forming (Figure 3-3 L).
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Figure 3-3 Expression of Eph/Ephrin Family Members in the Paraxial 

Mesoderm of Wild-Type and fss/tbx24 Embryos.

Single in situ hybridisations with eph A4, efnB2b, efnB2a and efnA1 probes in wild- 

type or fss/tbx24 mutant embryos at the 8-somite and 10-somite stage, respectively 

(labelled at the top and left). For comparison, a living wild-type and fss/tbx24 mutant 

were labelled with Bodipy ceramide. A schematic diagram of Eph/Ephrin expression 

is shown. A-L Dorsal views, anterior is to the top. Arrowheads mark the position of 

the last formed somite boundary.

A-B Living wild-type and fss'̂ ' embryos labelled with Bodipy ceramide. In the wild- 

type embryo the positions of the last two somites formed (Sll, SI), the forming 

somite (SO) and the two presumptive somites in the PSM (S-l, S-ll) are indicated.

C-J Expression of ephA4 (C and D), efnB2b (E and F), efnB2a (G and H) and 

efnA 1 (I and J) in wild-type (top row) and fss mutant (bottom row) embryos in the 

region of the paraxial mesoderm shown in A and B.

C -J' Schematic diagrams summarising expression of Eph family members in the 

paraxial mesoderm of wild-type and fss/tbx24 mutant embryos.

K-L The interface between ephA4 and efnB2a expression in the rostral PSM is lost 

in fssAbx24 mutants.

Abbreviations nc, notochord; nt, neural tube.
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3.2.2 Rescuing Morphological Boundaries in fss/tbx24 Mutants

3.2.2.1 Restoration of the Eph/Ephrin signalling interface rescues the formation of 

morphologically distinct boundaries in the paraxial mesoderm of fssAbx24 

mutant embryos

To test the hypothesis that loss of eph A4 expression in the rostral PSM 

contributes to the failure to form somites in fss'̂ ' embryos, we designed a series of 

experiments to restore the Eph/Ephrin interface in the paraxial mesoderm of fss^' 

mutants. Wild-type donor cells expressing an EphA4:eGFP fusion protein (Durbin et 

al., 2000) were transplanted into the prospective paraxial mesoderm of fss '̂ host 

embryos. When clusters of wild-type cells expressing exogenous EphA4 were 

present in the paraxial mesoderm of fss' '̂ embryos, ectopic morphologically distinct 

boundaries were visible at the interface between EphA4-expressing donor cells and 

Ephrin-expressing fss'̂ ' host cells in 84% (n = 57) of cases (Figure 3-4 A and Table 

3-1). As irregular and weak boundaries do occasionally form in the paraxial 

mesoderm of unmanipulated fss'̂ ’ embryos, we assayed the frequency with which 

clones of cells might coincidentally align with these boundaries. When fss ‘' cells 

were transplanted into the prospective paraxial mesoderm of fss' '̂ host embryos, we 

found only 14% of the clones aligned with an endogenous boundary (Table 3-1).

In order to address the possibility that factors other than exogenous EphA4 

mediate the rescue of boundaries when wild-type cells are transplanted into fss'̂ ' 

hosts, wild-type donor cells expressing only GFP were transplanted into fss^' hosts. 

Wild-type cells did not restore boundary formation and clones coincided with the 

rare endogenous boundaries in the somitic mesoderm of fss'’ hosts at a frequency 

no greater than we had observed for control transplants of fss'’ cells (Figure 3-4 B 

and Table 3-1). This was surprising since we expected that cell-autonomous activity 

of wild-type Fss might promote the endogenous expression of rostral markers 

including ephA4 in wild-type cells transplanted into fss'’ hosts. However, although 

wild-type cells do autonomously express various rostral segmental markers when 

transplanted into fss'’ hosts (Figure 3-5), there is no detectable ephA4 expression 

(Figure 3-4 0). Together, these results indicate that wild-type cells are unable to
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rescue an Eph/Ephrin signalling interface or formation of morphologically distinct 

boundaries when transplanted into fss'' hosts.

Fss regulates the expression of many genes in addition to ephA4 and so we 

tested whether exogenous EphA4 requires the activity of other Fss-dependent 

proteins in order to rescue formation of morphologically distinct boundaries. When 

clusters of EphA4-expressing fss'' cells were present in the somitic mesoderm of 

fss'' hosts, ectopic morphologically distinct boundaries formed at the interface 

between donor and host cell populations in 87% (n = 23) of cases (Figure 3-4 D and 

Table 3-1). These results demonstrate that boundaries can be induced in fss'' 

embryos solely by the restoration of an Eph/Ephrin signalling interface.

Transplanting Eph A4 expressing cells into fss'' embryos is likely to activate 

signalling downstream of both receptor-expressing donor cells and Ephrin- 

expressing host cells. To test whether signalling downstream of Ephrins is sufficient 

to restore formation of morphologically distinct boundaries, we activated Ephrins 

with a tagged version of a dominant negative EphA4 receptor that lacks the 

intracellular tyrosine kinase domain (section 2.2.3.1). Truncated membrane-bound 

Eph receptors are able to bind and promote clustering and activation of their 

counterpart ligands in adjacent cells (Davis et al., 1994; Xu et al., 1995). However, 

the lack of a tyrosine kinase domain renders the receptor incapable of transducing 

an intracellular signal. When wild-type cells expressing truncated EphA4 receptor 

were transplanted into the somitic mesoderm of fss''' embryos, ectopic boundaries 

were rescued at the interface between donor and host cell populations in 93% (n = 

23) of cases (Figure 3E and Table 3-1). This suggests that activation of Ephrin 

reverse signalling in cells on one side of the nascent boundary is sufficient to 

generate morphologically distinct boundaries in the paraxial mesoderm of fss'' 

embryos.
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Table 3-1 Rescue of Boundary Formation in Mosaic Experiments

Experiment Boundary formation (%) n

fss fss 14 7

wt fss 4 24

wt + Eph A4 fss 84 57

fss + EphA4^ fss 87 23

wt + dnEphA4 fss 93 29

wt +EphA4 fss + dnEphrinB2a 86 22

n is the total number of fss host embryos analysed; data are pooled from several 

independent experiments.

Abbreviations: dn, dominant negative; fss, fused somites; wt, wild type.
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Figure 3-4 Eph/Ephrin Signalling Restores Morphologically Distinct 

Boundaries in fss '̂ Embryos

DIG and fluorescence (A -E) overlays and DIG images (A’- E ’) of the paraxial 

mesoderm of fss' '̂ hosts into which wild-type or fss'' cells expressing various GFP- 

tagged reagents (green) or containing rhodamine dextran (red) have been 

transplanted (labelled at the top). Arrowheads point to morphologically distinct 

boundaries formed at the interface between donor and host cells. All dorsal views. 

A-B  Morphological boundaries are induced around clones of wild-type cells 

expressing exogenous EphA4 but not GFP alone.

C Single in situ hybridisation with an ephA4 probe was carried out following 

transplantation. Wild-type cells are unable to express ephA4 when transplanted into 

the paraxial mesoderm of fssAbx24 mutants.

D-E Boundaries are also induced around clones of fss' '̂ cells expressing EphA4 or 

wild-type cells expressing dnEphA4.

Abbreviations dn, dominant negative; nt, neural tube.
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3.2.2.2 Exogenous Eph A4 does not induce “rostral identity” and can still induce 

boundary formation when Notch signalling is disrupted

Our favoured interpretation of the previous results is that Eph/Ephrin 

signalling functions as one of the final steps in boundary formation. An alternative 

explanation is that exogenous EphA4 signalling restores expression of other genes 

that function in the rostral region of the forming somite, and it is these other factors 

that mediate boundary formation. In wild-type embryos, papc and deltaD are both 

expressed segmentally in the rostral PSM in stripes that correspond to the rostral 

region of the forming somites (Figure 3-5 A and C). These can be considered as 

markers of rostral identity. The segmental expression of papc  is lost in fssAbx24 

mutants, and the expression of deltaD is severely downregulated (Figure 3-5 B and 

D). To investigate whether EphA4 induces boundary formation by restoring rostral 

segmental identity, we performed a series of transplantation and In situ hybridisation 

experiments. When wild-type donor cells are transplanted into the paraxial 

mesoderm of fss/tbx24  mutants, papc expression and high levels of deltaD  

expression are restored in the transplanted cells (Figure 3-5 E and F). This shows 

that the wild-type Fss protein is sufficient to cell-autonomously induce papc and high 

levels of deltaD expression in wild-type cells within fss' '̂ hosts. Despite expression of 

these markers of rostral segmental identity in donor cells, ephA4 expression is 

absent (Figure 3-4 C) and boundaries are not induced in the somitic mesoderm 

(Figure 3-4 B).

When fss^' donor cells expressing exogenous EphA4 are transplanted into 

fss' '̂ host embryos, expression of papc or enhanced deltaD expression is not 

observed in the transplanted fss' '̂ cells (Figure 3-5 G and H). Therefore, restoration 

of Eph A4 activity in fss'' cells has no obvious effect on papc or deltaD expression. 

Despite the absence of these markers of rostral segmental identity in donor cells, 

boundaries are induced in the paraxial mesoderm (Figure 3-4 D). These 

observations suggest that Eph/Ephrin signalling directly mediates boundary 

formation downstream of the acquisition of rostral identity and does not induce 

boundaries by changing the fate of presomitic cells.

Although EphA4 signalling cannot restore rostral segmental identity to 

transplanted fss '̂, it may affect Notch signalling. There is evidence that Notch/Delta
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signalling interfaces can induce morphological boundaries in chick (Sato et al., 

2002). Notch signalling has also been shown to refine the expression of deltaCXo 

the caudal half of somite primordia in zebrafish (Holley et al., 2002), and is required 

for the segmental expression of DII1 and U ncx4 .1 in the caudal half of the 

presumptive somites in mouse (Takahashi et al., 2000; Takahashi et al., 2003). We 

made use of an antimorphic Delta construct (XDeltaSTU; (Chitnis et al., 1995)) that 

can disrupt somite boundary formation when injected into 1-cell stage embryos 

(Figure 3-6 B). When wild-type cells exogenously expressing both EphA4 and 

XdeltaSTU are transplanted into fss' '̂ hosts, a morphologically distinct boundary is 

still induced at the interface between donor and host cells in 90% (n = 10) of cases 

(Figure 3-5 C). In fss' '̂ cells, expression of Notch pathway genes is disrupted (Holley 

et al., 2000) and the XDeltaSTU construct is likely to perturb Notch pathway 

signalling in the transplanted wild-type cells. In this experiment, Eph/Ephrin 

signalling still induces boundary formation despite the likely disruption to 

Notch/Delta signalling, implying that Eph/Ephrin signalling is unlikely to induce 

boundaries by restoring Notch/Delta signalling interfaces.

From these results we conclude that the apposition of EphA4-expressing 

cells and EfnB2-expressing cells is sufficient to restore morphologically evident 

boundaries without requiring the full restoration of rostral segmental identity or 

Notch signalling in EphA4-expressing donor cells. We therefore predict that 

EphA4/Ephrin signalling is most likely functioning at the final step of boundary 

formation.
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Figure 3-5 EphA4 Is Unlikely to induce Boundary formation by Restoring 

Rostral Segmental Identity to Donor Cells

Single in situ hybridisation with either papc or deitaD  probes in wild-type and 

fss/tbx24 mutant embryos or following the transplantation of wild-type or fss^ cells 

expressing exogenous EphA4 into the paraxial mesoderm of fss' '̂ hosts (labelled at 

the top and left). All dorsal views, anterior to the top. A-H DIG images. B DIG and 

fluorescence overlays. The rectangles in B and 0 indicate the areas of the paraxial 

mesoderm in fss' '̂ embryos where transplanted cells are shown in E-H 

A-B The segmental expression of papc in the rostral region of the forming somites 

is lost in fssAbx24 mutants.

C-D The segmental expression of deltaD in the rostral region of the forming somites 

is drastically downregulated in fssAbx24.

E Transplanted wild-type cells express papc in fssAbx24 hosts (arrows).

F Transplanted wild-type cells express high levels of deltaD in fssAbx24 hosts 

(arrows).

G Transplanted fss^ cells expressing exogenous EphA4 do not express papc in 

fssAbx24 hosts.

F Transplanted fss'^'cells expressing exogenous EphA4 do not express high levels 

of deitaD in fssAbx24 hosts.
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Figure 3-6 Notch Signalling Is Not Required for EphA4 to Induce 

Morphological Boundaries

DIG and fluorescence (O’) overlays and DIG images (A-G) of wild-type control 

embryos and wild-type embryos injected with XDelSTU or the paraxial mesoderm of 

fss'' hosts into which wild-type cells expressing EphA4 and XDelSTU have been 

transplanted (labelled at the top). Arrowheads point to morphologically distinct 

boundaries formed at the interface between donor and host cells. All dorsal views, 

anterior to the top.

A-B Somite boundaries are disrupted following Injection of XDelSTU (asterisk).

C A morphological boundary forms at the interface of donor and host cells when 

wild-type cells expressing EphA4 and XDelSTU are transplanted into fss/tbx24 

mutant embryos.

Abbreviation nc, notochord.
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3.2.2.3 Boundaries established by the restoration of EphA4/Ephrin signalling in fss 

embryos mature normally during muscle differentiation

A major consequence of somite boundary formation is the alignment of 

muscle fibre attachment sites at the intersomitic boundary (Figure 3-7 A). To assess 

whether morphologically distinct boundaries that form as a consequence of 

Eph/Ephrin signalling in fss' '̂ mutants resemble wild-type intersomitic furrows, we 

assayed muscle fibre organisation in fss^' embryos with and without transplants of 

EphA4-expressing cells. In fss'' embryos there is no precise alignment of muscle 

fibres. Even when rare, irregular and aberrantly shaped endogenous boundaries are 

present, muscle fibres still frequently cross the boundaries (Figure 3-4 B).

The morphologically distinct boundaries that form in fss'' embryos following 

unidirectional or bidirectional Eph/Ephrin signalling from wild-type or fss'' donor cells 

are capable of organising muscle fibres. Both host and donor muscle fibre 

attachment sites are aligned at the induced boundaries and muscle fibres do not 

extend across the boundary into adjacent cell populations. Muscle fibres in EphA4- 

expressing clusters of wild-type cells (Figure 3-7 C) appear more compact and 

better aligned than those in EphA4-expressing fss'' cell clusters (Figure 3-7 D) or in 

truncated EphA4-expressing wild-type cell clusters (Figure 3-7 E). This suggests 

that signalling downstream of the receptor and other Fss-dependent factors 

contribute to the proper morphogenesis and differentiation of the clones (see below 

and Discussion).
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Figure 3-7 Boundaries Restored by Eph/Ephrin Signalling Are Maintained 

During Muscle Differentiation

Lateral views of wild-type and fss'' somitic muscles at 24-28 hpf, immunostained for 

myosin (green), in some cases following transplantation of wild-type or fss' '̂ cells 

expressing exogenous Eph A4 or dnEphA4 (labelled at the top). Anterior is to the 

left. Arrowheads point at morphologically distinct furrows. Arrows point at fss'' 

muscle fibres that span adjacent segments.

A Muscle fibre attachment sites are aligned at the intersomitic boundary 

(arrowheads) in wild-type embryos.

B In fssAbx24 mutant embryos muscle fibres span adjacent segments (arrows).

C-E Muscle fibres align with the boundaries induced around transplanted clones. 

Abbreviation dn, dominant negative.
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3.2.3 Rescuing Epithelialisation of Boundary Ceils in fss/tbx24 Mutants

3.2.3.1 Apical distribution of p-catenin and acquisition of columnar morphology are 

downstream consequences of EphA4 signalling

In addition to formation of a morphologically distinct boundary, somite 

morphogenesis leads to epithelialisation of cells at the boundary, a process that is 

absent in fss'' mutants (Figure 3-1). To investigate whether Eph/Ephrin signalling is 

involved in mediating this mesenchymal-to-epithelial transition, we analysed 

whether cells along boundaries induced by Eph/Ephrin signalling in fss''' embryos 

became epithelialised. In 70% (n = 20) of cases in which morphologically distinct 

boundaries were established at the interface between donor ep/?A4-expressing wild- 

type cells and ephrin-exjpressmg fss'' host cells, the donor cells at the boundary 

acquired a columnar morphology (Figure 3-8 A and Table 3-2; cells were considered 

of columnar morphology when the height/width ratio was between 2.3:1 and 3:1, 

compared to an average height/width ratio of 1.3:1 for mesenchymal cells). In 80% 

(n = 15) of cases, donor cells were judged to show increased levels of p-catenin at 

the apical pole of the cell and reduced levels basally (Figure 3-8 B and Table 3-2). 

To determine whether this epithelialisation depends upon the interaction of EphA4 

with other Fss-dependent factors, we investigated the epithelialisation of fss'' cells 

following activation of EphA4. In 70% (n = 19) of cases, EphA4-expressing fss'' cells 

relocalised p-catenin towards the apical pole when transplanted next to Ephrin- 

expressing fss'' host cells (Figure 3-8 J and Table 3-2). In 77% (n = 9) of cases, 

donor fss'' cells acquired a columnar morphology (Figure 3-8 I and Table 3-2).

Although these results suggest that EphA4 signalling mediates 

epithelialisation, an alternative explanation is that Eph signalling establishes a 

boundary and, as a consequence of boundary formation, other EphA4-independent 

events lead to epithelialisation. To investigate this further, we transplanted wild-type 

cells expressing truncated EphA4, which we know can induce boundaries but 

cannot transduce intracellular signalling downstream of EphA4. Although truncated 

EphA4 induces boundary formation, cells do not adopt a columnar morphology and 

p-catenin remains throughout the membrane including the basal pole adjacent to the

119



Chapter 3 The Role of Eph/Ephrin Signalling

boundary (Figure 3-8 E-F and Table 3-2). These results indicate that cell shape 

changes and p-catenin relocalisation are dependent on cell-autonomous activation 

of EphA4 signalling and are not secondary consequences of boundary formation.

Table 3-2 Rescue of Epithelialisation in Mosaic Experiments

Donor cells Host cells

Experiment p-catenin

relocalisation

(%)

Columnar

morphology

(%)

Nuclear

relocalisation

(%)

Columnar 

morphology + 

centrosome 

relocalisation 

(%)

wt + Eph A4 

fss

80 (n = 15) 70 (n = 20) 52 (n = 49) 50 (n = 14)

wt + dnEphA4 

fss

7(n = 14) 8(n = 12) 7 (n = 29) 0 (n = 6)

fss + EphA4 

fss

70 (n = 19) 77 (n = 9) 13(n = 23) 11 (n = 9)

wt + Eph A4 

fss

+ dnEfnB2a

57 (n = 22)

n, total number of fss host embryos analysed; data are pooled from several 

independent experiments.

Abbreviations: fss, fused somites; wt, wild type
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3.2.3.2 Epithelialisation of host fss' '̂ cells is a cell non-autonomous effect of Eph A4 

signalling dependent on Fss

When wild-type cells expressing exogenous EphA4 were present in the 

somitic mesoderm of fss' '̂ hosts, 84% (n = 57) of the cell groups induced boundary 

formation. In 52% of these cell groups (44% of the total number of clones) the nuclei 

of Ephrin-expressing fss^' host cells became localised at the basal pole, towards the 

boundary (Figure 3-8 C and Table 3-2). This basal nuclear relocalisation was 

accompanied by the acquisition of a columnar morphology and apical relocalisation 

of the centrosome (Figure 3-8 A,D and Table 3-2). Epithelialisation of host fss^' cells 

is, therefore, a cell non-autonomous effect of EphA4 activity. Despite acquiring 

these features of epithelialisation, Ephrin-expressing host cells showed no evidence 

of apical p-catenin relocalisation (not shown). Similarly, relocalisation of the nucleus 

and the centrosome was not observed in donor EphA4-expressing cells (not 

shown). Together, these results indicate that, while epithelial morphology is rescued 

on both sides of the Eph/Ephrin induced boundaries, more subtle aspects of cell 

polarity may remain disrupted.

Given that Ephrins can signal intracellularly, a cell non-autonomous effect of 

the receptor suggests a role for Ephrin reverse signalling in epithelialisation. We 

therefore performed several sets of experiments to elucidate the requirement for 

Ephrin signalling in cell elongation and nuclear relocalisation. First we examined cell 

shape and cell polarity in fss'' host cells at boundaries induced by transplantation of 

truncated EphA4-expressing wild-type donor cells. Truncated EphA4 is able to 

activate Ephrin reverse signalling in adjacent cells but is unable to signal 

intracellularly. Although 93% (n = 29) of the clones formed morphologically distinct 

boundaries, no obvious rescue of cell elongation, basal nuclear relocalisation or 

apical relocalisation of the centrosome was observed in the adjacent Ephrin- 

expressing fss'' host cells (Figure 3-8 E-FI and Table 3-2). This result indicates that 

the reverse signalling induced by truncated EphA4 is not sufficient to promote cell 

epithelialisation. As full-length but not truncated EphA4 can non-autonomously 

restore epithelial morphology in adjacent cells, this result also implies that 

intracellular signalling downstream of Eph A4 is important in this event.
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Next we attempted to more directly address whether reverse signalling 

downstream of Ephrins is required for epithelialisation. To do this, we 

overexpressed an intracellularly-truncated dominant negative form of EfnB2a 

throughout the somitic mesoderm of fss^' mutant hosts. Truncated EfnB2a is able to 

bind and activate EphA4 in adjacent cells but is unable to signal intracellularly and is 

likely to suppress endogenous EphrinB reverse signalling (Durbin et al., 1998; 

Cooke et al., 2001) (section 2.2.3.1). When clones of wild-type donor cells 

expressing Eph A4 were transplanted into truncated EfnB2a-expressing fss'' hosts, 

acquisition of columnar morphology and nuclear relocalisation still occurred in host 

cells in 57% (n = 22) of cases in which morphologically distinct boundaries formed 

(Figure 3-9 A-B and Table 3-2). This frequency is not significantly different from that 

seen in experiments in which reverse Ephrin signalling was unperturbed. Together 

these results demonstrate that elongation and polarisation of fss'' host cells are cell 

non-autonomous effects downstream of EphA4 signalling for which Ephrin reverse 

signalling may not be essential.

These observations suggest the presence of a parallel pathway that 

becomes activated by Eph A4 signalling in the receptor-bearing cells and that signals 

back to adjacent fss'' cells to promote cell elongation and nuclear migration. To 

investigate whether this parallel pathway is fully functional in fss'' mutants, we 

transplanted EphA4-expressing fss'' cells into fss'' hosts and assessed 

epithelialisation in the host cells. Whereas fss'' host cells undergo elongation and 

relocalisation of cellular organelles in response to EphA4-expressing wild-type 

donor cells, no significant epithelialisation of host cells was seen when the donor 

cells lacked Fss activity (Figure 3-8 l-L and Table 3-2). These results indicate that 

the factor(s) that cooperate with EphA4 in the receptor-bearing cells are not present 

or are functionally compromised in fss'' cells.
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Figure 3-8 Eph/Ephrin Signalling Rescues Epithelialisation of Cells at 

Morphologically Distinct Boundaries

Confocal images showing Bodipy ceramide labelling (green; A, E , I), p-catenin 

immunolocalisation (green; B, F, J), Bodipy 505-515 labelling (green; C, G, K), or 

phalloidin labelling (red; D, H, L) and y-tubulin immunolocalisation (green; D, H, L) of 

the somitic mesoderm of fss'' host embryos containing donor cells labelled with 

rhodamine dextran (red; A-C, E-F, l-K) or CFP (blue; D, H, L). Donor cells are either 

wild-type or fss' '̂ and are exogenously expressing EphA4 or dnEphA4 (labelled to 

the left).

A, E, I Wild-type and fss' '̂ donor cells acquire a columnar morphology if they are 

exogenously expressing EphA4 when they are transplanted into fss' '̂ hosts. This 

does not occur if they are exogenously expressing dnEphA4.

B,F,J Wild-type and donor cells show increased levels of p-catenin at the apical 

pole and reduced levels basally if they are exogenously expressing EphA4 when 

they are transplanted into fss' '̂ hosts. This does not occur if they are exogenously 

expressing dnEphA4. Arrows point to the basal surfaces of the transplanted cells at 

the interface where morphologically distinct boundaries form (visible with DIG optics, 

not shown).

C,G,K Host fss' '̂ cells acquire a columnar morphology and relocalise their nucleus 

towards the basal pole, towards the boundary (arrowhead) in response to wild-type 

donor cells expressing exogenous EphA4. This does not occur in response to wild- 

type cells exogenously expressing dnEphA4 or fss^' cells exogenously expressing 

EphA4.

D,H,L Host fss^' cells acquire a columnar morphology and relocalise their 

centrosome towards the apical pole in response to wild-type donor cells expressing 

exogenous EphA4. This does not occur in response to wild-type cells exogenously 

expressing dnEphA4 or fss' '̂ cells exogenously expressing EphA4. Arrows point to 

centrosomes.

Abbreviations ac, adaxial cells; dn, dominant negative; nc, notochord.
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Figure 3-9 Cell Non-autonomous Rescue of Epitheliallsatlon Is Independent of 

Ephrin Reverse Signalling

Confocal Images showing Bodipy 505-515-labelled somitic mesoderm of fss'' host 

embryos containing rhodamine dextran-labelled wild-type donor cells.

A-B Host fss'^' cells exogenously expressing dnEfnB2a acquire a columnar 

morphology and relocalise their nucleus towards the boundary (arrowheads) in 

response to wild-type donor cells exogenously expressing EphA4, despite 

exogenously expressing dnEfnB2a.

Abbreviation dn, dominant negative.
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3.2.3.3 Paraxial protocadherin (Pape) is unlikely to mediate the cell non- 

autonomous effect of EphA4

Our data suggest that there is some other factor(s) cooperating with EphA4 

signalling to promote nuclear polarisation in adjacent cells. We would expect such a 

factor to fit the following criteria: it should normally be co-expressed with EphA4 at 

segment boundaries: its expression or function must be disrupted in fss mutants; 

and it must be expressed and retain activity in wild-type cells that are transplanted 

into a fss^' background. The protocadherin Pape meets all these criteria.

Previous data implicating Pape in somite boundary formation (Kim et al., 

2000) and in the regulation of cell shape (Kim et al., 1998) made this protein a good 

candidate for cooperating with EphA4 in the regulation of somite boundary cell 

epithelialisation. papc expression is absent from the segmenting mesoderm of Iss 

mutants (Figure 3-5 B) and, unlike ephA4, wild-type cells express this gene when 

transplantated into fss^' hosts (Figure 3-5 E). Together, these observations suggest 

that Papc may cooperate with EphA4 in promoting the acquisition of columnar 

morphology and the relocalisation of the nucleus and centrosome in a cell non- 

autonomous manner. However, fss'' donor cells ectopically expressing both EphA4 

and Papc are still unable to rescue nuclear polarisation or columnar morphology in 

fss''' host cells (Figure 3-10 A and Table 3-3; translation and function of Papc was 

confirmed by its ability to rescue the defects induced by moPapc or dnPapc (data 

not shown; see below)). The results indicate that co-expression of EphA4 and Papc 

in fss'' cells is not sufficient to recapitulate the activity of EphA4-expressing wild- 

type cells. This suggests that Papc is not sufficient to mediate the non-autonomous 

effects of EphA4 but leaves open the possibility that this protein may still be required 

for epithelialisation. To investigate further, we interfered with Papc function in wild- 

type cells by using either a secreted dominant-negative version of Papc (Yamamoto 

et al., 1998) or morpholino antisense oligonucleotides directed against the papc 

gene. The morpholino was capable of specifically inhibiting the translation of a GFP 

mRNA construct carrying the Papc sequence targeted by the morpholino (Figure 3- 

10 D-E). Injection at a concentration of 200 juM showed somite defects resembling 

those previously described for dnPapc (Yamamoto et al., 1998) including inhibition 

of paraxial mesoderm convergence, disruption of somite boundaries and down- 

regulation of myoD expression (data not shown). In both cases EphA4-expressing
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wild-type cells in which Papc activity is likely to be abrogated were still able to 

rescue cell morphology and nuclear migration in adjacent fss'' cells at a frequency 

similar to normal EphA4-expressing wild-type cells (Figure 3-5 C-D and Table 3-3). 

These results indicate that Papc is unlikely to be an essential factor that cooperates 

with EphA4 to promote epithelialisation of adjacent cells. However, we have not 

investigated the cell-autonomous role of Papc in the establishment of 

epithelialisation in the donor cells.

Table 3-3 Rescue of Cell Non-Autonomous Epithelialisation Does Not Depend 

on Papc

Experiment

Boundary

formation

(%)

Nuclear 

relocalisation (%)

n

fss + Papc + EphA4 fss 82 18 11

wt + dnPapc + EphA4 fss 91 55 11

wt + moPapc + EphA4 fss 87 50 24

n is the total number of fss host embryos analysed; data are pooled from several 

independent experiments.

Abbreviations: dn, dominant negative; fss, fused somites; mo, morpholino; wt, wild 

type.

128



Chapter 3 The Role of Eph/Ephrin Signalling

Figure 3-10 Epithelialisation of Host Cells Is Independent of Cell Non- 

Autonomous Activity of Papc

Confocal images (A-C) showing Bodipy 505-515-labelled somitic mesoderm of fss'' 

host embryos (green) containing rhodamine dextran-labelled donor cells (red). 

Donor cells are wild-type or fss^' cells exogenously expressing various combinations 

of EphA4, Papc, dnPapc and moPapc (labelled to the left). Fluorescent images 

(D -E) of embryos injected with PapcGFP (a GFP mRNA construct carrying the 

Papc sequence targeted by the morpholino) with and without concomitant 

morpholino injection. A-E Dorsal views. D-E Lateral views at 50% epiboly.

A fss' '̂ host cells do not acquire columnar morphology or relocalise their nucleus in 

response to fss^' cells exogenously expressing both EphA4 and Papc.

B fss' '̂ host cells acquire a columnar morphology and relocalise their nucleus 

towards the basal pole in response to wild-type cells exogenously expressing 

EphA4 in which Papc function has been abrogated by expression of dnPapc.

C fss' '̂ host cells acquire a columnar morphology and relocalise their nucleus 

towards the basal pole in response to wild-type cells exogenously expressing 

EphA4 in which Papc function has been abrogated by expression of moPapc.

D Injection of a PapcGFP mRNA containing the sequence targeted by the Papc 

morpholino fused to GFP results in fluorescent cells at 50% epipboly.

E Concomitant injection of the Papc morpholino with the PapcGFP construct 

successfully abolishes translation of the GFP, resulting in a loss of fluorescent cells. 

Abbreviations dn, dominant negative; mo, morpholino
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3.3 Discussion

3.3.1 Eph/Ephrin Signaiiing Reguiates the Mesenchymai-to-Epitheliai 

Transition of the Paraxial Mesoderm During Somite 

Morphogenesis

During somite morphogenesis, a furrow of de-adhesion creates a boundary 

between the populations of paraxial mesodermal cells that will form adjacent 

somites. Cells on both sides of the forming somite boundary undergo a 

mesenchymal-to-epithelial transition that involves changes in cell shape, cell 

adhesive interactions and subcellular polarisation of organelles and proteins. Here 

we present several lines of evidence that Eph/Ephrin signalling has key roles in 

boundary formation and somite morphogenesis. First, in embryos that lack somites, 

restoration of Eph/Ephrin signalling interfaces rescues the formation and 

subsequent maturation of morphologically distinct boundaries. Second, activation of 

both cell-autonomous and cell non-autonomous EphA4 signalling rescues various 

aspects of somite boundary cell epithelialisation.

3.3.1.1 An Eph/Ephrin interface is required for morphological segmentation of the 

paraxial mesoderm

We have previously demonstrated that disrupting Eph/Ephrin signalling in 

the paraxial mesoderm of wild-type zebrafish embryos disturbs formation of somites, 

implicating this pathway in somitogenesis (Durbin et al., 1998). In this study we have 

elucidated the events for which Eph/Ephrin signalling is required through analysis of 

the fss/tbx24 mutant, which lacks organised somites (Figure 3-1). Although several 

signalling pathways could potentially be disrupted in fss mutants, our data show that 

loss of somite boundaries is most likely due to the absence of Eph/Ephrin signalling 

interfaces. The absence of ephA4 expression in the PSM of fssAbx24 mutants 

means a loss of the interfaces between ep/?A4-expressing and e/nB2a-expressing 

cells that normally occur between rostral and caudal cells in adjacent segments 

(Figure 3-3). Restoration of Eph/Ephrin signalling in the paraxial mesoderm by the
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apposition of either wild-type or fss'^' cells expressing EphA4 with EfnB2a- 

expressing fss^' host cells results in the rescue of morphologically distinct 

boundaries (Figure 3-4). In the case of fss' '̂ cells expressing EphA4, this rescue 

occurs without restoring the expression of other markers of rostral segmental 

identity in the donor cells (Figure 3-5). Conversely, apposition of wild-type cells that 

lack detectable ephA4 expression (Figure 3-4) with fss^' cells does not result in 

boundary formation despite the fact that wild-type cells do express rostral segmental 

markers other than ephA4 (Figure 3-5). These results demonstrate that the 

presence of EphA4 is sufficient to restore boundaries to the paraxial mesoderm of 

fss^' embryos, implying that Eph/Ephrin signalling mediates the final step of somite 

boundary formation downstream of acquisition of rostral or caudal segmental 

character.

An intracellularly truncated form of EphA4 can also restore boundaries in 

fss/̂ bx24 mutant embryos (Figure 3-4). This suggests that signalling downstream of 

the receptor is not essential and that Ephrin reverse signalling is sufficient to induce 

the formation of a physical furrow between adjacent cell populations. In contrast, 

bidirectional Eph/Ephrin signalling is required to restrict cell intermingling and 

boundary formation in blastomere intermixing assays (Mellitzer et al., 1999). 

However, in these assays, cells normally intermingle extensively, whereas in the 

rostral PSM there is hardly any cell movement and cell mixing does not occur. 

Therefore, it may be that in situations where cell movements are limited, 

unidirectional Eph/Ephrin signalling is sufficient to induce boundary furrow 

formation. Similarly, unidirectional Eph/Ephrin signalling is sufficient to restrict cell 

movement within hindbrain rhombomeres (Xu et al., 1999).

In addition to initiating boundary formation, restoration of Eph/Ephrin 

signalling leads to appropriate alignment of muscle fibre attachment sites at these 

boundaries, even in situations where the initial epithelialisation of boundary cells 

fails to occur (Figure 3-7). Therefore, epithelialisation is not an absolute prerequisite 

for the maturation of somite boundaries. However, it may be important for the 

correct organisation and compaction of muscle fibres, since these features were 

more completely rescued in situations where boundary cells had undergone 

epithelialisation.
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3.3.1.2 EphA4 signalling leads to epithelialisation of boundary cells

During epithelialisation, cells acquire a columnar morphology and form 

apically positioned cadherin/catenin-containing adherens junctions (Figure 3-1; 

(Tepass et al., 2002)). Both wild-type and fss'' cells expressing exogenous EphA4 

acquire a columnar morphology and show apical localisation of p-catenin when 

transplanted into the paraxial mesoderm of fss' '̂ mutants, suggesting that these 

aspects of epithelialisation are a consequence of activation of EphA4 signalling 

(Figure 3-8). In support of this interpretation, expression of intracellularly truncated 

EphA4 does not lead to acquisition of a columnar morphology or p-catenin 

relocalisation, despite the fact that it is able to induce formation of morphologically 

distinct boundaries (Figure 3-8). Therefore, epithelialisation is not simply a 

consequence of formation of boundaries between paraxial mesodermal cells. A 

similar conclusion has been reached from analysis of mice lacking function of the 

transcription factor Paraxis (Burgess et al., 1996). In these mice, the paraxial 

mesoderm exhibits intersomitic furrows but cells at the boundaries fail to become 

epithelial. Together, these results suggest that boundary furrow formation is an early 

event in the partitioning of the paraxial mesoderm, and that subsequent 

morphological changes within the cells adjacent to the boundary require additional 

signals.

Further features of the epithelialisation of somite cells are the basally 

directed relocalisation of the nucleus and apical relocalisation of the centrosome 

(Figure 3-1). Perhaps surprisingly, relocalisation of the cellular organelles was 

uncoupled from some other aspects of epithelialisation and occurred in host fss''' 

mutant cells only when they were confronted with EphA4-expressing wild-type cells 

(Figure 3-8). Therefore, these aspects of epithelialisation are a cell non-autonomous 

consequence of EphA4 signalling. Cell non-autonomous effects of Eph receptors 

are generally thought to be independent of the intracellular domain of the receptor 

and are usually attributed to reverse signalling downstream of Ephrins expressed in 

adjacent cells (see (Kullander and Klein, 2002) for review). However, nuclear 

relocalisation in fss' '̂ host cells requires the intracellular domain of EphA4 and may 

be independent of Ephrin reverse signalling (Figures 3-8 and 3-9). One possible 

explanation of these observations is that a parallel pathway is activated downstream 

of EphA4 signalling in the receptor-bearing cells, which triggers nuclear
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relocalisation in adjacent cells. Since Eph receptors are known to interact with other 

transmembrane receptors during synapse formation, craniofacial development and 

neural connectivity (reviewed in (Murai and Pasquale, 2003)), it is plausible that 

cross-talk is also occurring during somite epithelialisation. Nevertheless, a role for 

Ephrin reverse signalling in epithelialisation cannot be ruled out, since the 

intracellular domain of the receptor may be required to fully activate Ephrin reverse 

signalling in adjacent cells.

Several lines of evidence led us to investigate the possibility that the 

protocadherin Papc may be a component of a pathway cooperating with EphA4 in 

promoting epithelialisation. However, Papc (in the presence of EphA4) is neither 

sufficient in fss' '̂ cells nor likely to be required in wild-type cells to promote 

epithelialisation of adjacent fss' '̂ cells (Figure 3-10). Alternative candidates for 

proteins that interact with Eph receptors to promote epithelialisation include the 

integrin family of transmembrane receptors. Although extracellular matrix molecules 

are the classical ligands for integrins, membrane-bound ligands also exist (see 

(Bokel and Brown, 2002) for review). In mouse embryos lacking a5-integrin, the 

paraxial mesoderm segments but epithelial somites fail to form (Yang et al., 1999), 

suggesting a role for integrin signalling in somite formation. Furthermore, roles for 

Eph-receptor signalling in the regulation of integrin activity have been suggested in 

other situations (Huynh-Do et al., 1999; Zou et al., 1999; Becker et al., 2000; Davy 

and Robbins, 2000; Genda et al., 2000; Miao et al., 2000; Zou et al., 2002). At 

present, little is understood about the biochemical interactions between Eph 

receptors/Ephrins and integrins but it is clearly an area in need of further 

exploration.

3.3.1.3 Eph receptors and Ephrins as effectors of somite morphogenesis

We present a model to explain our results and to predict how Eph/Ephrin 

signalling regulates boundary formation and epithelialisation (Figure 3-11). In the 

PSM of fss'' chimaeras, cells expressing exogenous Eph A4 are in close proximity to 

cells expressing endogenous Ephrin ligands, with the consequence that receptors 

and ligands bind, cluster and become activated. Events downstream of Eph receptor 

and Ephrin activation lead to local de-adhesion and boundary formation. Coincident 

with furrow formation, EphA4 protein is removed from the cell surface facing the
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boundary (data not shown), presumably terminating Eph/Ephrin signalling. 

Signalling downstream of EphA4 subsequently leads to acquisition of a columnar 

morphology and apical accumulation of (3-catenin in a cell-autonomous manner. 

Activation of Eph A4 signalling also leads to the activation of a parallel pathway that 

promotes the acquisition of columnar morphology and polarised relocalisation of the 

nucleus and the centrosome in adjacent cells (Figure 3-11 A). In fss'^' cells, 

components of the parallel pathway involved in stimulating adjacent host cells lack 

function and therefore, despite expressing EphA4, fss' '̂ cells are unable to rescue 

epithelialisation in the adjacent cell population (Figure 3-11 B).

EphA4 promotes different aspects of epithelialisation in two different cell 

populations: p-catenin re-distribution occurs in receptor-bearing cells whereas 

relocalisation of the nucleus and the centrosome occur in ligand-expressing cells. 

However, in wild-type embryos, cells on both sides of the somite boundary undergo 

all aspects of epithelialisation. One possible explanation of why cells expressing 

exogenous EphA4 do not undergo relocalisation of the subcellular organelles may 

be that overexpression of the receptor leads to a gain of function phenotype and not 

to the phenotype that is a result of normal activation of EphA4. Indeed ectopic 

EphA4 catalytic activity in Xenopus embryos leads to loss of cell polarity in early 

blastula cells (Winning et al., 2001). In our experiments, however, activation of 

EphA4 in wild-type or fss' '̂ cells does lead to the acquisition of columnar morphology 

and polarised distribution of p-catenin, aspects of epithelialisation characteristic of 

cells at wild-type somite boundaries. Therefore, our data are consistent with the 

possibility that exogenous EphA4 recapitulates the normal activity of the receptor 

and that nuclear relocalisation is a cell non-autonomous effect of EphA4 signalling.

To extrapolate our results to a wild-type situation where all aspects of 

epithelialisation occur in cells on both sides of the intersomitic boundary, we need to 

postulate that both cell populations express receptor and ligand. Although a receptor 

expressed in the caudal domain of the forming somite has not yet been identified in 

zebrafish, several Eph proteins that could fulfil this role are known in other species 

(Ellis et al., 1995; Kilpatrick et al., 1996; Scans et al., 1996; Araujo and Nieto, 1997). 

Based on these observations, we think it highly likely that the caudal region of the 

forming somite expresses an Eph receptor yet to be identified in fish. This receptor
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could then mediate p-catenin relocalisation in caudal cells and relocalisation of 

cellular organelles in rostral cells on the other side of the forming somite boundary,

3.3.1.4 Conclusions

The results presented here indicate that Eph/Ephrin signalling in the rostral PSM is 

an important component of the molecular machinery that drives somite 

morphogenesis. Restoration of EphA4/Ephrin signalling in the paraxial mesoderm of 

fss' '̂ mutants is sufficient to rescue formation of morphologically distinct boundaries. 

Moreover, activation of EphA4 signalling results in the mesenchymal-to-epithelial 

transition in morphology of boundary cells thereby recapitulating most aspects of 

somite morphogenesis. However, restoration of all aspects of epithelialisation is 

likely to additionally require the activity of pathways acting in parallel to Eph/Ephrin 

signalling.
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Figure 3-11 Summary model of roles for Eph/EphrIn signalling during somite 

epithelialisation

Red circles or rectangles represent donor wild-type or fss'' cells during (circles) and 

after (rectangles) epithelialisation. White circles or squares represent host fss'' cells. 

Although Ephrins (orange) are represented as trans-membrane molecules, GPI- 

linked Ephrins may also play a role. The co-factor (yellow) interacting with EphA4 in 

donor cells is represented as a trans-membrane molecule, however it could be a 

secreted molecule or other form of protein.

A Donor cells expressing EphA4 (blue) and host cells expressing interacting Ephrins 

(orange) are in contact within the paraxial mesoderm. This allows for Eph/Ephrin 

binding and activation. Both cells present mesenchymal morphology, p-catenin 

(green) is homogenously distributed throughout the cell membrane, the nucleus is 

localised in the centre of the cell body and the centrosome (red) is localised 

randomly within the cytoplasm. Activation of Ephrin reverse signalling leads to 

localised de-adhesion and boundary formation between both cells. Activation of 

EphA4 signalling leads to re-localisation of p-catenin towards the apical pole of the 

cell, cell elongation and boundary formation. In wild-type cells, EphA4 signalling also 

leads to the activation of factor X (yellow) in donor cells and its interaction with 

factor Y (brown) in adjacent host cells. Signalling downstream of factor Y results in 

the basal re-localisation of the nucleus towards the boundary, the apical re

localisation of the centrosome and acquisition of a columnar morphology.

B As for A except that in fss'' donor cells, where factor X is not present or has 

compromised function, signalling downstream of factor Y in adjacent fss'' host cells 

does not occur and they remain mesenchymal, despite boundary formation.
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Chapter 4 Hes6

4.1 Introduction

4.1.1 Overview

We have isolated a zebrafish hes6 homologue from a subtractive library 

screen to identify novel cDNAs expressed in the PSM. We have also isolated a 

meox1 homologue from the same library but the data is not presented here. We 

show that hes6 is expressed in the tailbud and segmentally in the rostral PSM 

during somitogenesis. Its expression appears to be confined to the rostral half of the 

forming somites. Although hes6 expression is lost in fss/tbx24 and disrupted in 

Notch signalling mutants, gain-of-function and loss-of-function experiments fail to 

demonstrate a role for hes6  in somite boundary formation. However, these 

experiments suggest that hes6  does have a role in early mesendodermal 

differentiation and the cell movements that occur during gastrulation. Both loss-of- 

function and gain-of-function of hes6 lead to a convergent extension phenotype that 

may be associated with changes in cell fate during early germ layer specification.

Furthermore, hes6 is expressed in many areas where neurogenesis is 

occurring. We demonstrate that hes6 is required for neurogenesis. Like its mouse 

and Xenopus homologues, it is not downstream of Notch signalling but is sensitive 

to lateral inhibition and can be induced by ngn1. This suggests that hes6 may 

function in a positive feedback loop that allows neural precursor cells to escape 

lateral inhibition. We have also isolated a partial fragment of a myt1 homologue and 

show that it too is expressed during neurogenesis and can be induced by ngn1.
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4.1.2 Hes6 is a Novel Member of the hairy/Enhancer of Split Related 

Family of Baslc-Hellx-Loop-Hellx Transcription Factors

4.1.2.1 The hairy/Enhancer of Split family of bHLH transcription factors

The basic-helix-loop-helix (bHLH) factors are a superfamily of DNA-binding 

transcription factors that regulate many aspects of differentiation including 

neurogenesis, myogenesis, vasculogenesis and somitogenesis (reviewed in (Yun 

and Wold, 1996; Arnold and Winter, 1998; Fisher and Gaudy, 1998a; Davis and 

Turner, 2001; Bertrand et al., 2002; Pownall et al., 2002; Fischer and Gessler, 

2003)). One family of this superfamily contains bHLH transcription factors related to 

hairy and the Enhancer of split {E(Spi)) complex of genes in Drosophila. These 

proteins are characterised by the presence of a bHLH domain and an orange 

domain. Many family members also contain a C-terminal WRPW or YXXW motif. 

These motifs bind to specific DNA sequences, known as the N-box (CACNAG) and 

can recruit the co-repressor Groucho/TLE (reviewed in (Fisher and Gaudy, 1998b)) 

to inhibit transcription. They function either as homodimers or heterodimers with 

other bHLH proteins. The basic domain binds to the major groove of DNA. The HLH 

domain is also in contact with the DNA but in addition is important for dimérisation. 

The G-terminal WRPW motif is involved in the recruitment of Groucho/TLE (Fisher 

et al., 1996) and in so doing may mediate repressor function.

The family can be split into four subgroups based on their primary structures 

and named after the prototypic protein for each: Hairy, E(Spl), Hey and StarlS 

(Davis and Turner, 2001). The nomenclature of these genes is somewhat 

complicated. In frog and chicken the distinction between the Hairy and E(Spl) 

subgroups has been retained. In mammals and zebrafish they are grouped together 

as either Hes (hairy and enhancer of split) or Her (hairy and enhancer of split 

related) proteins, respectively.

hairy/E(Spl)-re\a\edi genes have been identified in many vertebrate species and 

their function, particularly as inhibitors of neurogenesis, has been widely 

investigated (Fisher and Gaudy, 1998a; Davis and Turner, 2001). In many cases the 

hairy/E(Spi) iamWy members are neurogenic genes and are required to limit the 

number of neural precursors that form during neurogenesis, functioning as
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downstream effectors of Notcfi signalling in the lateral inhibition pathway (section 

4.1.3.1). The Hey subgroup is particularly known for its involvement in 

cardiovascular development (reviewed in (Fischer and Gessler, 2003). The 

expression of several different subgroup members has been shown to oscillate in 

the PSM of a number of species and they have an important role in the 

segmentation clock and the regulation of somite boundary formation (section 1.2.3).

4.1.2.2 Cloning and expression of Hes6 in mouse and Xenopus

A new member of the hairy/E(Spl) family, Hes6, has recently been identified 

in human, mouse and Xenopus (Bae et al., 2000; Koyano-Nakagawa et al., 2000; 

Pissarra et al., 2000; Vasiliauskas and Stern, 2000). It shows all the conserved 

features of this family, including the conserved proline residue in the basic domain, 

the HLH and orange domains and a C-terminal WRPW motif. It is unique, however, 

in that the loop region of the bHLH domain is shorter than in other HairyZE(Spl)- 

related proteins, and perhaps defines a further subgroup within the HairyZE(Spl) 

family. In both mouse and Xenopus expression of Hes6 correlates with areas where 

neurogenesis is occurring (Bae et al., 2000; Koyano-Nakagawa et al., 2000; 

Pissarra et al., 2000; Vasiliauskas and Stern, 2000). In Xenopus, expression is also 

seen in the mesoderm in the posterior PSM and, intriguingly, segmentally in the 

rostral PSM (Koyano-Nakagawa et al., 2000). The expression pattern of Hes6 \n 

mouse and Xhes6 in Xenopus suggested that these genes are likely to function as 

effectors of Notch signalling, negatively regulating neurogenesis and myogenesis, 

which is similar to the known roles of other hairy/E(Spl) genes. However, this turns 

out not to be the case.

4.1.3 Known Functions of Hes6 During Neurogenesis and Myogenesis

4.1.3.1 Escaping lateral inhibition during neurogenesis

Neurogenesis involves the selection of neural precursor cells (NPCs) from a 

field of cells known as a proneural cluster, which expresses proneural genes 

(reviewed in (Bertrand et al., 2002; Gibert and Simpson, 2003)). Proneural genes 

are defined as those necessary and sufficient in the context of the ectoderm to
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promote neurogenesis. In Drosophila and vertebrates, loss-of-function mutations in 

proneural genes lead to a loss of neurons or neuronal stem cells, while gain-of- 

function mutations lead to ectopic neurons. Proneural genes encode bHLH 

transcription factors. In Drosophila, two subfamilies of proneural genes have been 

identified: the achaete-scute  complex of genes; and the atona l genes. In 

vertebrates, the same subfamilies can be identified. The vertebrate ASH genes are 

achaete-scute homologues. The atonal family has been greatly expanded in 

vertebrates and can be broadly split into three groups: Neurogenins {NGN), atonal 

homologues (ATM) and NeuroD. Much of what we know about their function comes 

from the study of neurogenesis in the peripheral and central nervous system of 

Drosophila, along with parallel studies in vertebrates (reviewed in (Bertrand et al., 

2002)).

The proneural genes are initially expressed in a broad domain of cells. From the 

proneural cluster, individual NPCs are selected and go on to express higher levels 

of proneural genes, initiating a cascade of proneural gene expression that leads to 

terminal neuronal differentiation (reviewed in (Gibert and Simpson, 2003)). To 

mediate their function, proneural genes undergo heterodimerisation with the 

ubiquitously expressed E proteins in vertebrates, known as daughterless in 

Drosophila (reviewed in (Massari and Murre, 2000)). The HLH domain mediates this 

dimérisation. Proneural genes bind to a specific DNA sequence, known as the E- 

box (GANNTG) to mediate transcriptional activation. E-boxes are found in many 

proneural genes, consistent with a role in autoregulation and also in the cascade of 

proneural gene expression that is required for neurogenesis (reviewed in (Massari 

and Murre, 2000)).

Lateral inhibition limits the specification of individual NPCs, leading to an evenly 

spaced array of NPCs within the proneural cluster. During lateral inhibition, 

individual NPCs are singled out to differentiate into neurons, while inhibiting their 

neighbours from adopting the same fate. This involves the neurogenic genes, so 

called because loss-of-function mutations lead to an increase in the numbers of 

NPCs that are specified (reviewed in (Lewis, 1996; Kimble and Simpson, 1997). 

Lateral inhibition is mediated by a feedback loop of Notch signalling. The key to 

Notch involvement in lateral inhibition is that the proneural genes directly activate 

the transcription of the Notch ligands Delta and Serrate (Kunisch et al., 1994;

142



Chapter 4 Hes6

Chitnis et al., 1995). Notch itself is expressed ubiquitously within the proneural 

cluster. This leads to signalling through the Notch receptor in adjacent cells. As a 

consequence, in the adjacent cells, the intracellular domain of Notch is cleaved by 

proteolysis and can translocate to the nucleus. Here it interacts with the 

transcriptional repressor suppressor of hairless (Su(H)), converting repression into 

activation and directing the expression of the hairy/E(Spl) family of transcriptional 

repressors (reviewed in (Bray, 1997; Davis and Turner, 2001)). The hairy/E(Spi) 

factors then in turn repress the expression of the proneural genes (Heitzler et al., 

1996). This can occur directly, via N-box binding, and also indirectly via competitive 

interactions with the proneural gene products (reviewed in (Fisher and Gaudy, 

1998a; Davis and Turner, 2001; Gibert and Simpson, 2003). Lower levels of 

proneural expression lead to lower levels of Notch ligand expression, reducing the 

ability of these cells to inhibit their neighbours from adopting a neural fate. 

Subsequently, autoregulation of proneural genes reinforces proneural expression in 

the adjacent NPC, also reinforcing its inhibitory potential. This feedback loop 

theoretically allows a single cell from the proneural cluster, in which all cells have 

equal neural potential, to dominate and differentiate as an NPC, whilst inhibiting its 

neighbours from doing so (Figure 4-1 A).

Since the proneural genes both activate lateral inhibition and are inhibited by it, 

it is not clear exactly how a single cell escapes lateral inhibition. Several 

mechanisms have been suggested whereby stochastic fluctuations in the levels of 

Notch, Delta or proneural protein may initially favour one particular cell. In this 

manner the feedback loop itself may play a role in NPC choice (Heitzler et al., 

1996). Although this may be the basal and simplest mechanism (reviewed in 

(Simpson, 1997), other mechanisms clearly exist. The selection of neuroblasts in 

the central nervous system of Drosophila seems to be largely independent of the 

transcriptional regulation of delta (Seugnet et al., 1997) and may instead rely on a 

heterogeneous distribution of neural potential.

It is now clear that a number of positive feedback loops exist, mediated by 

different transcription factors, that reinforce lateral signalling by up-regulating 

proneural expression in the NPCs. These factors include the zinc-finger transcription 

factors sense/ess and XMyT1 in Drosophila ar\6 Xenopus, respectively, and the 

bHLH transcription factor XCoe2 \n Xenopus (Beliefroid et al., 1996; Nolo et al..
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2000) (Bally-Cuif et al., 1998; Dubois et al., 1998). XMyT1, for example, is induced 

by proneural genes and is directly repressed by lateral inhibition. It can promote 

neurogenesis in the presence of other proneural genes, and appears to function by 

rendering cells insensitive to lateral inhibition (Figure 4-1 B).

4.1.3.2 /-/es6functions in a positive feedback loop to promote neurogenesis in 

mouse and Xenopus

Unexpectedly, in both Xenopus  and mouse, Hes6  does not function like a 

neurogenic hairy/E(Spl)-re\aXe(\ gene. Rather, it appears to be involved in another 

positive regulatory loop that can promote the formation of NPCs (Bae et al., 2000; 

Koyano-Nakagawa et al., 2000). Ectopic expression of XH es6  promotes 

neurogenesis (Koyano-Nakagawa et al., 1999), and retroviral expression of Hes6 \n 

the retina of mouse can promote rod cell differentiation (Bae et al., 2000). In 

Xenopus, XHes6 is not downstream of Notch signalling. Activated forms of Notch 

fail to induce XHes6 expression, while dominant active forms of Su(H) cannot inhibit 

its expression. This is in contrast to many other members of the hairy/E(Spl) family, 

such as Hes1 in mouse, her4 in zebrafish (Ishibashi et al., 1994; Takke et al., 1999) 

and the E(Spl) genes in Drosophila (Jennings et al., 1994; Bailey and Posakony, 

1995; de Cells et al., 1996). These experiments also indicate that XHes6 can be 

regulated by lateral inhibition, since activated forms of Notch actually lead to a 

moderate increase in XHes6 expression. Although Hes6 promotes neurogenesis in 

gain-of-function experiments, preliminary analysis suggests that Hes6-null mice do 

not appear to show any gross morphological defects (cited in (Koyano-Nakagawa et 

al., 2000)).
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Figure 4-1 A Model of Lateral Inhibition

A In the neural precursor cell (NPC) the proneural bHLH proteins directly regulate 

the expression of the Notch ligand Delta. This activates Notch signalling in adjacent 

cells, leading to an up-regulation of hairy/E(Spl) genes. These in turn repress the 

expression of proneural genes, reducing the levels of Notch signalling back to the 

NPC. In this way, the NPC adopts a neural fate while inhibiting its neighbours from 

doing so.

B The existence of several positive feedback loops has been demonstrated in the 

NPC. Proneural genes can activate the expression of Hes6  and Myt1. Hes6 

functions to relieve the repression of proneural expression by the hairy/E(Spl) 

genes. MyT1 renders the cells insensitive to lateral inhibition by an unknown 

mechanism (Bellefroid et al., 1996).
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XHes6 is induced by ectopic expression of XNgn 1, and expression of mouse 

Hes6 in cranial ganglia is lost in Ngn1-null mice (Koyano-Nakagawa et al., 2000). 

This demonstrates that Hes6 is regulated by Ngn1. It seems that Hes6 functions 

downstream of proneural genes by inhibiting the function of other Hairy/E(Spl) 

proteins during lateral inhibition. Both Xenopus and mouse Hes6 interfere with other 

Hairy/E(Spl) proteins at a post-transcriptional level. XHes6 can mediate its proneural 

function without binding to DNA or requiring the WRPW motif, and it can undergo 

heterodimerisation with Xhairy2a and Xhairyt (Koyano-Nakagawa et al., 2000). A 

similar interaction has been demonstrated for mouse Hes6 with Hes1 (Bae et al.,

2000). Hes6 does not bind to N-boxes or E-boxes but by heterodimerising with 

Hes1, prevents Hes1 from doing so. This relieves the normal repression of 

transcription from N-boxes mediated by Hes1 (Bae et al., 2000). In these 

experiments, the shorter loop of Hes6 in the HLH was shown to be functionally 

significant. These data suggest a model in which heterodimerisation of Hes1 with 

Hes6 prevents DNA binding and relieves the normal repressive functions of Hesi 

downstream of lateral inhibition. This would prevent the repression of proneural 

genes by lateral inhibition and allow NPCs to differentiate (Figure 4-1 B). It is still 

possible, however, that Hes6 may more directly repress other unknown factors that 

normally repress neurogenesis.

Two other mechanisms by which Hes6 can inhibit the function of Hesi 

have also been demonstrated. Firstly, heterodimers of Hesi and Hes6 are unable to 

interact with Groucho/TLE, the normal co-repressors that associate with Hesi to 

mediate transcriptional repression (Gratton et al., 2003). Secondly, Hes6 is also 

able to promote the proteolytic degradation of Hesi via a mechanism that involves 

phosphorylation of Hes6 on a conserved serine residue within a consensus 

sequence for casein kinase (Gratton et al., 2003). This conserved sequence is also 

present in some of the E(Spl) proteins of Drosophila and falls within a PEST region 

of Hes6. These PEST regions are known to lead to decreased stability of proteins 

due to protein degradation.
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4.1.3.3 Hes6 promotes myogenesis by a mechanism distinct from its role in 

promoting neurogenesis

Myogenesis involves a cascade of specific bHLH proteins, similar to that seen 

in neurogenesis (reviewed in (Pownall et al., 2002)). The myogenic bHLH 

transcription factors also undergo heterodimerisation with the ubiquitously 

expressed E proteins, but they bind to E-boxes to activate transcription. Members of 

the hairy/E(Spl) family also seem to act as repressors of myogenesis, again perhaps 

as seen in neurogenesis. Mutations in the E(Spl) genes in Drosophila lead to an 

increase in myogenic cells (Corbin et al., 1991), and Hes1 can block myogenesis 

induced by MyoD in 10T1/2 cells (Sasai et al., 1992). While Notch signalling can 

block myogenesis in cell-culture (Nofziger et al., 1999; Wilson-Rawls et al., 1999), 

the link between Notch signalling and hairy/E (Spl) proteins has not been 

demonstrated, as it has for neurogenesis.

Hes6 is expressed during myoblast commitment and differentiation in mouse 

and Xenopus (Bae et al., 2000; Koyano-Nakagawa et al., 2000; Pissarra et al., 

2000; Vasiliauskas and Stern, 2000). In cell culture and in Xenopus embryos, Hes6 

can induce myogenesis (Gao et al., 2001 ; Cossins et al., 2002).

The mechanisms by which Hes6 functions during myogenesis and neurogenesis 

appear to be different. Firstly, although no N-box or E-box binding is apparent, Hes6 

can repress transcription from N-box reporters in undifferentiated muscle cells (Gao 

et al., 2001). The effect is additive rather than antagonistic when Hes6 is co

expressed with Hesi. Unlike during neurogenesis, the WRPW motif of Hes6 is 

required to promote myogenesis in cell culture and Xenopus embryos. Furthermore, 

a direct interaction mXhGroucho/TLE was observed in binding assays (Gao et al.,

2001). The data suggest that Hes6 may actually function as a transcriptional 

repressor during myogenesis. In concordance with this, the expression of MyoR, a 

bHLH repressor of myogenesis, is inhibited following ectopic expression of Hes6 in 

cell culture (Gao et al., 2001). The data also suggest that in muscle cells, post- 

transcriptional modification or heterodimerisation with partners specific to muscle 

cells occurs.
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4.1.3.4 Ectopic expression of XHes6 disrupts somite boundary formation in 

Xenopus embryos

Notch signalling and hairy/E (Spl) genes play an important role during 

somitogenesis, particularly as part of the somite oscillator, but also to refine gene 

expression in the rostral PSM (section 1.2.3). In Xenopus, Hes6 \s co-expressed 

with several genes involved in Notch signalling and known to be important for 

somitogenesis (Koyano-Nakagawa et al., 2000; Cossins et al., 2002). Ectopic 

expression of Hes6 not only causes an expansion of the myotome in Xenopus, but 

also severely disrupts somite boundary formation (Cossins et al., 2002). Hes6 is not 

a target of Notch signalling, however, so its role in somitogenesis must be distinct 

from that of other hairy/E(Spl) homologues. Given that XHes6 can increase the 

expression of Xhairyl in Xenopus and can inhibit repression by Hes1 downstream 

of Notch signalling during neurogenesis (section 4.1.3.2), it may be that during 

somitogenesis, XHes6 is somehow involved in modulating Notch signalling and 

interacting with the somite oscillator. This mechanism is not understood.

4.2 Results

4.2.1 The Cloning and Expression of a Zebrafish hes6 Homologue

4.2.1.1 A subtractive library to isolate novel cDNAs expressed in the PSM

To isolate novel cDNAs expressed in the PSM that may be involved in the 

regulation of Eph/Ephrin expression, a subtractive library was generated by Lindsey 

Durbin, enriched for clones expressed in the PSM (section 2.2.2). In total we 

screened 157 clones from this library by in situ hybridisation at the 10-15 somite 

stage. Of these clones, 55 (35%) have ubiquitous expression and 10 (6%) have 

specific expression patterns. The remaining 92 (59%) clones give no detectable 

expression (data not shown). Given the high numbers of clones with ubiquitous 

expression, it seemed clear that the subtraction had not been very successful and 

the subtractive library probably contained a large number of ‘house-keeping’ genes. 

However, among the clones with specific expression patterns, we identified a
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fragment of spadetail/tbx16, which is expressed in the tailbud, suggesting that the 

subtraction had worked to some extent. In order to try and reduce the background in 

the library we generated a complex probe encompassing all the clones in the library 

and used it to screen an RZPD-spotted normalised cDNA library from 

somitogenesis-stage embryos. We were hoping that if the large numbers of clones 

with specific expression patterns were fragments of only a few house-keeping' 

genes, they would be reduced to only one or two positive clones on the filter and we 

would enrich the library for more specific clones. However, a very large number of 

positive clones were identified after the screening. We ordered 35 of these positive 

cDNAs and again, unfortunately, they all showed ubiquitous expression patterns 

(data not shown). We concluded that the subtraction had not worked particularly 

well. Perhaps this is due to the two tissues being too similar, with only a relatively 

small number of genes being differentially expressed. Many genes that are 

expressed in the PSM are also expressed in the somites and may have been 

subtracted from the library.

Despite the relatively low numbers of clones with specific expression patterns, 

three clones were particularly interesting. Clone 609, which is 400 bp in length, 

showed significant homology with meox1, a homeobox transcription factor 

expressed in the PSM and recently formed somites. In collaboration with Baljinder 

Mankoo, we have cloned the full-length version of this gene and have been 

analysing the role of this gene during somitogenesis. We find that is expressed in 

the rostral PSM and the forming somites. Its expression in the rostral PSM is lost in 

fss/tbx24 and disrupted in aei/deltaD. Moreover, ectopic expression of meox1 

disrupts somite boundary formation. The data on this gene are not presented in this 

thesis but they are available on request.

We also identified two clones, clone 569 and clone 624, which showed 

significant homology with the Hes6 family of hairy/E(Spl) genes. Hes6 had not 

previously been cloned in zebrafish, although it has also more recently been 

isolated in a screen for genes involved in posterior neural development (Yoda et al., 

2003). The two clones were expressed in the tailbud, and we also detected weak 

expression in the forming somites. Clone 624 is 396 bp in length and showed high 

homology with the bHLH domain of human and mouse Hes6. Clone 569, 133 bp in
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length, is non-overlapping with clone 624 and showed high homology with the C- 

terminal end of the orange domain of human and mouse Hes6.

4.2.1.2 The cloning and expression of zebrafish hes6

Given the important role of hairy/E(Spl) bHLH transcription factors during 

somitogenesis (section 1.2.3.2) and the ability of ectopic Xhes6  expression to 

disrupt somite boundary formation in Xenopus embryos (section 4.1.3.4) we decided 

to try and isolate a full-length cDNA of zebrafish hes6. Using the sequence of clone 

624, we amplified a 290-bp PCR product that spanned the bHLH domain and used it 

to screen two RZPD-spotted cDNA library filters from somitogenesis-stage zebrafish 

embryos. This yielded two positive clones (section 2.2.3.2). These clones have 

identical expression patterns, and preliminary sequencing showed that they were 

both the same coding sequence (data not shown). One of the hes6 clones was 

longer; it contained a cDNA of 1265 bp. Full sequencing showed it to contain 93 bp 

of 5’-UTR, a predicted open-reading frame (ORF) of 681 bp and a 3’-UTR of 491 bp. 

The ORF predicts a protein sequence of 226 amino acids. It shows all the 

conserved features of the hairy/E(Spl) family of bHLH transcription factors (section

4.1.2.1), including a bHLH domain, with the highly conserved proline residue 

present within the basic domain, an orange domain and a C-terminal WRPW motif. 

Moreover, zebrafish Hes6 also has a loop region that is shorter than the majority of 

Hairy/E(Spl)-related proteins.

When we compared the predicted amino acid sequence of this clone to that of 

other Hairy/E(Spl)-related proteins it is clear that it is a zebrafish orthologue of 

human and mouse Hes6 {Figure 4-2). A phylogenetic tree using the predicted whole 

protein sequence places hes6  clearly within the H es6  group of hairy/E(Spl) 

transcription factors (Figure 4-2 A). The predicted amino acid sequence is 51.8% 

identical to mouse Hes6 and 50.9% identical to human Hes6 but only 31.9% 

identical to the closest related gene in zebrafish, herdb (Figure 4-2 C). The identity 

is much higher within the conserved domains. The bHLH of zebrafish hes6 is 69.5% 

identical to that of mouse and human Hes6 but only 47.5% identical to herdb. The 

orange domain is 86.1% identical to that of human Hes6ar\6 83.3% identical to that 

of mouse Hes6 (Figure 4-2 B and C). Genes of the hairy/E (Spl) family of 

transcription factors in zebrafish are usually referred to as her genes (section
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4.1.2.1). However, they were numbered in order of cloning and so their numbers 

bear no relevance to those of the Hes genes in mammals. Given the novel features 

of the Hes6 family, such as the short loop domain (section 4.1.2.1) and the name 

given to the same gene isolated more recently in the screen for posterior neural 

development (Yoda et al., 2003), we have decided to refer to this gene as hes6.

hes6 expression is initiated at the beginning of gastrulation (Figure 4-3 A-C). At 

50% epiboly, expression is confined to the germ ring (Figure 4-3 C). Expression in 

these cells at the margin persists throughout gastrulation (Figure 4-3 C and D). At 

the end of gastrulation, at the tailbud stage, hes6 is expressed in a horseshoe

shaped domain in the tailbud, the paraxial PSM and adaxial cells (Figure 4-3 E). 

This horseshoe of expression persists right through development until 24 hpf (Figure 

4-3 F-H). Sections at the 3-somite stage suggest that within the most posterior 

region of the tailbud expression is in all cells (Figure 4-4 A). As the cells mature, 

expression is gradually lost in the notochord and the ectoderm so that the most 

anterior expression of hes6 within the horseshoe is within the PSM and adaxial cells 

only (Figure 4-4 B-F). During somitogenesis, hes6 is also expressed segmentally in 

the rostral PSM. At the 6-somite stage it is expressed detected in S-l to SI (Figure 4- 

3 F). This expression persists throughout somitogenesis with a new stripe being 

added as each somite is formed. At later stages, expression in the formed somites 

can persist up to the level of SII-SII (Figure 4-3 G). Double staining with myoD, 

efnB2a or mespb, shows that within the rostral PSM, hes6 expression is restricted to 

the rostral half of the forming somites (Figure 4-5 B-D). It also indicates that the 

strongest band of hes6 expression tends to be the one on the anterior of SO. 

Expression of hes6  does not appear to cycle in the PSM like some other 

hairy/E(Spl) genes, such as her1 and AîerZ(section 1.2.3.2).
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Figure 4-2 Relationship Between Zebrafish hes6 and Other hairyÆ(Spl) Family 

Members

A A phylogenetic tree showing the evolutionary relationship between zebrafish hes6 

and other hairy/E(Spl) family members from zebrafish and other species. The hes6 

sequence was obtained by direct sequencing; other whole protein sequences were 

obtained from Genbank. They were aligned using the ClustalW algorithm from within 

DNAStar. MyoD a member of the bHLH superfamily was used as an out-group.

B Alignments of the bHLH domain and the orange domain of a number of 

hairy/E(Spl) family members including hes6. Amino acids that match hes6 are 

shaded black.

C Percentage identity and divergence for the homeobox sequences aligned in B as 

well as a similar alignment for the whole protein sequences.

Abbreviations d, Drosophila] h, human; m, mouse; zf, zebrafish.
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Expression of hes6 in neural tissue begins weakly at the tailbud stage in the 

anterior neural plate and in the specific longitudinal domains within the posterior 

neural plate where primary neurons form (Figure 4-14C). By the 18-somite stage 

expression is stronger, particularly within the spinal cord (Figure 4-3 H). By 24 hpf 

hes6 is expressed within all regions where neurogenesis is occurring, including the 

telencephalon, diencephalon, midbrain, cerebellum, hindbrain and spinal cord. It is 

also expressed within the retina of the eye (Figure 4-3 l-K). Expression persists in all 

these areas at 48 hpf (Figure 4-3 L and M). At all stages, the expression within 

neural tissues displays a salt and pepper pattern suggesting that it may be limited to 

specific populations of NPCs. The expression profile of zebrafish hes6 is very 

similar to that described for mouse and Xenopus (section 4.1.2.2).
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Figure 4-3 Expression of hes6 During Development

Single wholemount in situ hybridisations with a hes6 probe at various stages of 

development (labelled at bottom left). A-D, H, I, K and L Lateral views. E-G, J and 

M Dorsal views. A-G Anterior to the top. H-M Anterior to the left.

A-B During early development no maternal expression is detected.

C-D Expression is detected in the germ ring from the start of gastrulation and 

persists throughout gastrulation.

E At tailbud stage, expression is in the tailbud, PSM and adaxial cells but excluded 

from the axial mesoderm.

F-G  During somitogenesis, expression persists in the tailbud and immature PSM 

cells. Segmental expression also occurs in the rostral PSM where it appears to be 

restricted to the anterior of the forming somites (arrowheads).

H At the 18-somite stage, expression is now strong in the spinal cord. The 

segmental expression in the PSM is still present (arrowheads).

I-M  From 24 hpf to 48 hpf expression is in all areas where neurogenesis is 

occurring and appears in a salt and pepper pattern rather than in all neural tissue 

(particularly obvious in K).

Abbreviations c, cerebellum; d, diencephalon; e, eye; hb, hindbrain; m, midbrain; 

nc, notochord; ov, otic vesicle; r, rhombomere; s, somite; t, telencephalon; tb, 

tailbud.

Somite nomenclature after (Pourquie, 2001b).
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Figure 4-4 Expression of /7es6 Within the Tailbud and PSM

Serial transverse sections through the tailbud and PSM at different rostral-caudal 

levels of wholemount in situ hybridisations with a hes6 probe at the 3-somite stage. 

The dashed line marks the ectodermal outside surface of the embryo. A-F  

Transverse sections through the horseshoe-shaped expression domain of hes6.

A Within the posterior tailbud hes6 is expressed in all cells.

B-D More rostral sections show that expression is gradually lost from the axial 

mesoderm, in particular the notochord, but still appears to be retained in all other 

mesodermal and ectodermal cells.

E-F Towards the most rostral region of the horseshoe-shaped expression domain 

expression is now lost in the ectoderm and retained only in the PSM and adaxial 

cells adjacent to the notochord.

Abbreviations nc, notochord; psm, presomitic mesoderm.
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Figure 4-5 hes6 Segmental Expression In the Rostral PSM Is Confined to the 

Rostral Half of the Forming Somites

Single or double wholemount in situ hybridisations with hes6 (blue) and myoD, 

efnB2a or mespb probes (blue) in wild-type embryos at 6-7 somites (labelled at the 

left and top). A-D Dorsal views, anterior to the top.

A Within the rostral PSM and forming somites, segmental expression of hes6 can 

be seen at the level of S-ll to SI/S 11.

B The segmental expression of hes6 6oes not overlap with myoD expression.

C There is little or no overlap of the expression of hes&A/Wh that of efnB2a.

D There is no overlap of hes6 expression with that of mespb at the level of S-ll; 

however, partial overlap is observed from S-l onwards, particularly in SO. 

Abbreviations nc, notochord; s, somite.

Somite nomenclature after (Pourquie, 2001b).
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4.2.2 The Function of hes6 In the Mesendoderm

4.2.2.1 /?es6 segmental expression in the PSM is dependent on fssAbx24 and is 

disrupted in aei/deltaD and mib/ubiquitin ligase

The segmental expression of hes6 in the rostral PSM during somitogenesis 

suggested that hes6 may have a role in somite boundary formation. To investigate 

this possibility, we first analysed the expression of hes6 in various somite mutants 

(van Eeden et al., 1996). The segmental expression of hes6 is lost in the rostral 

PSM of fss/tbx24, demonstrating that expression of hes6 in this region requires the 

activity of fss/tbx24 (Figure 4-6 B). However, the tailbud expression of hes6 is not 

affected. In the Notch signalling mutants aei/deltaD and mib/ublqultin ligase, the 

tailbud expression is also unaffected. In contrast, in the rostral PSM, hes6 loses its 

normal segmental restriction and expression displays a salt and pepper like pattern 

(Figure 4-6 C and D). This suggests that the segmental expression of hes6  is 

regulated somehow by periodic Notch signalling or by the refining activity of Notch 

signalling in the anterior PSM (Holley et al., 2002). It is interesting to note that within 

the intermediate PSM, where the segmental expression of hes6 is beginning weakly 

to appear in wild-type embryos, there appears to be a gap in hes6 expression in 

aei/deitaD. This gap is filled with a salt and pepper expression in mib/ubiquitin 

iigase. Since mib/ubiquitin ligase represents a severe down-regulation in Notch 

signalling rather than just the loss of one Notch ligand, as is the case for aei/deltaD, 

it is possible that other Notch ligands may be involved in the regulation of hes6 in 

the intermediate PSM and that there may be differential regulation of hes6  by 

different components of Notch signalling in different regions of the PSM.

Since the overall levels of expression and the tailbud expression of hes6 are 

unaffected in Notch signalling mutants, it is unlikely that hes6 is a direct target of 

Notch signalling. This is in contrast to many other hairy/E(Spl) genes but is 

consistent with data from mouse and Xenopus (section 4.1.3.2). In fact, in aei/delta 

there appears to be an up-regulation of expression in the neural tube, which is 

even more pronounced in mib/ubiqultin ligase. Since Notch signalling is an

162



Chapter 4 Hes6

important component of the lateral inhibition pathway this indicates that hes6 may 

play a role in zebrafish neurogenesis similar to that described in other species 

(sections 4.1.3.1 and 4.1.3.2).

4.2.2.2 Morpholino knock-down of hes6 causes a shortening of the body axis at 

mid-somitogenesis stages

To further analyse the function of hes6 during development, in particular 

during somitogenesis, we designed a morpholino oligonucleotide (MO) to knock 

down the levels of Hes6 protein (section 2.1.3.2; (Nasevicius and Ekker, 2000)). 

Injections of this morpholino cause a shortening of the body axis at 17-18 somites 

(Figure 4-7 A and B). The penetrance of this phenotype is dose-dependent (Figure 

4-7 E). The somites are wider medio-laterally and thinner rostro-caudally than 

normal and a little disorganised (Figure 4-7 A’ and B’). However, somite boundaries 

still tend to form at regular intervals and are generally paired across the midline. 

This phenotype is similar to that seen in pipetail (ppt) mutant embryos, which 

correspond to the wnt5 gene (Hammerschmidt et al., 1996: Rauch et al., 1997). This 

suggests that the expression of hes6 in the germ ring during gastrulation may be 

required for the morphogenetic movements of gastrulation. Furthermore, it 

precludes any simple analysis of hes6 function during somitogenesis, since it is 

unclear whether the disorganisation of the somite boundaries, albeit small, is due to 

a previous defect in gastrulation movements. However, given the relatively minor 

disruption in somite boundary formation, if hes6 does function during somitogenesis, 

its role is likely to be redundant.
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Figure 4-6 Segmental Expression of hes6 in the Rostral PSM is Dependent on 

fss/tbx24 and is Disrupted in Notch Signalling Mutants

Single wholemount in situ hybridisations with a hes6 probe in wild-type and 

fss/tbx24, aei/deltaD or mib/ubiquitin ligase mutants at 12-somites (labelled at the 

left and top). A-L Dorsal views, anterior is to the top.

A hes6 is expressed in the tailbud and segmentally in the rostral PSM.

B Segmental hes6 expression is lost in the rostral PSM of fss/tbx24 mutants.

C Segmental hes6 expression is disrupted in the rostral PSM of aei/deltaD mutants. 

It is expressed in a salt and pepper pattern instead of the normal discrete stripes.

D Segmental hes6 expression is disrupted in the rostral PSM of mib/ubiquitin iigase 

mutants. It is expressed in a salt and pepper pattern instead of the normal discrete 

stripes.

Abbreviations nt, neural tube; s, somite.

Somite nomenclature after (Pourquie, 2001b).
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To check that this morpholino can successfully knock down Hes6 protein 

levels, we generated two versions of a fusion protein between eGFP and the 

predicted coding sequence of hes6 (section 2.2.3.2). In these proteins the eGFP 

moiety constitutes the N-terminal end, leaving the WRPW motif, at the C-terminal 

end, free to interact with other proteins. Into one of these constructs we introduced 

the morpholino target sequence (mo) just upstream of the eGFP to generate 

eGFP:hes6 and mo:eGFP:hes6 (Figure 4-8 A and 0). Injections at the 1-2 cell 

stage, of 300-400 pg of eGFP:hes6 resulted in mosaic expression of the fusion 

protein, detectable using fluorescence microscopy, by 50% epiboly (Figure 4-8 

A -A ” ). In contrast to injections of eGFP alone, the majority of the fusion protein 

detected was localised in the nucleus, as expected for a putative transcription factor 

(data not shown). Co-injection of this construct with hes6 MO (1 nl of 0.2 mM) did 

not affect the levels of fluorescence detected (Figure 4-8 B -B ” ). Injections of 

300-400 pg of mo:eGFP:hes6 also resulted in nuclear-localised, mosaic expression 

of the fusion protein by 50% epiboly (Figure 4-8 C -C ”). In contrast to eGFP:hes6, 

co-injections of mo:eGFP:hes6 an6 hes6 MO resulted in an absence of detectable 

fluorescence at the same stage (Figure 4-8 D-D”). This indicates that the hes6 MO 

does indeed knock down the levels of protein from constructs containing the MO 

target sequence and therefore presumably endogenous Hes6.
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Figure 4-7 hes6 Morpholino Knock-Down Causes a Shortening of the Axis at 

Mid-Somitogenesis Stages

Die images of wild-type embryos and embryos injected at the 1-2 cell stage with 

1 nl of hes6 morpholino at a range of concentrations from 0.1 mM to 0.3 mM. A, B, 

C and D Lateral views, anterior to the left. A' and B’ Dorsal views, anterior to the 

top.

A At 17-18 somites, wild-type embryos have only a short distance between the 

head and tail (arrow).

A' The somites of wild-type embryos are uniform in size and paired across the 

midline.

B In hes6 morpholino-injected embryos there is a decrease in the length of the body 

axis and a concomitant increase in the distance between head and tail (arrowhead). 

Although the same number of somites is visible they are thinner rostro-caudally and 

slightly wider medio-laterally.

B' Although there is some mild disruption in somite boundary formation, boundaries 

still form at periodic intervals and tend to be paired across the midline.

0  Wild-type embryos at 22-23 somites have an extended tail (arrow)

D In /îes6-injected embryos the shortening of the body axis is still apparent at 22-23 

somites. The somites still appear largely unaffected.

E A graph to illustrate the percentage of embryos displaying the shortened axis 

phenotype following injections of increasing concentrations of hes6 MO. 

Abbreviations MO, morpholino; n, number of embryos injected; nc, notochord; wt, 

wild-type.
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Figure 4-8 hes6 Morpholino Can Reduce the Expression of an eGFP:hes6 

Fusion Protein Containing the Morpholino Target Sequence

Injections of 300-400 pg of mRNA encoding either of two different constructs, one 

with and one without the hes6 morpholino target sequence, encoding a eGFP:Hes6 

fusion protein were carried out at the 1-2 cell stage with or without co-injection of 

hes6 MO (1 nl at 0.2 mM). A-D Schematic diagram of the various constructs 

injected. A’-D ’ Fluorescence images at 50% epiboly, following injection. A”-D ” DIG 

and fluorescence overlays.

A-B A construct (eGFP:hes6) encoding an eGFP;Fles6 fusion protein was injected 

without (A) or with (B) the hes6 morpholino.

A’- A ” Following injection of eGFP:hes6, mosaic expression of the eGFP:Fles6 

fusion protein is detected at 50% epiboly by eGFP fluorescence.

B’-B ” Following co-injection of eG FP:hes6  with the hes6  morpholino, the 

eGFP:Fles6 fusion protein is still detectable at similar levels.

C-D A construct encoding the same fusion protein as in A-B {mo:eGFP:hes6), but 

including the morpholino target sequence upstream of the eGFP (red) was injected 

without (0) or with (D) the hes6 morpholino.

C’-C ” Following injection of mo:eGFP:hes6, mosaic expression of the eGFP:Fles6 

fusion protein is detected at 50% epiboly by eGFP fluorescence.

D’-D ” Following co-injection of mo:eGFP:hes6 with the hes6 morpholino, the 

eGFP:Fles6 fusion protein is not detectable.

Abbreviation mo, morpholino.
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Chapter 4 Hes6

4.2.2.3 hes6 morphants display disrupted cell movements during gastrulation

One of the major cell movements during gastrulation is convergent 

extension. During convergent extension both mesendodermal and ectodermal cells 

move to the dorsal side of the embryo; this is known as convergence. 

Concomitantly, there is an elongation of the forming embryos along the rostral- 

caudal axis, known as extension (reviewed in (Heisenberg and Tada, 2002; Tada et 

al., 2002)). To determine whether hes6 MO injections do indeed disrupt these 

convergent extension movements during gastrulation, we examined the expression 

of several markers towards the end of gastrulation in hes6 MO-injected embryos. 

Injections of 1nl of hes6 MO at concentrations of 0.2-0.3 mM cause a widening and 

shortening of the paraxial mesoderm, marked by papc  expression at tailbud 

(n = 10/24; Figure 4-9 A and B). These embryos also show a widening and 

shortening of the notochord, marked by nf/expression and a widening of the anterior 

neural plate, marked by dlx3 (n = 9/15; Figure 4-9 C -C ’ and D-D ’). Unlike slb/wnt11, 

but similar to that in ppt/wntS, extension of the more anterior mesendodermal 

tissues, such as the prechordal plate, marked by hgg1 expression is not affected 

(Figure 4-9 C and D; (Kilian et al., 2003)). These results suggest that hes6 could be 

required for correct convergent extension movements during gastrulation.

4.2.2.4 Aîes6 expression is not disrupted in mutants with convergent extension 

defects

Several zebrafish mutants have been isolated that display defects in 

convergent extension (Hammerschmidt et al., 1996). We examined the expression 

of hes6 in several of these mutants. At tailbud, hes6 expression is not disrupted in 

kny/glypican, slb/wnt11 or ppt/wnt5 (Figure 4-10 A-D). This suggests that hes6 

expression within the tailbud does not depend on Wnt signalling. Moreover, the 

expression levels of wnt5 are not affected in hes6 morphants (data not shown). 

hes6 may lie in a parallel pathway that is also required for correct convergent 

extension movements. Preliminary experiments indicate that injections of low doses 

of hes6 MO lead to an enhanced convergent extension phenotype in ppt^' or slb^ '̂ 

embryos, suggesting a synergistic interaction between two pathways (data not 

shown).
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4.2.2.5 The defect in convergent extension may not be independent of changes in 

cell fate

Both ppt/wnt5 and slb/wnt11 have been shown to be important for proper 

morphogenesis during gastrulation rather than cell fate specification 

(Hammerschmidt et al., 1996; Heisenberg et al., 2000; Kilian et al., 2003; Ulrich et 

al., 2003). However, cell fate changes during early germ layer specification, such as 

those induced by compromised Nodal and FGF during gastrulation, also result in 

defects in morphogenesis (Isaacs et al., 1994; Griffin et al., 1995; Branford and 

Yost, 2002; Feldman et al., 2002). It is possible therefore that the convergent 

extension defects observed in hes6 morphants are indirect and related to changes 

in cell fate rather than the direct control of morphogenesis. We have begun to 

examine cell-fate specification at the margin in hes6 morphants. We examined the 

expression of ntl and papc  at 50% epiboly in wild-type and hes6 MO-injected 

embryos. Both these genes are expressed in the germ ring during gastrulation and 

can be considered as mesodermal markers. Following injection of hes6 MO we 

found an significant increase in the numbers of cells in the germ ring expressing ntl 

and papc  (n = 33/33 and n = 12/12 respectively; Figure 4-11 A-D). This was 

particularly obvious on the ventral side where papc  is normally only weakly 

expressed at this stage (Figure 4-11 D). Morphologically we could observe an 

increased thickening of the germ ring at this stage in hes6 morphants compared to 

wild-type embryos (data not shown) but we did not see the characteristic involution 

of the axial mesoderm marked by ntl expression (Figure 4-11 A’ and O’). This could 

be explained by a delay in development of hes6 morphants, although before fixation 

a similar thickening of the shield was observed in both wild-type and morphant 

embryos, suggesting that there may defects in axial involution in hes6 morphants. 

These data can be explained in a number of ways. It may be that defects in cell 

movements, such as enhanced ventrolateral involution, are responsible for the 

increased size of the germ ring. Conversely, defective involution could also lead to 

an accumulation of cells at the margin. Given that ntl expression is downregulated 

following involution, defective involution may account for the increase in ntl 

expression in hes6 morphants. Alternatively, loss of hes6 function may affect the 

fate of cells at the margin, perhaps by influencing Notch signalling, and actively
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induce the expression of the mesodermal markers ntl and papc. Our data currently 

do not allow us to draw more accurate conclusions.

4.2.2.6 Ectopic expression of hes6 also results in a shortening of the body axis

The loss-of-function data suggest that hes6 may function to regulate cell fate during 

early germ layer specification and concomitantly affect gastrulation cell movements. 

Preliminary gain-of-function experiments suggest that ectopic expression of hes6 

also results in abnormal cell movements during gastrulation. Injections of 100 pg of 

hes6 at the 1-2 cell stage results in embryos that show a similar shortening of the 

axis at 15 somites (n = 36/70; Figure 4-12 A and B). The somites were also wider 

medio-laterally and thinner rostro-caudally. This was often more severe than in hes6 

morphants (Figure 4-12 A’-B ’; compare with Figure 4-7 A’-B ’). The relevance of this 

is unknown, but it could be that ectopic expression of hes6 results in an expansion 

of the myotome as it does in Xenopus. Again, no significant disruption in somite 

boundary formation was observed. We have not further characterised the gain-of- 

function phenotype.
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Figure 4-9 hes6 Morpholino Knock-Down Disrupts Convergent Extension 

Movements

Double wholemount in situ hybridisations at tailbud with papc (blue) and myoD (red) 

probes or with a complex probe containing hgg1, dlx3 and ntl in wild-type embryos 

and embryos injected at the 1-2 cell stage with hes6 morpholino (1 nl at 0.2 mM) 

(labelled at top and left). A, B, 0 ’ and D’ Dorsal views, anterior to the top. 0  and D 

Animal pole views.

A-B The expression domain of papc in the paraxial mesoderm is wider (arrow) and 

shorter in hes6 morpholino injected embryos (B) than in wild-type embryos (A).

C-D The neural plate, the anterior limit of which is marked by dix3, is wider (arrow) 

in hes6  morpholino injected embryos (D) than in wild-type embryos (C). The 

extension of the prechordal plate, marked by hgg1 is unaffected.

C’-D ’ Dorsal views of the same embryos as in C -D . The notochord is wider 

(arrowheads) and shorter in hes6 morpholino injected embryos than in wild-type 

embryos.

Abbreviations MO, morpholino; wt, wild-type.
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Chapter 4 Hes6

Figure 4-10 hes6 Expression is Not Disrupted in Gastrulation Mutants

Single wholemount in situ hybridisations at tailbud stage with a hes6 probe. A -D  

Lateral views. A’-D ’ Vegetal pole views

A-A' hes6 is expressed in a horseshoe-shaped domain comprising the tailbud and 

the caudal paraxial PSM in wild-type embryos.

B-B' expression is normal in kny/giypican mutants.

C-C A?es6 expression is normal in sib/wnt11 mutants.

D-D’ hes6 expression is normal in ppt/wnt5 mutants.

Abbreviation wt, wild-type.
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Chapter 4 Hes6

Figure 4-11 hes6 Morpholino Knock-Down Increases the Width of the Germ 

Ring and May Induce Mesodermal Markers

Single wholemount in situ hybridisations at 50% epiboly with nil and papc probes in 

wild-type embryos and embryos injected at the 1-2 cell stage with hes6 morpholino

(1 nl at 0.2 mM) (labelled at top and left). A—D Animal pole views, dorsal side to the 

left. A'-D' Higher magnification of the dorsal side at the level of the germ ring (in the 

case of the hes6 MO-injected embryos, this corresponded to the region where we 

could observe an extra thickening in the germ ring despite the lack of obvious 

involution of axial mesoderm marked by nti expression). A' -D "  Higher 

magnification of the ventral side at the level of the germ ring.

A-A" The expression of nil in the germ ring of wild-type embryos.

B-B” The expression of papc in the germ ring. There is a lower level of expression 

within the shield and on the ventral side.

C -C ”  The number of cells expressing nti in the germ ring and the width of the nil 

expression domain is increased following hes6 morpholino injection. This is more 

pronounced on the ventral side of the embryo (compare C - C  with A’-A ”).

D -D ” The number of cells expressing nil in the germ ring and the width of the nti 

expression domain is increased following hes6 morpholino injection. This is more 

pronounced on the ventral side of the embryo (compare D’-D ” with B’-B ”). 

Abbreviations MO, morpholino; wt, wild-type.
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Figure 4-12 Ectopic Expression of hes6 Causes a Shortening of the Axis at 

Mid-Somitogenesis Stages

Die images of wild-type embryos and embryos injected at the 1-2 cell stage with 

100 pg of hes6 mRNA. A and B Lateral views, anterior to the left. A’ and B’ Dorsal 

views, anterior to the top.

A At 15 somites, the distance between the head and tail is short in wild-type 

embryos (arrow).

A ’ The somites of wild-type embryos are uniform in size and paired across the 

midline.

B In /7es6-injected embryos there is a dramatic decrease in the length of the body 

axis and a concomitant increase in the distance between head and tail (arrowhead). 

Although the same number of somites is visible, they are thinner rostro-caudally and 

wider medio-laterally.

B’ Although there is some mild disruption in somite boundary formation, boundaries 

still form at periodic intervals and tend to be paired across the midline.

Abbreviations nc, notochord; wt, wild-type.
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4.2.3 The Function of hes6 During Neurogenesis

4.2.3.1 The expression of a zebrafish homologue of myt1

Both XHes6 ar\6 XMyT1 appear to function in positive feedback loops that allow 

NPCs to escape lateral inhibition (section 4.1.3.1 and 4.1.3.2; Figure 4-1 B). We 

decided to analyse the roles of both hes6 an6 myt1 during neurogenesis in 

zebrafish. myt1 has so far not been cloned from zebrafish. We searched the 

zebrafish expressed sequence tag (EST) clone database for zebrafish genes that 

show high homology with the Xenopus gene. Several ESTs with high homology 

were identified. The best of these (fc56h05.y1) contains a 2-kb insert. The sequence 

data available indicate that it is not full-length but corresponds to the second half of 

the second cluster of zinc fingers at the C-terminal end (Bellefroid et al., 1996). Over 

this region it is 63% identical to XMyTI. It also appears to include the 3 -UTR. We 

have identified only one putative myt1 homologue in the ensembi genome database 

(ENSDARG00000006212). The predicted protein sequence is over 95% identical to 

that of the EST over the same region. We ordered this EST as well as one other 

(fd03d1 l.y l) .  Both have identical expression patterns. We have used the first EST 

for all our further studies.

myt1 expression is first detectable at the tailbud stage. It is expressed in the 

neural plate in the specific longitudinal domains where primary neurons form (Figure 

4-13 A). At 10 somites it is also expressed in the presumptive forebrain and forming 

spinal cord (Figure 4-13 B). By 24 hpf it is expressed within all regions where 

neurogenesis is occurring, including the telencephalon, diencephalon, midbrain, 

cerebellum, hindbrain and spinal cord. It is also expressed within the retina of the 

eye (Figure 4-13 D and E). At 48 hpf it is expressed in all the same areas (Figure 4- 

13 F and G). The expression at all stages within neural tissues displays a salt and 

pepper pattern suggesting that expression may be limited to specific populations of 

NPCs. The expression profile of zebrafish myt1 is very similar to that described for 

Xenopus and also to zebrafish /?es6 (Figure 4-3; (Bellefroid et al., 1996)).
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4.2.3.2 Expression of hes6ar\6 myt1 during neurogenesis

We analysed the expression of hes6 and myt1 during neurogenesis paying 

particular attention to the temporal order of expression and the expression domains 

in relation to those of other genes involved in neurogenesis. At tailbud, in the 

anterior neural plate, ngn1 is expressed in the trigeminal ganglia, the ventral caudal 

cluster and in the medial and lateral clusters of rhombomeres 2 and 4. In the 

posterior neural plate, it is expressed in the specific longitudinal domains where 

primary neurons form (Figure 4-14 A). myt1 at the same stage is expressed in the 

longitudinal domains and very weakly in the anterior neural plate (Figure 4-14 B). Its 

expression is restricted to fewer cells than that of ngn1 within the same domains. 

hes6  expression is only very weakly detected in the neural plate at this stage 

(Figure 4-14 C). Occasionally a few cells can be seen within the longitudinal 

domains. Its expression is restricted to fewer cells than that of ngn1 or myt1, but 

within the same domain. At a similar stage, is le tl is expressed in the trigeminal 

ganglia and in a very small number of scattered cells within the longitudinal domains 

in the posterior neural plate (Figure 4-16 A). It marks a subset of primary motor 

neurons and the Rohon Beard primary sensory neurons that have escaped lateral 

inhibition and have begun to terminally differentiate. These expression patterns 

suggest that a temporal sequence of expression exists such that myt1 and hes6 are 

expressed later than ngn1 but before is le tl. It also appears that hes6 may be 

expressed later and in fewer cells than myt1. The restriction of myt1 and hes6 

expression to fewer cells within the proneural domain than those expressing ngn1 is 

consistent with expression within NPCs or differentiating neurons escaping lateral 

inhibition.

This temporal sequence is conserved at later stages. At 11 somites, ngn1 is 

expressed in the telencephalon, the trigeminal ganglia and strongly in the neural 

tube (Figure 4-15 A and A’). At the same stage, myt1 is expressed in the same 

regions but expression is weaker and less widespread than that of ngn1 (Figure 4- 

15 B and B’). Within the neural tube, the cells expressing myt1 are more often 

located at the lateral edges where neuronal differentiation is occurring. hes6 is also 

expressed in the same regions and expression is weaker and less widespread than 

either ngn1 or myt1 (Figure 4-15 0 and O’). Expression is confined to cells at the
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lateral edges of the neural tube, suggesting that it is in differentiating or post-mitotic 

neurons that have escaped lateral inhibition.

4.2.3.3 hes6 is required for neurogenesis

By gain-of-function analysis, X H e s6  has been show to promote 

neurogenesis (section 4.1.3.2). To determine whether hes6  is required for 

neurogenesis in zebrafish, we injected hes6 MO and analysed the injected embryos 

at tailbud for /s/ef7-positive primary neurons. At this stage in wild-type embryos, 

is le tl is expressed in the trigeminal ganglia and in a few scattered cells in the 

longitudinal domains in the posterior neural plate (n = 5/5; Figure 4-16 A). As 

previously described, ectopic expression of ngn1 can promote neurogenesis (Blader 

et al., 1997). After injections of 50-100 pg of ngn1 mRNA at the 1-2 cell stage, we 

observe ectopic /s/eM-positive cells scattered in the non-neural ectoderm (n = 27/35; 

Figure 4-16 B). In contrast, injections of 1 nl of hes6 MO at a concentration of 

0.2 mM lead to a complete absence of /s/ef7-positive cells in the neural plate 

(n = 12/12; Figure 4-16 C). The expression of is le tl in the prechordal plate is 

unaffected, suggesting that it is not a target of hes6. These data suggest that hes6 

is required for neurogenesis.
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Figure 4-13 Expression of myt1 During Development

Single wholemount in situ hybridisations with a myt1 probe at various stages of 

development (labelled at bottom left). A, C, E and G Dorsal views. B, D and F 

Lateral views. A Anterior to the top. B-G Anterior to the left.

A At tailbud hes6 is expressed in the trigeminal ganglia and in the three longitudinal 

domains in the posterior neural plate where primary neurons are forming. It appears 

to be expressed in a salt and pepper pattern in these regions.

B At 10 somites hes6 is also expressed in the telencephalon, weakly in the 

hindbrain and in all of the forming neural tube.

C At 10 somites the expression is very strong in the trigeminal ganglia and weak in 

regions of the presumptive hindbrain.

D By 24 hpf hes6 is expressed in all areas where neurogenesis is occurring. 

Expression is stronger in the telencephalon and diencephalon, as well as the 

hindbrain rhombomeres.

E Expression is stronger at 24 hpf in the cranial ganglia and other regions of the 

hindbrain and is in a salt and pepper pattern rather than in all neural tissue 

F At 48 hpf myt1 is still expressed in all regions where neurogenesis is occurring, 

such as the forebrain and hindbrain.

G In the hindbrain expression is clearly only within certain groups of cells, which 

may be differentiating neurons.

Abbreviations c, cerebellum; d, diencephalon; e, eye; hb, hindbrain; m, midbrain; 

nc, notochord; ov, otic vesicle; r, rhombomere; S, somite; t, telencephalon; tb, 

tailbud.
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Figure 4-14 myt1 and hes6 are Expressed After ngn1 and Are Sensitive to 

Lateral Inhibition (1)

Single wholemount in situ hybridisations with a myt1 probe at tailbud stage in wild- 

type (A-C) and mib/ubiquitin ligase mutant embryos (D-F). A -F Dorsal views, 

anterior to the top.

A ngn1 is expressed in the trigeminal ganglia (arrowheads), the ventral medial 

cluster and the medial and lateral clusters of rhombomeres 2 and 4.In the posterior 

neural plate it is expressed in the three longitudinal domains where primary neurons 

are forming (clear arrowheads).

B myt1 is expressed in the anterior neural plate and in the three longitudinal 

domains in the posterior neural plate (clear arrowheads).

C hes6 is very weakly expressed in the anterior neural plate and the three 

longitudinal domains in the posterior neural plate (as well as the tailbud).

D ngn1 expression is stronger in mib/ubiquitin ligase mutant embryos but only within 

the normal expression domains, such as the trigeminal ganglia (arrowheads) and 

the posterior longitudinal domains (clear arrowheads).

E myt1 expression is stronger in mib/ubiquitin ligase mutant embryos but only within 

the normal expression domains, such the posterior longitudinal domains (clear 

arrowheads). Expression is slightly stronger in the anterior neural plate (clear star).

F hes6 expression is stronger in mib/ubiquitin ligase mutant embryos but only within 

the normal expression domains, such as the anterior neural plate (clear star). 

Expression is slightly stronger in the posterior longitudinal domains.

Abbreviation wt, wild-type.
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Figure 4-15 myt1 and hes6 are Expressed After ngn1 and Are Sensitive to 

Lateral Inhibition (2)

Single wholemount in situ hybridisations with a myt1 probe at 11 somites in wild- 

type and mib/ubiquitin iigase mutant embryos. A -F  Lateral views, anterior to the top. 

A ’-F ’ Dorsal views, higher magnification of the neural tube.

A -A ’ ngn1 is expressed in the forebrain, the cranial ganglia and the neural tube. 

Within the neural tube it is expressed in most, if not all cells.

B -B ’ myt1 is expressed in a similar pattern to ngn1 but in fewer cells. In the neural 

tube, expression is stronger in those cells at the lateral edges.

C -C ’ hes6 is expressed in a similar pattern to myt1 but in fewer cells. In the neural 

tube, expression is confined to scattered cells at the lateral edges that probably 

represent terminally differentiating neurons.

D -D ’ ngn1 expression is stronger in mib/ubiquitin iigase mutant embryos but only 

within the normal expression domains, such as the forebrain (clear star). In the 

neural tube, the expression levels of ngn1 are much higher.

E-E’myt1 expression is stronger in mib/ubiquitin ligase mutant embryos but only 

within the normal expression domains, such as the forebrain (clear star). In the 

neural tube, the number of cells expressing myt1 is greatly increased including at 

the midline.

F -F ’ hes6 expression is stronger in mib/ubiquitin ligase mutant embryos but only 

within the normal expression domains, such as the forebrain (clear star). In the 

neural tube, many more cells express hes6.

Abbreviations nt, neural tube; wt, wild-type.
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Figure 4-16 hes6 is Required for Neurogenesis

Single wholemount in situ hybridisations at tailbud with an isietl probe in wild-type 

embryos and embryos injected at the 1-2 cell stage with 50-100 pg of ngn1 mRNA 

or with /7es6 morpholino (1 nl at 0.2 mM) (labelled at top and left). A-C Dorsal 

views, anterior to the top.

A /s/eff-positive neurons are present in the trigeminal ganglia (arrowheads) and 

scattered sparsely in the three longitudinal domains where the primary neurons are 

forming (clear arrowheads). Non-neural staining is also seen in the prechordal plate 

mesoderm.

B ngn1 injection induces the formation of /s/eff-positive neurons, particularly in the 

non-neural ectoderm (clear star).

C hes6 MO injection represses the formation of /s/eff-positive neurons but leaves 

the prechordal plate expression unaffected.

Abbreviations MO, morpholino; pep, prechordal plate; wt, wild-type.
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4.2.3.4 hes6 is not downstream of Notch signalling but hes6 and myt1 are 

sensitive to lateral inhibition

In Xenopus, Xhes6 is not a target of Notch signalling (section 4.1.3.2). To 

see whether the expression of zebrafish hes6 is dependent on Notch signalling, we 

performed injections of an activated form of Notch (Itoh et al., 2003), the Notch5 

intracellular domain (N5ICD). Injection of 100 pg of N5ICD mRNA at the 1-2 cell 

stage was sufficient to cause a shortening of the axis at tailbud and a disruption to 

somite boundary formation at later stages (Figure 4-17 A and C; data not shown). 

However, no ectopic expression of hesS m s  observed (n = 22/22; Figure 4-17 A -A ’ 

and B-B ’). There may even be a mild reduction in the levels of hes6 expression. 

This suggests that hes6 is not a downstream target of Notch signalling. 

Furthermore, hes6 is still expressed in mib/ubiquitin iigase, a mutant in which Notch 

signalling is dramatically reduced and premature neurogenesis occurs (Itoh et al., 

2003). In fact, the expression of hes6 is unregulated in this mutant. At tailbud, ngn1 

expression within the proneural domains is stronger in mib/ubiquitin iigase (Figure 4- 

14 D). This is thought to be due to a lack of lateral inhibition (Itoh et al., 2003). hes6 

expression is also stronger in mib/ubiquitin ligase, particularly in the anterior neural 

plate but also in the longitudinal domains, in the posterior neural plate (Figure 4-14 

F). The same is true for myt1 (Figure 4-14 E). The up-regulation of hes6 an6 myt1 is 

even more apparent at later stages of development. At 11 somites, the expression 

of hes6 and myt1 is increased in all the normal expression domains (Figure 4-15 

D-E). This is particularly obvious in the neural tube (Figure 4-15 D’-F ’). These data 

suggest that although hes6 is not a target of Notch signalling the expression of hes6 

and myt1 is sensitive to lateral inhibition.

4.2.3.5 hes6 and myt1 are regulated by ngn1

Sensitivity of hes6 and myt1 to lateral inhibition implies that these genes are 

either negatively regulated by Notch signalling or perhaps are regulated by 

proneural genes. Indeed, in Xenopus, both XHes6 and XM ytt are regulated by 

XNgn1 (section 4.1.3.2). To investigate whether the situation is similar in zebrafish, 

we performed injections of 50-100 pg of ngn1 mRNA at the 1-2 cell stage and 

monitored the expression of hes6 and myt1. We found that ectopic expression of
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ngn1 was capable of inducing expression of both myt1 (n = 38/51; Figure 4-18 D) 

and hes6 (n = 38/44; Figure 4-18 E). In the case of hes6, expression was also 

induced at later stages in the PSM (where ngn1 is not normally expressed), 

suggesting that it may be a direct target of ngn 1 (data not shown). These data 

suggest that myt1 and hes6 are downstream of ngn1. We have not yet analysed the 

expression of these genes in the ngn1 mutant.
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Figure 4-17 hes6 Is Not Downstream of Notch Signalling

DIG images and single wholemount in situ hybridisations at tailbud with a hes6 

probe in wild-type embryos and embryos injected at the 1-2 cell stage with 100 pg 

of N5ICD mRNA (labelled at top and left). A-D Lateral views, anterior to the left. A’ 

and B’ Vegetal pole views, anterior to the top.

A - A ’ hes6  is expressed in very weakly in the neural plate and strongly in a 

horseshoe-shaped domain within the tailbud and the caudal paraxial PSM.

B-B’ Injection of N5iCD does not induce ectopic expression of hes6.

C-D  Injection of NSiCD causes a shortening of the axis at tailbud. It also disrupts 

somite formation at later stages (not shown).

Abbreviation wt, wild-type.
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Figure 4-18 mytl and hes6 are Induced by ngni

Single wholemount in situ hybridisations at tailbud epiboly with myt1, hes6 and isietl 

probes in wild-type embryos and embryos injected at the 1-2 cell stage with 

50-100 pg of ngn1 mRNA (labelled at top and left). A -F Dorsal views, anterior to 

the top.

A myt1 is expressed weakly in the anterior neural plate and in scattered cells in the 

three longitudinal domains in the posterior neural plate (clear arrowheads).

B hes6 is very weakly expressed in the anterior neural plate (as well as the tailbud).

C /s/eff-positive neurons are present in the trigeminal ganglia (arrowheads) and 

scattered sparsely in the three longitudinal domains where the primary neurons are 

forming (clear arrowheads). Non-neural staining is also seen in the prechordal plate 

mesoderm.

D ngn1 injection induces the expression of myt1 in many cells within the neural plate 

(clear star).

E ngn1 injection induces the expression of hes6 in the neural plate (clear star) and 

also to some extent in the paraxial mesoderm.

F ngn1 injection induces the formation of /s/eff-positive neurons, particularly in the 

non-neural ectoderm (clear star).

Abbreviation wt, wild-type.
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4.3 Discussion

4.3.1 hes6 in the Mesendoderm

4.3.1.1 hes6 loss-of-function and gain-of function does not appear to drastically 

affect somite boundary formation

We isolated hes6 as part of a subtractive library screen to identify novel 

cDNAs expressed in the PSM that may regulate somite boundary formation. In 

Xenopus, ectopic XHes6 expression in the mesoderm disrupts somite boundary 

formation and causes an expansion of the myotome (sections 4.1.3.3 and 4.1.1.4). 

This suggested that zebrafish hes6 may also function during somite boundary 

formation. Zebrafish hes6  is segmentally expressed in the rostral PSM. 

Furthermore, we found that this segmental expression is lost in fss/tbx24 and 

disrupted in Notch signalling mutants (Figures 4-3, 4-5 and 4-6). However, hes6 MO 

injections and ectopic expression of hes6 appear to have little or no effect on somite 

boundary morphogenesis (Figures 4-7 and 4-12). This does not necessarily mean 

that hes6 has no function during somite boundary formation, but its role must be 

very redundant. Further analysis of hes6  function during somitogenesis is 

complicated by the fact that hes6 MO injections and ectopic expression lead to 

convergent extension defects during gastrulation.

4.3.1.2 hes6 may regulate the cell fate of marginal cells and their subsequent 

movements during convergent extension

In mouse, zebrafish and Xenopus, the correct specification of mesendoderm 

depends on Nodal signalling at early blastula stages (reviewed in (Whitman, 2001 ; 

Stainier, 2002; Weng and Stemple, 2003)). In zebrafish, ectopic expression of either 

of the Nodal ligands, cyclops (eye) or squint (sqt) can induce both mesoderm and 

endoderm. Conversely, the loss of eye and sqt results in failure of mesendodermal 

involution at gastrulation and a drastic reduction of subsequent mesoderm and 

endoderm. Similar phenotypes are observed with embryos lacking functional
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maternal and zygotic (MZ) transcripts for the EGF-CFC factor one-eyed pinhead 

(cep), which are unable to respond to endogenous Nodal signals and therefore 

resemble sqt;cyc mutant embryos (Feldman et al., 1998; Gritsman et al., 1999). 

Furthermore, in both zebrafish and Xenopus, the correct regulation of Nodal 

signalling is required for normal gastrulation (Branford and Yost, 2002; Feldman et 

al., 2002). Depletion of the two zebrafish Nodal antagonists, le fty l and Iefty2, 

causes unchecked Nodal signalling, expansion of the mesendoderm and loss of 

ectoderm. The expansion of the mesendoderm correlates with gastrulation defects 

including an extended period of rapid cellular internalization and a failure of deep

cell epiboly. It is clear, therefore, that early germ layer specification and correct 

gastrulation movements are integrally linked.

Since hes6 is expressed in the margin during gastrulation, it is expressed at 

the right time and place to be playing a role in early cell fate specification and 

gastrulation. We found that hes6 morphant embryos display a convergent extension 

phenotype that is very similar to the ppt/wnt5 mutant phenotype, in particular the 

lack of tail elongation (Kilian et al., 2003). Wnt genes are key players in regulating 

gastrulation movements (reviewed in (Tada et al., 2002)). Both ppt/wnt5  and 

slb/w nt11 have been shown to be important for proper morphogenesis during 

gastrulation (Hammerschmidt et al., 1996; Heisenberg et al., 2000; Kilian et al., 

2003; Ulrich et al., 2003). hes6 does not appear to function downstream of Wnt 

signalling, since its expression is unaffected in ppt/wnt5 or slb/wnt11 (Figure 4-10). 

It also does not act upstream of ppt/wntS since expression of wnt5 is unaffected in 

hes6 morphants (data not shown). Furthermore, we have observed a synergistic 

enhancement of these defects following low-dose injections of hes6 morpholino into 

heterozygous ppt/wnt5 or slb/wnt11 mutant embryos (data not shown), suggesting 

that Wnt signalling and hes6 may regulate similar downstream targets.

Unlike Nodal signalling, Wnt5/Wnt11 signalling does not affect cell fate 

specification (Hammerschmidt et al., 1996; Heisenberg et al., 2000; Kilian et al., 

2003; Ulrich et al., 2003). Our preliminary analysis, however, suggests that the hes6 

morphant convergent extension phenotype may not be independent of cell fate 

change. hes6 morphant embryos appear express mesendodermal or mesodermal 

markers such as nf/and papc more widely at gastrula stages (Figure 4-11). This 

suggests a possible increase in mesoderm; however, it is unclear whether
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endoderm is affected. hes6  morphant embryos also show a morphological 

thickening of the germ ring and on some occasions, in particular at higher doses, we 

observed an uncoupling of epiboly in the deep-cells and the enveloping layer (data 

not shown). This is similar to the expansion of the mesendoderm and the 

gastrulation defects observed when Nodal signalling is unchecked by le fty l and 

Iefty2 during gastrulation, raising the possibility that hes6 could somehow modulate 

or counteract the effects of Nodal signalling in blastula/gastrula embryos. The 

expression of hes6  at tailbud is not affected in either oep or Mzoep embryos, 

suggesting that hes6 is not regulated by Nodal signalling (data not shown).

FGF signalling has also been identified as a mesoderm inducer and it has 

been proposed that it acts downstream of Nodal signalling in a relay induction 

mechanism (Rodaway et al., 1999; Mathieu et al., 2004). FGF signalling is also 

involved in gastrulation movements (Isaacs et al., 1994; Griffin et al., 1995; 

LaBonne et al., 1995; LaBonne and Whitman, 1997; Rodaway et al., 1999; Ciruna 

and Rossant, 2001). In zebrafish, key targets of FGF signalling in mesoderm are the 

T-box transcription factors spadetail (spt) and no tail (ntl) (Griffin et al., 1995; Griffin 

et al., 1998). Given the more widespread expression of ntl 'm hes6 morphants, it is 

possible that hes6 normally acts to counteract FGF signalling and limit the number 

of cells recruited to the mesodermal or endodermal lineages. We would like to 

determine whether hes6 is normally regulated by FGF signalling. The germ ring 

expression during gastrulation and the horseshoe-shaped domain of expression in 

the posterior tailbud and PSM are very similar to the expression patterns of other 

FGF-dependent genes, such as nf/and spt hes6 6oes not appear to lie downstream 

of spt, as hes6 expression is unaffected in spt mutant embryos (data not shown). 

This suggests that genes required for later mesodermal specification do not regulate 

hes6.

A direct involvement of hes6 'm regulating Nodal signalling or FGF signalling 

during mesendodermal specification would be surprising given that in both 

neurogenesis and myogenesis Xhes6  appears to modulate Notch signalling 

(sections 4.1.3.2 and 4.1.3.3). Notch signalling has also been shown to regulate 

mesendoderm formation (Kikuchi et al., 2004). In mid-blastula stage embryos, single 

marginal cells, within the region of hes6 expression can give rise to both endoderm 

and mesoderm. By the late blastula stage, single cells generally give rise to either
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endoderm or mesoderm indicating that these lineages have segregated (Warga and 

Nusslein-Volhard, 1999). deltaC, deltaDanô notch 1 are all expressed in the margin 

from 50% epiboly, and Notch signalling appears to influence the decision to become 

endoderm (Kikuchi et al., 2004). Ectopic expression of NICD , her1, or Xsu(H) 

suppressed endoderm formation at late blastula stages. It was also shown that 

NICD  could increase the proportion of cells in Taram-a injected embryos that 

express myoD, suggesting that activation of the Notch signalling pathway can 

convert endodermal cells to mesodermal cells. These data and the salt and pepper 

distribution of endodermal cells led the authors to propose that a lateral inhibition 

type of mechanism may be responsible for determining endodermal cell fate at the 

margin. Xhes6 has been shown to function in a positive feedback loop during 

neurogenesis that allows cells to escape lateral inhibition. It does this by interfering 

with the action of other hairy/E(Sp!) family members that are activated by Notch 

signalling (section 4.1.3.2). This raises the possibility that hes6 may be regulating a 

lateral inhibition mechanism during the segregation of endoderm and mesoderm in 

the germ ring. We would predict that hes6 might allow marginal cells to escape 

lateral inhibition and become endodermal. In this case, loss-of-function of hes6 

should reduce the numbers of cells that become endodermal and increase the 

mesoderm. We do see an increase in mesodermal markers following hes6 MO 

injection and it will be interesting to investigate whether there is a concomitant loss 

of endodermal markers such as sox17ox foxA2.

The expression of hes6 in neural tissue is limited to only a few cells in a salt 

and pepper pattern. This is consistent with expression in NPCs that are escaping 

lateral inhibition. In the germ ring, however, hes6 appears to be expressed in many 

more cells than just presumptive endodermal cells. Also, ectopic expression of a 

dominant negative form of Xdeltal or injections of morpholinos specific to deltaC or 

deitaO did not appear to increase the number endodermal cells, arguing against a 

lateral inhibition mechanism (Kikuchi et al., 2004). Furthermore, premature 

activation of Notch leads to a premature reduction of bannie and Clyde (bon) and 

subsequently a decrease in the number of endodermal cells. Genetic analysis has 

indicated that bon, faust (fau), mezzo and casanova (cas), which encode different 

types of transcription factors, function downstream of Nodal signalling and upstream 

of 50x77 and foxA2 'm endodermal specification (reviewed in (Stainier, 2002)). This 

suggests a second possible mechanism by which Notch signalling regulates 

endoderm formation (Kikuchi et al., 2004). Firstly, bon is induced by Nodal signalling
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at the mid-blastula stage. A burst of Notch signalling then turns off bon expression 

and thereby regulates or limits the number of endodermal cells specified. In this 

context, hes6 may be required to regulate the window in which Notch signalling 

functions, rapidly preventing further Notch signalling once bon has been 

downregulated. However, a bon-independent role for Notch signalling in regulating 

endoderm has also been identified (Kikuchi et al., 2004). Finally, it is possible that 

hes6 is not functioning to oppose Notch signalling but as a downstream target of 

Notch signalling, as with other hairy/E(Spl)-re\a\e6 genes, such as her1 ((Takke and 

Campos-Ortega, 1999). We would like to analyse further the function of bes6 during 

early mesendoderm specification, in particular to determine what may regulate its 

expression in the germ ring during gastrulation and whether hes6 knock-down also 

affects endodermal cell fate. This analysis needs to be complemented by a more 

detailed analysis of hes6 gain-of-function phenotypes.

4.3.2 hes6 During Neurogenesis

4.3.2.1.1 hes6 and myt1 are expressed at the right time and place to function 

during lateral inhibition

In mouse and Xenopus, Hes6 and Myt1 have been shown to promote 

neurogenesis by interfering with lateral inhibition (section 4.1.3.1). Both genes are 

expressed after proneural genes but before terminal differentiation within discrete 

cells within neurogenic domains. We have shown that zebrafish hes6 and myt1 are 

also expressed after ngn1 but before is letl (Figures 4-14, 4-15 and 4-16), indicating 

that the temporal sequence of expression is conserved in zebrafish. Although the 

pattern of both genes is broadly similar to that of ngn1, there is a significant 

difference at the level of individual cells. Both genes are expressed in scattered cells 

suggestive of neuronal precursors, with myt1 being expressed in a greater number 

of cells than hes6, particularly within the neural tube (Figure 4-15). It would be 

interesting to follow the fates of cells expressing hes6 and myt1 to see whether all or 

only a subgroup finally become neurons. hes6 and myt1 are expressed just after or 

around the same as the zebrafish De/fa's (Haddon et al., 1998). This temporal
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sequence of expression suggests that both genes are expressed at the right time 

and place to function during lateral inhibition in zebrafish.

4.3.2.2 hes6 is required for neurogenesis possibly in a positive feedback loop 

during lateral inhibition

Previous studies have demonstrated that mouse and Xenopus Hes6 are 

sufficient to promote neurogenesis. No loss-of-function data have been fully 

reported, although Hes6-null mice do not appear to show any gross morphological 

defects (cited in (Koyano-Nakagawa et al., 2000)). We have shown by loss-of- 

function analysis that hes6 is required for neurogenesis in zebrafish. hes6 morphant 

embryos display no /s/ef7-positive neurons at tailbud (Figure 4-16). Given the 

possible cell fate changes during early gastrulation (section 4.3.1.2), we cannot 

entirely rule out the possibility that this may be due to mis-specification of the 

ectoderm at earlier stages. We would like to check that early ectodermal pattering is 

not disrupted in hes6 morphant embryos and also determine how severely 

neurogenesis is affected at later stages. We would like also to ectopically express 

hes6Xo determine whether it is sufficient to promote neurogenesis in zebrafish.

As yet, we have not investigated whether myt1 is necessary or sufficient for 

neurogenesis. It would be interesting to try morpholino knock-down approaches with 

this gene or ectopic mis-expression of Xenopus or zebrafish myt1 in early zebrafish 

embryos.

The similarity in the expression pattern and requirement of hes6 during 

neurogenesis prompted us to investigate what may be regulating the expression of 

hes6 and whether it could function in a positive feedback loop with proneural genes 

during lateral inhibition. In concordance with mouse and Xenopus data (section 

4.1.3.2), we find that zebrafish hes6 does not lie directly downstream of Notch 

signalling, but is in fact regulated by the proneural gene ngn1. myt1 also appears to 

be regulated by ngn1 (Figure 4-18). Furthermore, both genes are sensitive to lateral 

inhibition. The number of cells and perhaps also the levels of expression of hes6 

and myt1 increase when Notch signalling is compromised (Figures 4-14 and 4-15). 

Our data do not allow us to say whether their expression is normally directly 

regulated by lateral inhibition (e.g. repressed by hairy/E(Spl) genes) or indirectly via
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activation by ngn1, which itself expands when Notch signalling is compromised 

(Figures 4-14 and 4-15). However, it seems clear that both genes respond to lateral 

inhibition and ngn1 as if they are normally expressed in NPCs that are beginning to 

escape lateral inhibition. Coupled with the requirement of hes6  for neuronal 

differentiation, this suggests that zebrafish hes6 and also myt1 may function in a 

positive feedback loop that allows these NPCs to escape lateral inhibition.

It is interesting to note that although ectopic expression of ngn1 induces 

ectopic expression of hes6 and myt1 within the anterior and posterior neural plate, 

ectopic /s/ef7-positive neurons are only observed within the non-neural ectoderm. 

This observation has been discussed previously (Blader et al., 1997). One 

explanation is that lateral inhibitions prevent neurons from differentiating in these 

regions. However, the strong induction of hes6 and myt1 suggests that this may not 

be the case. This favours the alternative explanation that large areas of the neural 

plate are refractive to ngn1 activity because co-activators are absent or other 

repressors, independent of Notch signalling, are present.

4.3.2.3 Molecular mechanisms of hes6 and myt1 function

Although our data suggest that hes6an6 myt1 in zebrafish may function in a 

manner similar to that previously reported for mouse and Xenopus, we have not fully 

addressed the molecular mechanisms by which these genes function. Firstly, it 

would be extremely interesting to determine whether hes6 or myt1 can reinforce 

proneural gene expression in those ceils that express these genes. In Xenopus, 

XMyt1 was shown not to activate Xngn1. In contrast, Xhes6 appears to be able to 

activate XNgn1 (Beilefroid et al., 1996; Koyano-Nakagawa et al., 2000). Secondly, it 

would be interesting to monitor changes in genes involved in lateral inhibition, such 

as the hairy/E(Spl) homologues her1 and her4, following ectopic expression or 

morpholino knock-down of hes6 or myt1, in particular, to determine whether hesG m 

zebrafish can regulate the expression of these genes in a manner that prevents 

lateral inhibition. We would also like to determine whether either hes6 or myt1 can 

rescue neurogenesis in embryos in which lateral inhibition is ‘overactive’, such as 

those injected with N5ICD, or indeed whether ioss-of-function can reduce the 

premature neurogenesis that occurs in mib/ubiquitin ligase mutant embryos due to 

ineffective lateral inhibition (Itoh et al., 2003).
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It would also be intriguing to investigate whether cross-regulation occurs 

between myt1 and hes6. In Xenopus, ectopic expression of Xhes6  can induce 

XMyt1 expression (Koyano-Nakagawa et al., 2000). However, it is unclear if this is 

direct or via interactions with the lateral inhibition machinery, since XHes6 can 

positively regulate XNgn1 expression. It has been suggested that rather than 

interfering with the lateral inhibition machinery directly, the presence of XMyT1 and 

a relevant bHLH proneural gene may allow the expression of neuronal differentiation 

genes even when lateral inhibition is active (Beilefroid et al., 1996). This would 

indicate that it is the thresholds of XMyT1 expression that are important. From our 

analysis it seems that myt1 is expressed earlier and in more cells than hes6. It is 

also perhaps more readily induced by ngn1 expression (Figures 4-14, 4-15 and 4- 

18). This raises the possibility that myt1 may function upstream of hes6 and that 

both genes are required to escape lateral inhibition. Perhaps myt1 functions to 

activate hes6, which then in turn can inhibit lateral inhibition. However, ectopic 

expression of XMyt1 does not affect the expression of genes involved in lateral 

inhibition (Beilefroid et al., 1996), which might be expected if it regulates hes6 

expression.

Finally, we have not addressed the molecular interactions of hes6  at a 

protein level. Does it function by interfering with the repressive capacities of other 

Hairy/E(Spl) proteins during lateral inhibition, as has been suggested for both 

mouse and Xenopus Hes6. It would be interesting to investigate the nature of 

protein interactions of zebrafish Hes6 with other Hairy/E(Spl)-related proteins and 

with Groucho/TLE proteins. Presuming Hes6 can promote neurogenesis in 

zebrafish, which domains are required for this? Can certain domains of Hes6 rescue 

hes6 morphants? Finally, another mechanism by which Hes6 was shown to function 

was by targeting Hesi for proteolytic cleavage (section 4.1.3.2). Intriguingly, within 

the predicted Hes6 amino acid sequence we can identify what appears to be a 

consensus sequence for casein kinase. It also falls within a PEST region of Hes6, 

suggesting that it too may function by targeting other proteins for degradation 

following specific serine phosphorylation by casein kinase.
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Chapter 5 Two Green Fish

5.1 Introduction

5.1.1 Overview

The expression of a particular gene at a specific developmental stage or in a 

specific tissue requires the activity of its promoter, its enhancer sequences and the 

transcription factors that bind to them (Arnone and Davidson, 1997). By studying 

these c/s-elements, it is possible to gain insight into the regulatory mechanisms that 

control the expression pattern. The past few years have seen an explosion in 

transient and transgenic expression analysis technology in zebrafish (reviewed in 

(Udvadia and Linney, 2003)) and it has been shown that the zebrafish provides a 

good model for studying c/s-elements (section 5.1.3; reviewed in (Muller et al., 

2002)). To understand the regulation of the Eph/Ephrin genes during somitogenesis, 

we investigated potential promoter and enhancer regions of two of these genes in 

zebrafish using transient and stable transgenic expression analysis.

We chose the paralagous gene pair efnB2a and efnB2b for our studies. Both 

genes are expressed in the rostral PSM during somitogenesis, efnB2a is expressed 

in the caudal half of somite primordia and efnB2b is expressed in the rostral half 

(Durbin et al., 1998; Chan et al., 2001). We have shown that ephA4 acts at the last 

stage of patterning in the rostral PSM that an ephA4/efnB2a interface is required for 

the morphogenesis and epithelialisation of the somites (Barrios et al., 2003). 

However, there is no direct molecular link between early patterning mechanisms, 

such as the clock and wavefront, and the final expression of genes in a rostrally or 

caudally restricted manner in the anterior PSM. We aimed to find and characterise 

the enhancer elements responsible for the restricted expression of these genes 

during somitogenesis.
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As well as their restricted expression in the PSM, efnB2a and efnB2b are 

expressed in numerous other locations during zebrafish development. The 

generation of transgenic lines for these genes will therefore provide a useful tool for 

studying many processes during development.

The efnB2a and efnB2b paralagous gene pair has probably arisen from a 

gene duplication event, since there is only one orthologue present in mouse and 

human. We compared expression patterns and promoter elements in mouse and 

zebrafish to see whether they conform to the recently described duplication- 

degeneration-complementation (DDC) model (section 5.1.2.2).

We present here a more detailed analysis of efnB2a and efnB2b expression 

than carried out previously (Durbin et al., 1998; Chan et al., 2001), together with a 

new, improved method of generating transient and stable transgenic zebrafish lines, 

originally described for medaka {Oryzias latipes), another teleost fish (Thermes et 

al., 2002). We also present a preliminary analysis of the promoter regions of the two 

genes and describe the generation of independent stable lines that express green 

fluorescent protein (GFP) from these promoter regions. In the case of efnB2a, the 

stable transgenic line expresses GFP segmentally in the rostral PSM in a manner 

that recapitulates the endogenous expression.

5.1.2 Generating Transgenic Zebrafish

5.1.2.1 The problem of mosacism

Since the generation of the first transgenic zebrafish in the late 1980s (Stuart 

et al., 1988; Stuart et al., 1990), a multitude of different lines have been generated 

(for a list see (Udvadia and Linney, 2003)), establishing that DNA injected into early 

one-cell stage zebrafish embryos can be integrated into the genome. The resulting 

fish are mosaic but are capable of germline transmission at rates as high as 20% 

(Culp et al., 1991), the transgene remaining stable through to the Fg generation. 

However, these early experiments demonstrated three main problems: (1) there was 

often mosaic or no expression of the transgene, especially in the injected 

generation; (2) the numbers of germline-transmitting founders produced was low;
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and (3) the rates of germline transmission from these founders to the generation 

were low at around 6—24% (Stuart et al., 1988; Stuart et al., 1990; Culp et al., 

1991). Problems (2) and (3) can be linked to problem (1), in that there is a highly 

mosaic inheritance of the transgene in injected founder fish (this injection strategy is 

illustrated in Figure 5-1).

Taking advantage of the transparency of zebrafish embryos, it was 

demonstrated that GFP from the jellyfish Aequorea victoria could be used as a 

reporter gene (Chalfie et al., 1994; Wang and Hazelrigg, 1994; Amsterdam et al., 

1995; Peters et al., 1995). This “live” screening for transgene expression reduces 

the time required for generating stable lines. It also allows the expression of the 

transgene to be followed over time in living embryos. The first stable lines 

expressing GFP under the control of a modified Xenopus e f ia  promoter were 

produced in 1995 (Amsterdam et al., 1995); the first from zebrafish promoters (a- 

actin and p-actin) were generated in 1997 (Fligashijima et al., 1997). Flowever, the 

problem of mosacism still remains.
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Figure 5-1 A Simple Injection Strategy for Generating Stable Transgenic 

Zebrafish Lines

A One-cell zebrafish embryos are injected with the GFP reporter gene construct 

(green). A large proportion of these embryos express the transgene (dashed green) 

but in a mosaic manner. All the injected embryos are grown to sexual maturity to 

establish the Fq generation. A small proportion will have stable germline integration 

of the transgene (dashed green).

B The Fo fish are outcrossed to identify stable germline-transmitting founder fish. 

These founder fish will have a low germline-transmission frequency but now the 

transgene is expressed in a non-mosaic manner (solid green). Any transgenic GFP- 

expressing Fi fish are grown to sexual maturity to establish a heterozygotic Fi 

generation that is entirely transgenic (solid green).

C When stable transgenic Fi fish are outcrossed to wild-type fish they transmit the 

transgene in a Mendelian manner. They can be incrossed to generate homozygotic 

transgenic fish, which should express GFP at a higher level (not shown).
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5.1.2.2 Attempting to reduce mosaicism -  the IScel meganuclease method

It has been suggested that mosaicism may be caused by the use of 

heterologous promoters. However, even with promoters of zebrafish origin, transient 

expression is also mosaic and the germline transmission frequency from founder 

fish is still low at 2-50% (Higashijima et al., 1997). Various methods have been 

tested in an attempt to reduce these problems. These include: techniques for 

introducing the transgene, such as electroporation (Buono and Linser, 1992; Powers 

et al., 1992; Muller et al., 1993), retroviral-mediated insertion (Lin et al., 1994a; Lin 

et al., 1994b; Linney et al., 1999), transposon-mediated insertion (Raz et al., 1997) 

and sperm-nuclei transplantations (Jesuthasan and Subburaju, 2002); and 

techniques aimed at increasing expression, such as the use of “border” or “insulator” 

elements to reduce positional effects (Caldovic and Hackett, 1995; Caldovic et al., 

1999), nuclear localisation signal (NLS) peptides to increase the transport of the 

DNA to the nucleus (Higashijima et al., 1997; Collas and Alestrom, 1998; Liang et 

al., 2000), and inverted terminal repeats (ITRs) (Hsiao et al., 2001). Modified 

bacterial artificial chromosomes (BACs) and PI artificial chromosomes (PACs) have 

also been tried, and have the added advantage that all necessary c/s-elements 

should be included. A BAG/P AC that carries the gene of interest is modified to splice 

GFP into an early exon, for example, through Chi-stimulated (Jessen et al., 1998) or 

recA-mediated (Imam et al., 2000) homologous recombination, or ET-cloning (recE 

and recT-meditated) (Muyrers et al., 1999). The modified BAC/PAC is then injected 

in the normal manner. This approach has been used in transient expression 

analysis with GATA-2 and also to generate a stable line for rag1, demonstrating 

long-range c/s-regulation (Jessen et al., 1998; Jessen et al., 1999). Mosaicism was 

reduced in both cases. Although all of these techniques have had some success, 

they have several drawbacks. Most significantly, they are technically demanding 

and require complicated manipulations.

Techniques to generate transgenic medaka have shown similar progress. 

Using a microinjection approach, the first stable transgenic medaka line was 

generated in 1986, using a heterologous promoter (Ozato et al., 1986). The first 

stable transgenic line using a promoter of medaka origin was described in 1994 

(Takagi et al., 1994), and the first line expressing GFP in 1998 (Hamada et al.,
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1998). Similar problems arose: mosaicism, a fairly low frequency of appearance of 

germline-transmitting founders, and a low rate of germline transmission from 

founder fish. As with zebrafish, various methods have been tested in the hope of 

improving the situation (Lu et al., 1992; Lu et al., 1997; Chou et al., 2001; 

Wakamatsu et al., 2001).

Recently, a new quicker and less technically demanding method has been 

described that appears to improve results markedly in medaka. It involves the use of 

an intron-encoded homing endonuclease called IScel meganuclease (Thermes et 

al., 2002). The transgene is flanked at either end by the 18-bp recognition site for 

this enzyme via cloning into a modified bluescript vector. Circular plasmid DNA is 

then injected into one-cell embryos in combination with the IScel enzyme and its 

buffer. The mosaicism of injected embryos is significantly reduced and the 

frequency of transgene integration is raised. Futhermore the rate of germline 

transmission from founder fish approaches 50%. It is thought that the rapid cleavage 

of the plasmid mediated by IScel, releasing the transgene, counteracts the 

endogenous ligase activity that normally fuses transgene constructs into large 

concatamers. The high availability of single copies of the transgene then increases 

the chances of an early integration event, markedly reducing mosaicism in the 

distribution of the transgene (Thermes et al., 2002).

Although the method has been reported to function well in zebrafish (C. 

Grabber, personal communication), we wanted to test it first-hand, in combination 

with the standard injection method, using known c/s-elements and then use it in our 

analysis of the regulatory regions of efnB2a and efnB2b. The reduction in mosacism 

suggests that it might be much quicker and easier to test promoter fragments in 

transient analysis, circumventing the need to screen many embryos and build an 

activity map (Muller et al., 1997; Muller et al., 1999), and increasing the speed at 

which potential elements can be identified. It should also mean injecting, growing 

and screening fewer fish to find a stable line.
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5.1.3 From c/s-Element to Gene Regulation

5.1.3.1 Using zebrafish to find enhancers

Is it possible to identify specific enhancer sequences in zebrafish and can 

these sequences be used to understand more about the regulation of gene 

expression? In fact the zebrafish has become an increasingly popular model for use 

in the search for c/s-elements. There is a fast-growing database of promoters and 

enhancer elements (Amacher, 1999), GFP and a number of colour-shifted variants 

are now available for in vivo screening and monitoring of transgene expression 

(Finley et al., 2001), and cytoplasmic injection of transgenes is a relatively simple 

process (sections 5.1.2.1). The initiation of whole-genome sequencing projects in 

several teleost fish species, including zebrafish, is also facilitating the process of 

working with large pieces of genomic DNA and identifying conserved enhancers by 

cross-species comparison (Muller et al., 2002).

5.1.3.2 Transient expression analysis

Although time-consuming owing to the high mosacism of injected 

transgenes, it is still possible to identify c/s-elements in transient expression assays. 

The method involves injecting many embryos and then pooling information from the 

mosaic embryos in an expression map. By using a minimal promoter fused to GFP 

and co-injecting potential enhancer elements, it is even possible to “screen” through 

small fragments of upstream or intronic regions looking for pieces that restrict 

expression (Muller et al., 1997). Transient analysis has been used successfully to 

identify promoter and enhancer regions that drive tissue-specific expression for a 

variety of genes, including GATA-1, GATA-2, shh, twhh, myf-5, and HuC {Long et 

al., 1997; Meng et al., 1997; Meng et al., 1999; Muller et al., 1999; Park et al., 2000; 

Chen et al., 2001; Du and Dienhart, 2001; Flans and Campos-Ortega, 2002; Blader 

et al., 2003).
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5.1.3.3 Phylogenetic footprinting

Identified zebrafish elements are often capable of driving tissue-specific 

expression in other vertebrates (Muller et al., 1999; Blader et al., 2003). The regions 

concerned not only drive expression in cross-species comparisons but are 

frequently highly conserved in sequence. This suggests that a functional genomics 

approach and phylogenetic footprinting may be another way to find functionally 

conserved elements before embarking on a transgenic project (reviewed in (Muller 

et al., 2002)).

Human and mouse diverged around 60 million years ago (MYA) and cross

species comparisons demonstrate that most of the functionally relevant binding sites 

are retained in blocks of conserved sequences. However, the small evolutionary 

distance and the slow rate of neutral divergence mean that not all the non-coding 

sequences that have retained identity actually play a regulatory role. In contrast, 

teleost fish diverged from mammals around 430 MYA and thus are ideally suited for 

this kind of comparison. The genomes of several species of teleost fish, including 

the Japanese pufferfish {Takifugu rubripes), the green spotted pufferfish {Tetradon 

nigroviridis), medaka {Oryzias latipes) and zebrafish {Danio rerio), have now been 

partially or completely sequenced, facilitating this kind of genomic comparison.

5.1.3.4 Understanding gene regulation using enhancer sequences

Does the identification of promoter and enhancer sequences help us to 

understand the transcription factors that bind to them and the regulation of the gene 

in question? Once an element has been reduced in size to the smallest possible 

active region using fine deletion mapping, it is possible to scan the sequence for 

potential consensus binding sites using a suitable computer program, such as 

Matlnspector (Quandt et al., 1995). A variety of techniques can be used to 

determine whether or not these sites are functionally relevant. These include 

electromobility shift analysis (EMSA) and site-directed mutagenesis (for examples 

see (Long et al., 1997; Meng et al., 1997; Meng et al., 1999; Muller et al., 1999). 

Ectopic expression and loss-of-function analysis can be performed in transgenic 

embryos to investigate the response of the transgene (Muller et al., 2000).
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Furthermore, the transgenic line can be crossed with various mutants to see how 

the transgene responds

Although it is often possible to confirm the functional relevance of particular 

enhancer sequences, identification of factors that bind directly to them is rare. 

Identification will require a more biochemical approach. By combining this with 

continued studies of the enhancer elements associated with particular transcription 

factors and their consensus binding sites, it may eventually be possible to elucidate 

complex gene regulatory pathways.

5.1.4 Gene Duplications and the Generation of Diversity

5.1.4.1 Gene duplication

Gene duplication has also been proposed as a mechanism contributing to 

the increase in evolutionary diversity (reviewed in (Prince and Pickett, 2002)). 

Redundant genes produced during large-scale gene duplication events might 

acquire previously non-existent functions important for the evolution of phenotypic 

complexity (Ohno et al., 1968; Ohno, 1970). Gene duplication might also have 

played a role in major increases in complexity in animals, such as the transition from 

a unicellular protozoan to a multicellular metazoan, during the evolution of Bilateria 

from diploblasts (possibly the Cambrian explosion), and during early vertebrate 

evolution (Holland et al., 1994; Sidow, 1996; Lundin, 1999; Miyata and Suga, 2001).

Vertebrates all carry duplicate genes. It is thought that there were two 

rounds of whole-genome duplication around 400 MYA, followed by a third round, 

specific to the teleost lineage, about 110 MYA (Sidow, 1996; Meyer and SchartI, 

1999; Postlethwait et al., 2000). This is best illustrated by what is known as the 

“one-to-four-to-eight” rule based on a comparison of HOX clusters in animal species 

(Meyer and SchartI, 1999). Drosophila has only one HOX cluster containing eight 

genes. Amphioxus also has only one cluster but the cluster contains 14 genes, 

suggesting tandem duplication. Mouse and human have four HOX clusters, each 

containing 13 genes, while zebrafish has seven clusters. This points to three rounds
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of whole-genome duplication followed by the loss of one cluster in the zebrafish 

lineage.

Original models described two possible fates for duplicate pairs of genes: 

non-functionalisation and neo-functionalisation (Haldane, 1933; Fisher, 1935). In the 

former, since the duplicate genes show redundancy (Tautz, 1992; Pickett and 

Meeks-Wagner, 1995) only one copy is required to carry out the functions of the 

single ancestral gene and is retained while the other is eliminated from the 

population by purifying selection. In neo-functionalisation, one of the copies will 

acquire advantageous mutations in the coding sequence or regulatory regions 

leading to novel gene functions and exposing this copy to new selective constraints. 

Since the two genes no longer show redundancy, both copies will be retained. This 

second model is predicted to be very rare and cannot explain frequent evolutionary 

conservation of duplicated genes (Lynch and Conery, 2000). Comparative genomics 

in zebrafish suggest that around 20% of duplicated genes have been retained 

(Postlethwait et al., 2000). A third model proposes that gene duplicates are 

frequently preserved by sub-functionalisation, whereby both members of a pair 

experience degenerative mutations that reduce their joint levels and patterns of 

activity to that of the single ancestral gene (Lynch and Force, 2000). Several models 

of sub-functionalisation have been proposed (Piatigorsky and Wistow, 1991; 

Hughes, 1994). One mechanism by which this may occur is via loss or gain of 

regulatory control regions (Averof et al., 1996; Cooke et al., 1997a). This is best 

explained in what is known as the “duplication-degeneration-complementation” 

(DDC) model (Force et al., 1999).

5.1.4.2 The duplication-degeneration-complementation model

Since the c/s-elements and transcription-factor binding sites that control 

gene expression are modular and usually relatively short, around 8-10 bp, 

mobilisation of these elements or point mutations within these regions can easily 

generate loss of expression domains or de novo expression domains (Dover, 2000). 

The DDC model predicts that, following duplication, separate enhancers in each 

gene will undergo degenerative mutations in such a manner that both copies are 

now required to complement each other and recapitulate the endogenous 

expression pattern of the ancestral gene. Many examples of this process are now
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being found by comparing the expression profiles and promoter elements of specific 

duplicate genes with the single orthologue in other species. A good example in 

zebrafish, hoxb1 is illustrated in Figure 5-2 (McClintock et al. 2002).
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Figure 5-2 The DDC Model Illustrated with Hoxbl

A The ancestral state of H o x b l in mouse. The regulation of expression in 

rhombomere 4 relies on two enhancer elements, a 3’-retinoic-acid responsive 

element (RARE; blue) that regulates early expression and a 5’-auto-regulatory 

enhancer (AUTO; red) that regulates late stable expression.

B First stage of the DDC model. H oxbl is duplicated in the zebrafish lineage to 

generate hoxbla and hoxblb.

0  Second stage. Discrete regulatory regions undergo degenerative point mutations 

in each copy.

D Final stage. Since the mutations are complementary, both copies are required for 

recapitulation of the expression of the single mouse orthologue. Both copies are 

therefore retained. Consistent with this, in zebrafish, hoxblb  is only expressed early 

and has as intact 3;-RARE but point mutations in the 5’-enhancer . hoxbla  is only 

expressed late and retains a perfect copy of the autoregulatory element but not the 

3 -RARE element (McClintock et al., 2002).
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5.2 Results

5.2.1 A Comparison of efnB2a, efnB2b and EfnB2

5.2.1.1 Sequence comparison of class B Ephrins suggests that efnB2a and efnB2b 

are both orthologues of EfnB2

There are three vertebrate class B Ephrins, B1-B3. In mouse and human, 

only one EfnB2  gene is present, while in zebrafish there are potentially two 

orthologues. At the onset of my studies, a full-length clone of efnB2a had been 

isolated, but only a partial clone of efnB2b (Durbin, 1998). This made it unclear as to 

whether the latter really is an orthologue of mouse and human EfnB2. Since then, a 

full-length efnB2b clone has been isolated, as well as clones for efnB1 and efnB3 

(Chan et al., 2001). To establish the evolutionary relationship of these genes, we 

performed an alignment of the predicted protein sequences and created a 

phylogenetic tree, comparing human, mouse and zebrafish proteins. EfnB2a and 

EfnB2b are more closely related to EFNB2 and EfnB2 than either of the other two 

class B Ephrins (Figure 5-3 A), suggesting that they are both orthologues of the 

single mouse and human genes. Sequence comparison shows that EfnB2a is 

65.4% identical to mouse and human EfnB2, while EfnB2b is 55.4% and 54.4% 

identical to mouse and human, respectively.

It is likely that the two zebrafish genes are paralogues that arose from a 

duplication event. It is unclear, however, whether this was a tandem duplication 

event or part of the whole-genome duplication event thought to have occurred in the 

teleost lineage around 110 MYA. efnB2a maps to linkage group 9 whilst efnB2b is 

so far unmapped. The proteins are only 63.6% identical (compared to a 96.1% 

identity between human EFNB2 and mouse EfnB2), suggesting considerable 

divergence in sequence since the duplication event.

221



Chapter 5 Two Green Fish

Figure 5-3 Relationship between Zebrafish and Higher Vertebrate Class B 

Ephrins

A A phylogenetic tree showing the evolutionary relationship between zebrafish and 

higher vertebrate class B Ephrins. Whole protein sequences were obtained from 

Genbank and aligned using ClustalW algorithm from within DNAStar. EfnAS was 

used as an out-group.

B Whole protein alignment of the 82 Ephrins. Amino acids that match the 

consensus are shaded black.

0  Percentage identity/divergence for the protein sequences aligned in B 

Abbreviations h, human; m, mouse; zf, zebrafish.
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5.2.1.2 Zebrafish efnB2a and efnB2b expression during early development

We undertook a more detailed comparison of the expression of efnB2a and 

efnB2b \Uan has been described previously (Durbin, 1998; Durbin et al., 1998; Chan 

et al., 2001). Expression of efnB2a and efnB2b is initiated at 30-50% epiboly in 

germ ring in the cells fated to become mesendoderm (data not shown; (Durbin, 

1998; Durbin et al., 1998; Chan et al., 2001)). Expression of both genes is stronger 

on the dorsal side. During gastrulation, cells expressing efnB2a and efnB2b involute 

and enter the hypoblast. Both genes are expressed in the prechordal plate and 

notochord. By tailbud, there are several new expression domains and only efnB2a is 

still expressed in the prechordal plate (Figure 5-4 A). The two genes are expressed 

in overlapping domains throughout the neural plate (Figure 5-4 A-C). Within the 

presumptive hindbrain, efnB2a is expressed in two or three stripes corresponding to 

r1, r4 and r7 (Durbin, 1998; Durbin et al., 1998; Chan et al., 2001). In the same 

region, efnB2b expression is expressed in r1 and r4 but not r7 (Figure 5-4 B and C). 

The expression of efnB2a is much stronger than efnB2b in r4 and the expression of 

efnB2b is much stronger in r1 than efnB2a. The expression of efnB2b in r1 extends 

further towards the anterior, into the presumptive cerebellum region (Durbin, 1998; 

Durbin et al., 1998; Chan et al., 2001).

Within the mesoderm, the two genes are expressed in the notochord, efnB2a 

in the most posterior part (Figure 5-4 A) and efnB2b along almost the entire length 

(Figure 5-4 B), overlapping with the posterior expression of efnB2a (Figure 5-4 C). 

In the PSM, efnB2a is expressed in three stripes that appear to correspond to the 

presumptive first three somites (Figure 5-4 A), while efnB2b is expressed in two 

stripes and more weakly throughout the posterior (Figure 5-4 B). Already at this 

stage, the stripes of efnB2a and efnB2b within the rostral PSM are mutually 

exclusive (Figure 5-4 C).

During somitogenesis, the expression of the two genes remains fairly 

constant. In the head region expression of efnB2a is stronger in the presumptive 

posterior telencephalic region and weaker in the presumptive anterior diencephalic 

region. It is expressed in the dorso-lateral region of the eye and new weak stripe of 

expression is visible in the midbrain region. In the hindbrain, there is now expression 

in the stream of neural crest cells migrating from r4 (Figure 5-4 D; (Durbin, 1998). In
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the anterior brain, efnB2b is not expressed in the eye, while in the presumptive 

forebrain, expression is stronger in the anterior diencephalon and weaker in the 

presumptive posterior telencephalon, the opposite of efnB2a (compare Figures 5-4 

D, E and F). In the hindbrain region the expression in r1 and the cerebellum extends 

more rostrally than for efnB2a (Figure 5-4 F).

In the PSM at 12 somites, efnB2a is expressed in two stripes in the rostral 

region, corresponding to S-0 and S-l (following somite nomenclature described by 

(Pourquie, 2001b)). The expression is initially in the caudal half of the presumptive 

somites but, in the more rostral mature somites, efnB2a expression gradually 

expands rostrally and is fairly strongly maintained (Figure 5-4 G). Unlike efnB2a, 

efnB2b is expressed weakly in all of the caudal PSM. This expression resolves into 

two stripes in the anterior PSM in S-0 and S-l (Figure 5-4 H). However, efnB2b is 

expressed in the rostral half of the presumptive somites and does not overlap with 

the expression of efnB2a (compare Figures 5-4 G, H and I). efnB2b expression 

persists weakly in the formed somites and not at all in the oldest most anterior 

somites, again unlike efnB2a (Figure 5-4 H and I). This pattern of expression 

persists throughout somitogenesis, with a new band of efnB2a  and efnB2b 

expression being added in the rostral PSM as each new somite is formed.
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Figure 5-4 Expression of efnB2a and efnB2b at the End of Gastrulation and 

During Somitogenesis

Single and double in situ hybridisations with efnB2a and efnB2b at tailbud and 12 

somites (labelled at top and left). Dorsal views, anterior to the top.

A At tailbud,efn62a transcripts are detected in the pre-chordal plate, the anterior 

neural plate and in the hindbrain in r1, r4 and r7. The strongest of these stripes is r4 

and the weakest is r7.Transcripts are detected in pre-somitic mesoderm in three 

stripes (arrowheads) and in the posterior notochord. Some weak expression is also 

detected in the lateral non-neural ectoderm (star).

B At tailbud, efnB2b  is expressed in the anterior neural plate and r1 and r4. 

Transcripts are also detected in most of the notochord and throughout the caudal 

pre-somitic mesoderm, refining into two stripes in the most rostral region 

(arrowheads).

C At tailbud, in the anterior neural plate, efnB2a and efnB2b expression overlaps 

completely. In the hindbrain, efnB2a is expressed predominantly in r4 and efnB2b 

predominantly in r1, although weak overlap can be detected. In the rostral pre- 

somitic mesoderm, the stripes of efnB2a and efnB2b  are mutually exclusive 

(arrowheads).

D At 12 somites, efnB2a is expressed in the dorso-lateral region of the eye, in the 

forebrain and in a weak stripe in the midbrain. Transcripts are detected in the 

cerebellum and r1, r4 and r7. There is also expression in the neural crest cells 

migrating rostrally from the r4 region (star).

E At 12 somites, efnB2b is expressed in the forebrain, cerebellum and r1 and r4.

F At 12 somites, in the forebrain, efnB2a expression is stronger in the presumptive 

posterior telencephalon, while that of efnB2b is stronger in the presumptive anterior 

diencephalon. In the hindbrain, expression of efnB2b extends further rostrally into 

the cerebellum than that of efnB2a, with an overlap in r1.

G At 12 somites, efnB2a is expressed in two stripes in the rostral pre-somitic 

mesoderm at the level of the forming somites (arrowheads). Expression is in the 

caudal half of the presumptive somites but, as the somites mature, gradually 

expands rostrally, forming a gradient (lines represent the boundaries of the last- 

formed somite SI). Expression persists in the more rostral mature somites.

H At 12 somites. efnB2b is expressed in the posterior notochord and throughout the 

caudal pre-somitic mesoderm. In the rostral pre-somitic mesoderm, expression is in

226



Chapter 5 Two Green Fish

two stripes at the level of the forming somites (arrowheads) in the future rostral half, 

and persists weakly in the formed somites.

I At 12 somites. In the rostral pre-somitic mesoderm, the stripes of expression of 

efnB2a and efnB2b are mutually exclusive, with the former in the future caudal half 

and the latter in the future rostral half (arrowheads).

Abbreviations anp, anterior neural plate; c, cerebellum; e, eye; f, forebrain; m, 

midbrain; no, notochord; r, rhombomere.

Somite nomenclature after (Pourquie, 2001b).
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5.2.1.3 Zebrafish efnB2a and efnB2b expression between 24 and 72 hpf

By 24 hpf, efnB2a expression seen in the forebrain during somitogenesis is 

restricted to the dorsal telencephalon and the ventral diencephalon (Figure 5-5 A 

and D). There is some residual expression in the cerebellum and r1, r4 and r7, but 

this is lost shortly after 24 hpf. In contrast, strong expression is maintained in the 

migrating neural crest as the cells stream rostrally (Figure 5-5 A, D and G). By this 

stage, they have reached the level of r1 and r2. Transcripts are also detected in the 

eye in the lens, the lens epithelium and the dorso-temporal retina (Figure 5-5 G and 

F). efnB2b expression in the forebrain during somitogenesis is now restricted to the 

dorsal anterior diencephalon and a few spots located ventrally within the 

diencephalon (Figure 5-5 B and E). Expression in r1 and r4 has become refined into 

discrete groups of cells (Figure 5-5 E).

Within the head, therefore, the expression of the two genes is almost entirely 

mutually exclusive. The domains of expression abut each other very tightly but 

rarely overlap. The most obvious domains are those of efnB2a expression within the 

posterior telencephalon and efnB2b expression in the dorsal anterior diencephalon. 

These two domains, although partially overlapping at earlier stages (Figure 5-5 F) 

have become entirely non-overlapping. Further, while efnB2a tends to be expressed 

in large regions within the forebrain, efnB2b is restricted to much smaller clusters of 

cells.

Outside of the head region, both genes are expressed in the most posterior 

and most immature somites in the tail (data not shown). efnB2a is also expressed in 

the nephron primordia of the developing kidney (data not shown). In the tail region 

the expression of both efnb2a and efnB2b is detected in the dorsal aorta (Figure 5-5 

J-L). efnB2a is also expressed in the endothelial cells migrating from the dorsal 

aorta between the somites to form the inter-somitic vessels. Both genes are 

expressed weakly in the dorsal region of the tail, in what appears to be neural crest 

cells (Figure 5-5 J-L).
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Figure 5-5 Expression of efnB2a and efnB2b at 24 hpf

Single and double in situ hybridisations with efnB2a and efnB2b probes at 24 hpf 

(labelled at top and left). A-C Lateral views, eyes removed. D-F Dorsal views. G-L 

Lateral views. In all cases, anterior is to the left.

A Expression of efnB2a  in the dorsal telencephalon and the and ventral 

diencephalon (the telencephalic-diencephalic boundary is marked with a dashed 

line). In the diencephalon, expression is in the posterior hypothalamus, with weaker 

expression in the anterior hypothalamus (clear star). The weak band of midbrain 

expression has increased in strength and is dorsally located in the pretectum region. 

There is expression in the cerebellum and rhombomeres 1, 4 and 7. The neural 

crest cells from the rhombomere 4 region continue to express efnB2a strongly as 

they migrate towards the anterior (star).

B Expression of efnB2b in the dorsal anterior diencephalon and very weakly in a 

small population of cells in the telencephalon (the telencephalic-diencephalic 

boundary is marked with a dashed line. The dorsal diencephalon expression 

appears to be in the presumptive habenula region. Within the ventral diencephalon, 

the anterior spot is in the preoptic area and the posterior spot within the thalamus. 

There is also weak expression in a small group of cells in the posterior 

hypothalamus. Elsewhere weak expression is also detected in the ventral midbrain, 

the cerebellum and a small patch of cells located just anterior to the otic vesicle, and 

the expression in r1 and r4 has now refined into discrete groups of cells.

C Expression of efnB2a and efnB2b in the head is almost entirely non-overlapping, 

with a very clean boundary between that of efnB2a  in the dorsal posterior 

telencephalon and that of efnB2b in the dorsal anterior diencephalon (marked with a 

dashed line).

D Expression of efnB2a in the dorsal telencephalon, the eye and the neural crest 

(star).

E Expression of efnB2b in the dorsal anterior diencephalon and in a small patch of 

cells just anterior to the otic vesicle.(arrowhead). Transcripts are weakly detected in 

the hindbrain.

F Expression of efnB2a and efnB2b as described in D and E

G Expression of efnB2a in the eye, within the lens, the lens epithelium and the 

dorso-temporal region of the retina (clear star). Neural crest expression can also be 

seen (star).

H No expression of efnB2b is detected in the eye
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I Expression of efnB2a and efnB2b as described in G and H

J Expression of efnB2a in the dorsal aorta, the forming intersomitic vessels (clear 

arrowheads) and weakly in small patches of cells in the most dorsal aspect of the 

tail (star). Weak expression is also detected ventrally within the somites in what may 

be sclerotome (arrowheads).

K Weak expression of efnB2b is also detected in the dorsal aorta and in scatterd 

cells in the most dorsal aspect of the tail.

L Expression of efnB2a and efnB2b as described in J and K.

A b b re v ia tio n s  c, cerebellum; d, diencephalon; da, dorsal aorta; e, eye; m, 

midbrain; np, nephron primordia; ov, otic vesicle; r, rhombomere; t, telencephalon.
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Chapter 5 Two Green Fish

One day later, at 48 hpf, efnB2a is expressed in the pharyngeal arches, 

expression is located in the hyoid arch and also in the more posterior branchial 

arches (Figure 5-6 D). Since the neural crest from r2 populates the hyoid arch only 

(Schilling and Kimmel, 1994) and efnB2a is only expressed in the crest cells 

migrating to this arch, it is likely that the expression in the more posterior branchial 

arches is de novo. There is also expression within the otic vesicle in the region of 

the forming maculae (Figure 5-6 D). Within the eye, expression is now confined to 

the lens, the lens epithelium and a small region of the dorsal eye (Figure 5-6 G).

efnB2b  is still expressed in the diencephalon (Figure 5-6 B and L). 

Expression is stronger in the clusters of neurons in the hindbrain, it is now clear that 

these clusters lie in the cerebellum and in each hindbrain rhombomere (Figure 5-6 B 

and K). Weak, ventral expression is seen in the pharyngeal arches (Figure 5-6 E).

The efnB2a domain in the dorsal telencephalon and the efnB2b domain in 

the anterior diencephalon still abut each other (Figure 5-6 C and L). In the 

pharyngeal arches, efnB2a is expressed in arches 2-6, and efnB2b mainly in arches 

2 and 3, and sometimes weakly in the more posterior arches. efnB2b expression is 

located more ventrally within the pharyngeal pouches than that of efnB2a (compare 

Figure 5-6 D-F); when viewed ventrally, this corresponds to a more medial position 

(compare Figure 5-6 G-l).

At 72 h, efnB2a expression is in the telencephalon (Figure 5-6 M) and in a 

small dorsal patch in the eye. Expression is also still detected in the tectum (data 

not shown). efnB2b expression can now also be detected in the eye within the 

retina. Expression of both genes in the pharyngeal arches is maintained (Figure 5-6 

M-P). efnB2a expression is seen running the length of the more posterior branchial 

arches, while that of efnB2b is seen in the hyoid arch and the medial aspect of the 

posterior branchial arches.
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Figure 5-6 Expression of efnB2a and efnB2b at 48 and 72 hpf

Single and double in situ hybridisations with efnB2a and efnB2b probes at 48 hpf 

(labelled at top and left). A-F Lateral views, eyes removed. G-l and M-P Ventral 

views. J-L Dorsal views. In all cases anterior is to the left.

A efnB2a  expression in the dorsal telencephalon (dashed line marks the 

telencephalic-diencephalic boundary), very weakly in the diencephalon, and in the 

tectum.

B efnB2b transcripts in the anterior dorsal diencephalon and in the cerebellum and 

all hindbrain rhombomeres. In the ventral diencephalon there are two spots of 

expression. The anterior spot is near the junction of the hypothalamus and the 

posterior tuberculum and may correspond to tyrosine-hydroxylase-positive neurons. 

The more posterior cluster is in the dorsal posterior hypothalamus and may 

correspond to the diffuse nucleus of the inferior lobe.

C efnB2a and efnB2b expression remains non-overlapping within the head.

D Expression of efnB2a persists in the neural crest from r4, which has migrated into 

the second pharyngeal arch, the hyoid arch. Expression is now also located in the 

more posterior brachial arches and, weakly, in the developing otic vesicle (clear 

star).

E Expression of efnB2b ventrally in the second and third pharyngeal arches and 

weakly in the more posterior arches. Expression persists in a small patch of cells 

anterior to the otic vesicle that may correspond to the stato-acoustic ganglion (clear 

star) and is now also within the otic vesicle.

F Expression of efnB2b is more ventral in the second and third pharyngeal arch than 

that of efnB2a. One patch of efnB2b expression is anterior to the otic vesicle, while 

the other, in the ventral aspect of the otic vesicle, overlaps with that of efnB2a. Two 

other patches of efnB2a expression in the otic vesicle in the anterior and the dorsal 

region do not overlap with expression of efnB2b.

G Expression of efnB2a in the eye, within the lens and the lens epithelium. 

Expression is stronger in the second pharyngeal arch (hyoid) and weaker in the 

more posterior arches. Expression persists in the nephron primordia and the 

pronephros, and is now also in the distal mesenchyme of the fin buds.

H efnB2b transcripts in the ventral diencephalon and weakly in the medial aspect of 

the pharyngeal arches, particularly in the second and third arches.

I Expression of efnB2b is more medial than that of efnB2a in the pharyngeal arches.

J Expression of efnB2a in discrete clusters of cells in the dorso-lateral hindbrain.
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K Expression of efnB2b in a semicircle of cells in the midbrain (easier to see in L) 

and in segmental bilateral clusters of cells in the cerebellum and each hindbrain 

rhombomere. Each rhombomere has one bilateral cluster lying close to the midline 

and one lying more laterally. The lateral cells may be glial cells that form the glial 

curtain in each rhombomere and/or sensory neurons. The medial cells could be 

motor neurons.

L Expression of efnB2a in the dorsal telencephalon and efnB2b in the anterior 

dorsal diencephalon are still mutually exclusive, with that of efnB2b in a more lateral 

position.

M Expresison of efnB2a in the telencephalon, the eye and the posterior branchial 

arches.

N Expression of efnB2b in the retina, the hyoid arch and the medial aspect of the 

more posterior branchial arches.

O Expression of efnB2a and efnB2b as described in M and N.

P Weak expression of efnB2a si detected between the eyes (clear arrowhead) and 

in a small cluster ventral to each eye (arrowheads).

A b b re v ia tio n s  c, cerebellum; d, diencephalon; da, dorsal aorta; e, eye; hb, 

hindbrain; m, midbrain; ov, otic vesicle; p, pharyngeal arch; r, rhombomere; t, 

telencephalon; tec, tectum.
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Chapter 5 Two Green Fish

5.2.1.4 Expression of EfnB2 in mouse embryos at days 8.5-9.5

The expression pattern of the single mouse EfnB2 gene has been fairly well 

described previously (Bennett et al., 1995; Bergemann et al., 1995; Wang et al., 

1998; Adams et al., 1999; Gale et al., 2001; Shin et al., 2001 ; Takahashi et al., 

2001 ; Gerety and Anderson, 2002). We confirmed the pattern by performing in situ 

hybridisations with a mouse EfnB2 probe (Figure 5-7) at days 8.5, 9.0 and 9.5 of 

development in whole-mount mouse embryos. At E8.5 we detect expression in the 

forebrain, the hindbrain and the PSM (Figure 5-7 A). In the hindbrain, based on the 

position of the otic vesicle, expression is strongest in r1 and r2 but is also in r4 and 

r6. This differs from efnB2a and efnB2b, which are expressed in r1, r4 and r7, and 

r1 and r4, respectively. The hindbrain expression of EfnB2 is confined to the dorsal 

and lateral regions of the neural fold. In the PSM, the gene is expressed in one or 

more usually two bands in the rostral region and weak expression is maintained in 

the formed somites.

At E9.0, expression persists in all the regions noted for E8.5 embryos 

(Figure 5-7 B). The two bands of expression in the rostral PSM remain clearly visible 

and there is now stronger expression in the caudal half of the formed somites. 

Transcripts are now strongly detected in the branchial arches and weakly in the 

midbrain and forebrain (Figure 5-7 B). At E9.5, expression in the PSM and branchial 

arch remains strong (Figure 5-7 C), but is now weaker in the hindbrain r1, r2, r4 and 

r6, the midbrain and the forebrain. Expression is now apparent near the optic cup 

(Figure 5-7 C) and also in the limb bud, the dorsal aorta running the length of the 

embryo, the aortic arches and the heart (data not shown).
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Figure 5-7 Expression of EfnB2 'm Mouse Embryos at Days 8.S-9.5

Single in situ hybridisations with EfnB2 at E8.5, E9.0 and E9.5 (labelled at top). A-C 

Lateral views, anterior to the top right.

A E8.5. Expression in the forebrain, in rhombomeres 1, 2, 4 and 6 (based on otic 

vesicle position and previous reports), and in two bands in the rostral pre-somitic 

mesoderm (arrowheads).

B E9.0. Expression in all the regions noted in A. The pre-somitic mesoderm stripes 

are strong (arrowheads). There is also expression in the branchial arches and 

weakly in the midbrain.

0  E9.5. Expression in the rhombomeres is disappearing. Strong expression persists 

in the branchial arches and is now visible weakly in the forebrain and near the optic 

cup. Transcripts are detected in the dorsal aorta and in the aortic arches. 

Abbreviations aa, aortic arches; ba, branchial arches; da, dorsal aorta; f, forebrain; 

m, midbrain; r, rhombomere.
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5.2.1.5 Comparison of efnB2a, efnB2b and E/nB2somitic and presomitic

mesoderm expression, suggesting that efnB2a and EfnB2rr\ay share 

enhancers

As described above, efnB2a is expressed in the rostral PSM in two stripes 

that correspond to the caudal half of the presumptive somite (Figure 5-8 A). In more 

mature somites, the expression spreads rostrally and is strongly maintained. efnB2b 

is expressed throughout the caudal PSM and in two stripes in the rostral PSM that 

correspond to the rostral half of the forming somites. The latter persist weakly in the 

formed somites but not in the most mature somites (Figure 5-8 B). In the same 

region in the mouse, EfnB2 is expressed in one or two stripes in the rostral PSM 

(Figure 5-8 0  and D), with stronger expression in the caudal half of the presumptive 

somites, which persists in the more mature somites. This pattern of expression is 

similar to that of efnB2a to which it is more closely related in sequence, which 

suggests that EfnB2 an6 efnB2a are functional homologues within the PSM and that 

aspects of their regulation may be shared, including perhaps specific enhancers that 

regulate PSM-specific expression.
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Figure 5-8 Comparison of efnB2a, efnB2b and EfnB2 in the Semitic and 

Presomitic Mesoderm

Single in situ hybridisations with efnB2a, efnB2b, and EfnB2 at 12 somites and at 

days 8.5 and 9.5 in zebrafish and mouse whole-mount embryos (labelled at top and 

bottom right). A-D Dorsal views, anterior to the top

A In zebrafish, efnB2a expression in the caudal half of the presumptive somites in 

the rostral PSM, which spreads to fill the somite in more mature somites.

B In zebrafish, efnB2b is expressed in the caudal PSM and in two stripes in the in 

the rostral half of the presumptive somites in the rostral PSM. Expression persists 

only weakly in the formed somites.

0  In mouse, at E8.5 two stripes of EfnB2 are expressed in the rostral PSM in the 

future caudal half of the presumptive somites. Expression persists in the caudal half 

of the formed somites.

D In mouse, at E9.5 expression is as described in C except that in this particular 

example the more anterior stripe has faded as SO has nearly formed. A new strip of 

expression will appear shortly in S-l I.

Abbreviations nc, notochord.

Somite nomenclature after (Pourquie, 2001b).
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5.2.2 Testing the IScel Meganuclease System

5.2.2.1 Using the IScel system in zebrafish increases transient expression from 

ngn1 promoter constructs

In medaka, the IScel system dramatically reduces the mosaicism associated 

with the transient expression of injected promoter/reporter gene constructs 

(Thermes et al., 2002) (section 5.1.2.2). In order to test its effect in zebrafish, we 

used some well-characterised ngn1 promoter/enhancer constructs (Blader et al., 

2003). Two different stable lines exist for ngn1, carrying different transgenes. One 

with 8.4 kb of 5’-DNA and one with 3.1 kb, both fused to GFP {8.4ngn1 :GFP and 

3.1ngn1:GFP). At 24-30 hpf both transgenes are expressed in the diencephalon, 

the midbrain, the hindbrain and the neural tube in a pattern that recapitulates most 

of the endogenous ngn1 expression domain (Figure 5-9 A and B). However, the 

3 .1ngn1:GFP line shows no GFP in the dorsal telencephalon (compare Figures 5-9 

A and B).

Firstly, we cloned these two promoter/enhancer constructs into the IScel 

vector (section 2.2.4.1). We then injected these constructs, together with the IScel 

enzyme and buffer, into early one-cell zebrafish embryos. These initial experiments 

were used to determine the most suitable concentrations of DMA, enzyme and 

buffer. The best results were obtained using low concentrations of DMA (around 

20 ng/jul), an enzyme concentration of 1.25:10 and a buffer concentration of 0.5X. 

This is similar to the conditions described for medaka (Thermes et al., 2002), 

although we increased the enzyme concentration slightly.

Next, in order to establish whether this system increased transient 

expression from these transgene constructs, we injected the 3.1 ngn1 :GFP consXrucX 

with and without enzyme. We characterised the transient expression as none/weak, 

medium or strong, according to the number of fluorescent cells observed at 24 h. Of 

the embryos injected without the enzyme, 94% displayed very low numbers of 

fluorescent cells in a mosaic manner typical of transient expression (Figure 5-9 0), 

with only 6% displaying medium or strong expression. In contrast, 31% of embryos 

injected with the enzyme showed medium or strong expression (Figure 5-9 G),
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usually confined to the tissue-specific regions expected (Figure 5-9 E). In most 

cases, however, the full expression pattern of the stable transgenic line is not seen 

in any individual injected embryo. Similar results were obtained with the 

8.4ngn 1 :GFP ar\6 LSE3.1ngn1 :GFP constructs. The frequency of medium/strong 

expression with the former was higher than with the latter (compare Figure 5-9 E 

and D; data not shown), suggesting that the results are construct-dependent. With 

the LSE3.1ngn1 :GFP construct, 57% of the embryos showed medium or strong 

expression when injected with the enzyme, compared to only 21% without (Figure 5- 

9 G). These results suggest that this system can enhance the transient expression 

of injected transgenes in zebrafish embryos.
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Figure 5-9 Transient Expression of GFP From ngn1 Promoter Constructs 

Using the IScel Meganuclease System

Embryos were injected at the one-cell stage with a variety of ngn1 promoter 

constructs (labelled bottom right). Embryos were grouped according to the number 

of cells expressing GFP (none/weak, <10; medium 10-50; strong >50)

A-F Lateral views of GFP fluorescence (green) at 24-30 hpf

A Expression of GFP in a stable transgenic embryo carrying the 3.1ngn1 :GFP 

construct. There is no expression in the telencephalon (white arrowhead).

B Expression of GFP in a stable transgenic embryo carrying the 8.4ngn1 :GFP 

construct. Expression is in the telencephalon (white arrowhead).

C Transient expression of GFP in a weak 3.1ngn1 :GFP-\n\ecXe6 embryo withot the 

IScel enzyme. Only a low number of cells express the GFP, although they appear to 

be specific to the ngn1 expression domain.

D Strong transient expression of GFP in an 8.4ngn1 :GFP-\n\ec\e6 embryo when the 

IScel enzyme is co-injected. The GFP recapitulates almost the entire domain of 

ngn1 expression.

E Strong transient expression of GFP in a 3.1ngn1 :GFP-\r\\ecXe6 embryo co-injected 

with the enzyme (compare to C).

F Transient expression of GFP in an LSE3.1 ngn1 :GFP-\n\ecXe6 embryo co-injected 

with the enzyme. The LSE is sufficient to re-establish telencephalic expression 

(compare with A, B and E).

G Graphical representation of the numbers of weak, medium and strongly 

expressing embryos injected with either the 3.1ngn1:GFP ox the LSE3.1ngn1 :GFP 

construct, with and without co-injection of the IScel meganuclease.
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5.2.2 2 Enhancer function can be tested in transient experiments using the IScel 

system

When searching for regulatory elements, a constant drawback has been the 

time-consuming process of analysing mosaic expression of transgenes in hundreds 

of injected embryos or the need to establish stable transgenic lines in order to 

characterise enhancer function. Since the IScel system increases the level of 

transient expression, we wanted to see if it was now possible to test enhancer 

function in transient expression assays. Previous time-consuming deletion analysis 

using transgenic lines had demonstrated that the lack of telencephalic expression in 

the 3.1ngn1:GFP line is due to the absence of the LSE located further upstream 

(Blader et al., 2003). This LSE region is necessary for telencephalic expression but 

it was not known if it is sufficient to drive the expression. To test this, we cloned this 

enhancer directly upstream of the 3.1ngn1 :GFP construct to generate 

LS E 3 .1 ngn1 :GFP. When injected into single-cell embryos, the IScel system 

enhanced the transient expression from the construct (section 5.2.2.1). In addition, 

GFP was expressed within the telencephalon in some injected embryos, reminiscent 

of the 8.4ngn1 :GFP stable line (compare Figures 5-9 B and F). However, GFP was 

never expressed in the telencephalon of 3.1 ngn1 :GFP-\r\\ec\e6 embryos (Figure 5-9 

E). These results indicate that the LSE enhancer, in combination with 3.1 kb of the 

endogenous promoter, is sufficient to drive telencephalic expression of GFP. They 

also suggest that it is possible, with the enhanced transient expression seen with 

the IScel system, to analyse certain enhancers in transient expression assays. We 

are currently establishing a stable line carrying the LSE3.1ngn1 :GFP construct to 

confirm this result.

5.2.3 Using the IScel System to Generate Stable Transgenic Lines 

Expressing GFP From efnB2a an6 efnS2b Promoter/Enhancer 

Constructs

5.2.3.1 Unsuccessful attempts at phylogenetic footprinting

Our aim was to identify enhancer elements that drive the restricted 

segmental expression of efnB2a and efnB2b in the rostral PSM. One approach is to
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look for conserved non-coding regions (section 5.1.3.3). In order to narrow down 

regions of interest, we searched in efnB2a, efnB2b and EfnB2. Firstly, we tested 

various programs using zebrafish ngn1 and mouse ngn1 genomic sequences. An 

mVISTA plot of ngn1 against the mouse locus successfully identifies the three 

upstream enhancer elements and a more proximal region, all of which have been 

previously characterised by transgenic analysis (Figure 5-10) (Blader et al., 2003). 

These regions share greater than 60% identity between zebrafish and mouse. This 

validates the use of programs like mVISTA in the search for enhancer elements. 

The genomic sequence used for mouse was retrieved from the finished genome 

sequence data within the EnsembI database; the zebrafish sequence was obtained 

by direct sequencing of ngn1 promoter constructs. When the same analysis was 

repeated using the unfinished sequences available for zebrafish from the whole- 

genome sequencing project, the enhancer sequences were undetectable, 

suggesting problems with the sequencing data available at the time. When we 

searched for efnB2a and efnB2b genome sequence data, we were unable to find 

sequence of sufficient quality to perform this kind of comparison (section 5.3.2.3).

5.2.3.2 Successful isolation of genomic DNA for the efnB2a and efnB2b loci

Since the mouse EfnB2 locus is -40  kb in size, we decided to isolate PACs 

containing genomic DNA of efnB2a and efnB2b. We designed primers against 

efnB2a and efnB2b and used these to amplify a 639 bp fragment of efnB2a and a 

531 bp fragment of efnB2b by PCR (section 2 2.4.3). The fragment of efnB2a 

covered the first half of the coding sequence and the fragment of efnB2b covered 

the second half. We radiolabelled these PCR fragments and used them 

independently to screen the zebrafish PAC genomic library filters available from 

RZPD (section 2.2.4.3). This library, generated by Chris Amemiya and Len Zon 

(Amemiya and Zon, 1999), is thought to contain four- to five-fold coverage of the 

zebrafish genome, with an average insert size of 112 kb. On the filters supplied by 

RZPD, each clone is double-spotted so that each positive clone should produce a 

distinct double-spot pattern helpful in eliminating false positives.
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Figure 5-10 An mVISTA Plot of the Zebrafish ngn1 Genomic Region Against 

the Mouse Ngn1 Genomic Region

Mouse genomic sequence was extracted from the EnsembI database 

fwww.ensembi.ora): zebrafish sequence was generated from previously isolated 

promoter constructs (Blader et al., 2003). The mVISTA program was used to align 

the two sequences and plot the percentage identity (www-gsd.Ibl.aov/VISTAT The 

mouse ngn1 locus is depicted above the graph. On the graph, anything with 

homology of more than 60% over a window of 100 bp is marked in pink (see key). 

All three 5'-enhancers previously identified by transgenic analysis are detected (at

26,000 bp, 28,000 bp and 29,000 bp) as well as a more proximal region (at 

18,750 bp).
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For efnB2a, six double-spots were seen on one of the filters (Figure 5-11 A). 

Four of these matched one of the correct double-spot patterns expected. For 

efnB2b, two sets of spots were seen on two different filters, again making a total of 

four positive clones (Figure 5-11 B and C). The results matched the predicted four

fold coverage of the library. We ordered the positive clones and re-screened them 

with the same probes used to isolate them. All four clones for each gene were 

positive in the re-screening (data not shown). We then performed restriction 

analysis, which suggested that all four efnB2a clones were more or less identical 

and contained inserts of around 80-100 kb (data not shown). The same was true for 

the four efnB2b clones (data not shown).

5.2.3.3 Cloning efnB2a and efnB2b promoter/enhancer GFP reporter constructs

Using the identified PACs, we attempted to identify promoter and enhancer 

regions that could drive PSM expression of GFP. In the absence of any information 

from comparative genomic approaches, we chose first to identify and clone genomic 

fragments directly upstream of the translation start site, such that the endogenous 

basal promoter is used. We decided against employing the whole PAC knock-in 

strategy since we were searching specifically for the enhancers that control PSM 

expression rather then looking to recapitulate the whole expression pattern. To 

avoid sequencing large regions of the PACs, we used southern blotting and end- 

labelled oligomer hybridisation to identify 5’-fragments in a manner that facilitated 

the cloning of these identified fragments into the /See/.GFP vector (section 2.2.4.2).
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Figure 5-11 Screening Genomic PAC Filters for efnB2a and efnB2b Genomic 

Clones

The four RZPD filters containing the spotted RAC genomic library (www.rzpd.de: 

library no. 706) were screened twice: with a 531-bp PCR fragment of efnB2a\ and 

with a 693-bp PCR fragment of efnB2b.

A-C Filters displaying a positive signal in a phospho-imager after radioactive 

hybridisation using the PCR fragments as probes.

A After screening with the efnB2a probe. One of the four filters displayed six positive 

double-spots. One of these double-spots is shown in close-up (inset). Only four 

clones correspond to a correct double-spot pattern.

B and C After screening with the efnB2b probe. Two of the four filters displayed two 

positive clones each. Examples are shown in close-up (inset).
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Since all four PACs appeared to be almost Identical, we chose one at 

random for each gene and confirmed the presence of the 5’-end of the gene by PCR 

(data not shown; section 2.2.4.4). Then we analysed the 5’-UTR sequence of 

efnB2a and efnB2b for restriction sites that were also present In the IScel:GFP  

vector. efnB2a has an Ncol site co-lncldent with the ATG at the translation start site. 

We designed an ollgo Immediately upstream of this Ncol site (Figure 5-12 A) to use 

for end-labelling (section 2.2.4.4). We then digested the PAC In a series of single 

and double digests with Ncol and other enzymes present In the multiple-cloning site 

of the IScel vector. After southern blotting we used the radloactlvely end-labelled 

primer to Identify the fragments containing this sequence (Figure 5-12 B). We were 

looking for positive fragments from an Ncol/X digest (where X represents any 

enzyme present In the IScel:GFP vector) that were smaller than either of the two 

single digests alone. Since the ollgo Is adjacent to the Ncol site, this would Imply 

that the fragment has Ncol at Its 3 -end and enzyme X at Its 5’-end, allowing 

directional cloning Into the IScel:GFP vector. Hybridising the digested efnB2a with 

this primer enabled us to Identify a Sall/Ncol fragment of 1.2 kb (Figure 5-12 B, lane 

7) and an EcoRI/Ncol fragment of 2.9 kb (Figure 5-12 B, lane 8). Both fragments 

were shorter than In the corresponding single digests (Figure 5-12 B, lanes 1-3). We 

cloned these two fragments Into the ISceI.GFP vector (Figure 5-12 A). No longer 

fragments were Identified. Since Ncol alone gave a fragment of 3.0 kb (Figure 5-12 

B, lane 1), this was the longest we could hope to Identify using this primer.

We decided to design a second primer (section 2.2.4.4) just upstream of the 

Sail site (Figure 5-13 A), which we now had Identlfed 1.2 kb upstream of the ATG. 

We checked the genomic sequence available for this region and were able to 

Identify the Ncol and Sail sites. We designed a primer based on this sequence and 

used It to re-hybrldlse the same PAG digest blot. The re-ldentlflcatlon of some of the 

bands found with the previous primer confirmed that the genomic sequence In this 

location must be correct and that the primer Is Indeed Identifying the b'-efnB2a 

sequence (Figure 5-13 B, lanes 1,3-5 and 7-10). However, this time, some bands 

were different In size, and we were able to Identify an 8-9 kb Xbal/Sall fragment. We 

cloned this fragment upstream of the Sall/Ncol 1.2 kb fragment to generate a larger

10.2 kb 5’-fragment (Figure 5-13 A). In this manner, we generated three different
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constructs that we called 1.2efnB2a:GFP, 2.9efnB2a:GFP an6 10.2efnB2a:GFP, 

where the number represents the length of the upstream DNA cloned (Figure 5-14). 

In all three cases, since the Ncol site used for cloning was co-incident to the ATG, 

the endogenous promoter plus the 5’-UTR are identical to the efnB2a gene but are 

fused to the GFP reporter instead.

We used a similar strategy to clone upstream fragments of the efnB2a 

genomic locus. However, the first enzyme we could use in the 5’-UTR was PstI, 

located 100 bp upstream of the ATG. To ensure that the efnB2b constructs also 

included the endogenous promoter and 5 -UTR right up to the ATG, we generated a 

PCR fragment for this small region with a modified 3 -end containing an Ncol site at 

the ATG. This allowed us to generate 0 .1efnB2b:GFP. Using a similar end-labelling 

approach with a primer designed just upstream of the PstI site (section 2.2.4.4), we 

identified three upstream fragments of increasing sizes (data not shown), which we 

cloned into the 0.1efnB2b:GFP construct to generate 1.7efnB2b:GFP, 

3.1efnB2bGFP and 11.1efnB2b:GFP (Figure 5-14).
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Figure 5-12 Identifying Upstream Regions of the efnB2a Genomic Locus (1)

A A graphical representation of the upstream fragments initially identified and 

cloned for the efnB2a locus. The primer designed just upstream of the Ncol site in 

the 5’-UTR used in B is shown in red.

B A false-coloured image of the positive bands obtained when the primer just 

upstream of the Ncol site was used to hybridise the blot obtained from the digest of 

the efnB2a PAC with several enzymes. Highlighted in red (lanes 1-3 and 7 and 8) 

are those digests that showed shorter fragments in the double digest with Ncol than 

the single digest alone, allowing identification and cloning of a 1.2 kb Sall/Ncol 5’- 

fragment and a 2.9 kb EcoRI/Ncol 5’-fragment (see text for a detailed explanation).
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Figure 5-13 Identifying Upstream Regions of the efnB2a Genomic Locus (2)

A Graphical representation of the upstream fragments identified and cloned for the 

efnB2a locus. The primer designed just upstream of the Ncol site in the 5’-UTR is 

shown in red and the new primer designed upstream of the Sail site used in B in 

green.

B False-coloured image of the positive bands obtained when the primer just 

upstream of the Sail site was used to hybridise the blot obtained from the digest of 

the efnB2a PAC with several enzymes. In this case the positive bands are shown in 

green overlaid on the original blot using the primer upstream of the Ncol site (Figure 

5-10 B). Many bands originally identified also hybridise with this new primer (yellow 

bands), while in other digests this primer now identifies new bands. Highlighted in 

green (lanes 2, 4 and 13) are those digests that showed a different positive band 

from the previous primer and showed shorter fragments in the double digest with 

Sail than the single digest alone, allowing identification and cloning of an 8-9 kb 

Xbal/Sall 5’-fragment.
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Figure 5-14 efnB2a and efnB2b Reporter Constructs

This scheme illustrates the GFP reporter constructs generated for efnB2a and 

efnB2b.

A and A ' The upstream genomic regions of efnB2a and efnB2b, respectively. 

Restriction sites mapped using end-label oligo blotting are shown.

B and B’ The three constructs generated containing increasing lengths of efnB2a 

and efnB2b upstream genomic DNA fused to GFP.
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5.2.3.4 Somite-specific transient expression from efnB2a and efnB2b promoter 

constructs

To determine whetfier our cloned fragments contained specific 

promoter/enfiancer elements capable of recapitulating some or all of tfie efnB2a or 

efnB2b endogenous expression pattern, we conducted a series of injections with the 

IScel meganuclease and monitored the transient expression from all of the 

constructs. To identify PSM enhancers, we paid particular attention as to whether 

the constructs were capable of driving somitic expression of the GFP reporter. All 

three efnB2b constructs were injected independently into one-cell zebrafish 

embryos (section 2.2.4.5). At 24 hpf, the embryos were classified as weak, medium 

or strong groups depending on the numbers of cells in which GFP was expressed. 

Those embryos injected with the 1.7efnB2b:GFP consXrucX showed little (82%) or no 

(18%) GFP expression. Flowever, in those embryos that did show some expression, 

the cells tended to be muscle fibres within the anterior somites (Figure 5-15 A). 

Expression was stronger using the 3.1 efnB2b:GFP ar\6 11.1 efnB2b:GFP consXrucXs 

(Figure 5-15 D), with the best results from the longer construct. In 3.1efnB2b:GFP- 

injected embryos, 79% showed weak expression and 21% medium expression; in

11.1 efnB2b:GFP-'m\ecXe6 embryos, 58% showed medium expression and 33% 

strong expression. In all cases, if GFP was observed at 24 hpf, it was located in the 

muscle fibres, in hatching gland cells and also in more ventral, perhaps endodermal 

derivatives (Figure 5-15 B and C).
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Figure 5-15 Transient Expression From efnB2b Promoter Constructs

Embryos were injected at the one-cell stage with the three efnB2b promoter 

constructs (labelled bottom right). Embryos were grouped according to the number 

of cells expressing GFP (none/weak, <10; medium 10-50; strong >50).

A-C Lateral views of GFP fluorescence (green) at 24 hpf, anterior to the left.

A Weak expression after injection of 1.7efnB2b:GFP. Expression can be seen in a 

single muscle fibre.

B Medium expression after injection with the 3.1efnB2b:GFP  construct. GFP is 

expressed in many muscle fibres in the somites and also in the hatching gland.

C Strong expression after injection with the 11.1efnB2b:GFP construct. GFP is 

expressed in numerous muscle fibres in the anterior somites and also in the 

hatching gland.

D Graphical representation of the numbers of embryos showing weak, medium and 

strong expression after injection with each of the three efnB2b constructs.
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We monitored the expression of GFP from \he 11.1 efnB2b:GFP consXrucX 

more closely. It was capable of driving GFP expression in scattered cells during 

gastrulation (data not shown). During somitogenesis, GFP was expressed frequently 

in notochord cells and somite cells, as well as in hatching gland cells and in more 

ventral endodermal tissues (data not shown). Expression was rare in the head, 

although occasionally a few scattered cells were observed (data not shown). We 

noted that expression in the somites was often stronger in the most mature somites, 

although it was never possible to determine whether there was any rostral-caudal 

polarity of expression within the somites. Since the GFP expression from this 

construct was somite-specific and also stronger than that from the shorter 

constructs, we decided to use this construct to generate the stable transgenic line.

In a similar fashion, we tested the levels of transient GFP expression from 

the efnB2a construct. As with efnB2b, the longest construct gave the highest level of 

expression. At 18-20 somites, 64% of embryos injected with the smallest

1.7efnB2b:GFP showed no GFP expression; 36% showed very weak expression 

(Figure 5-16 C). When the longest 10.2efnB2a:GFP was injected, only 10% of the 

embryos showed no expression and 70% showed medium or strong expression 

(Figure 5-16 C). As with the 11.1efnB2b:GFP construct, GFP was expressed in 

scattered cells during gastrulation. During somitogenesis, it was expressed in 

somite and notochord cells. Unlike the transient expression of 11.1efnB2b:GFP, 

GFP was also expressed in more anterior and more posterior structures (Figure 5- 

16 A’ and B’). At 18 somites, GFP was expressed in the eye region and in the 

hindbrain, often in a particularly bright spot near the ear. In more posterior regions, 

expression was located in a line ventral to the notochord and also in the most dorsal 

cells of the tail, in large cells that may be skin. We were unable to determine 

whether the somite expression had any rostral-caudal polarity. Since this largest 

efnB2a construct was capable of driving strong somite specific expression, we 

decided to use it to generate a stable transgenic line.
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Figure 5-16 Transient Expression From efnB2a Promoter Constructs

Embryos were injected at the one-cell stage with the three efnB2a promoter 

constructs. Embryos were grouped according to the number of cells expressing 

GFP (none/weak, <10; medium 10-50; strong >50)

A-B Lateral views, DIG optics at 18-20 somites, anterior to the top left.

A’-B’ Lateral views of GFP fluorescence in the same embryos as A and B.

A Strong expression after injection of 11.1efnB2b:GFP. Expression is restricted 

mainly to somite cells.

B Strong expression after injection with the 10.2efnB2a:GFP construct. GFP is 

expressed in somite cells and also in the eye, the hindbrain, and the ventral and 

dorsal tail (arrowheads).

C Graphical representation of the numbers of embryos showing weak, medium and 

strong expression after injection with each of the three efnB2a constructs.
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5.2.3.5 Successful generation of stable transgenic lines from the 11.1efnB2b:GFP 

and 10.2efnB2a:GFP constructs

Next we attempted to generate stable transgenic lines from the 

11.1efnB2b:GFP and 10.2efnB2a:GFP constructs to confirm expression. One-cell 

zebrafish embryos were injected with either 10.2efnB2a:GFP or 11.1efnB2b:GFP. 

Embryos were sorted according to expression (weak, medium and strong) by 

analysing the transient expression at 20 somites (24 h). Approximately 50 embryos 

showing medium/strong expression were grown to sexual maturity for each 

construct. We chose these embryos since the less mosaic the transient expression, 

the more likely that a germline integration event has occurred. In the case of 

10.2efnB2a:GFP, fish showing medium and strong expression were grown 

separately. These Fq fish were then outcrossed to wild-type fish to identify founder 

fish in which germline integration had occurred. The progeny were screened live for 

GFP expression (Figure 5-1).

In the case of 11.1efnB2b:GFP, a total of 33 fish were outcrossed and three 

independent founder fish were identified, a transgenesis frequency of about 10% 

(Table 5-1). The rates of germline transmission from these founder fish were 30- 

40%. This is particularly high, approaching the Mendelian ratio of 50% and 

suggestive of an early integration event. All three lines showed identical levels and 

patterns of GFP expression. From one of these lines an F̂  generation was raised. 

When these Fi fish were crossed with wild-type fish, the transgene was transmitted 

to the Fg fish with the expected frequency of 50%. If F̂  fish were incrossed, then 

approximately 75% of the progeny showed transgene expression and 25% showed 

much stronger GFP expression (compare Figure 5-23 A-G with H-L)

For 10.2efnB2a:GFP, a total of 31 fish were outcrossed and 2 independent 

founder fish were identified, a transgenesis frequency of 6.5% (Table 5-2). Of these 

31 Fo fish, 13 showed strong and 18 medium transient expression. The two founder 

fish were from the strong group. If the fish showing medium expression are 

discounted, the transgenesis frequency is 15.4%. The levels of germline 

transmission from these two founder fish were much lower than for the

11.1efnB2b:GFP fish: one founder transmitted the transgene to 9.5% of its offspring, 

the other only to 0.7%. We have been unable to re-identify this second founder
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owing to its very low rate of transmission and its low fecundity. We are currently 

raising an Fi generation from the other founder fish.
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Table 5-1 Generation of Stable Transgenic Lines for 11.1efnB2b:GFP

This table illustrates the number of founder fish identified following Fq outcrosses 

and the levels of germline transmission from these founder fish to the Fi generation. 

The transgene is stable through the F̂  generation and is transmitted in a Mendelian 

manner to the Fg fish.

11.1efnB2b:GFP founders 3/33 (9.1%)

Germline

transmission

Line 1 Line 2 Line 3

Fi generation 33.3%

(32/96)

34.5%

(88/255)

43.8%

(32/73)

Fg generation 50.0%

(33/66)

Table 5-2 Generation of Stable Transgenic Lines for 10.2efnB2a:GFP

This table illustrates the number of founder fish identified following Fq outcrosses 

and the levels of germline transmission from these founder fish to the Fi generation. 

An Fi generation is currently being established.

10.2efnB2a:GFP \ombexs 2/31 (6.5%)

Line 1 Line 2

Germline Fi 9.5% 0.7%

transmission generation (19/200) (1/145)
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5.2.3.6 The 10.2efnB2a:GFPXrar\sger\e drives GFP expression in a subset of 

endogenous efnB2a expression domains, including the anterior PSM

In transgenic fish stable for the 10.2efnB2a:GFP  transgene, GFP is 

expressed in a wide range of structures, recapitulating some of the endogenous 

expression domains of efnB2a. From around 60-70% epiboly, GFP is expressed in 

the germ ring and the involuting axial mesoderm, including the prechordal plate, 

similar to the endogenous efnB2a expression at this stage (data not shown). By 

tailbud, this expression in the axial mesoderm is strong. GFP is never seen in the 

anterior neural plate or the presumptive hindbrain, areas of endogenous efnB2a 

expression (Figure 5-4 A). During somitogenesis, GFP gradually disappears from 

axial mesoderm and begins to be expressed within the somites (Figure 5-17). At 11 

somites, GFP is detected in the first seven or eight somites. Within the first five 

somites, this expression is strong and at all rostral/caudal levels. In the more 

posterior somites, GFP appears to be restricted to the caudal half (Figure 5-17). 

efnB2a is expressed in the developing forebrain, midbrain, hindbrain and eye at this 

stage (Figure 5-4 D) but GFP is never seen in these regions.

Towards the end of somitogenesis, GFP expression gradually fades within 

the somites. By 28 hpf, only very weak expression in the trunk somites remains 

(Figure 5-18 B). At this stage, GFP begins to be expressed in the dorsal aorta and in 

the intersegmental vessels sprouting from it. Endogenous efnB2a is expressed in 

the dorsal aorta (Figure 5-5 I). GFP expression is also seen in the dorsal and ventral 

fin mesenchyme and the skin (Figure 5-18 B), perhaps reflecting either the early 

non-neural ectodermal expression of efnB2a or the scattered expression seen 

dorsally at 24 hpf (Figures 5-6 A and 5-7 H). In the head region, GFP is now 

expressed weakly in the dorsal telencephalon and strongly in the ventral 

telencephalon, and also in the ventro-nasal aspect of the retina (Figure 5-18 A). 

Endogenous efnB2a is expressed in the dorsal telencephalon (Figure 5-4 D and 

Figure 5-5 A), suggesting the transgene expression is perhaps ectopic. In the eye 

efnB2a is expressed in ventro-lateral regions during somitogenesis and is confined 

to the lens and the dorso-temporal retina at later stages (Figure 5-4 D and Figure 5- 

5 G). It is unclear if the transgene is recapitulating the early or late expression 

domain within the eye. GFP is expressed in the presumptive metencephalic artery, 

the forming branchial arches and also in what appears to be the neural crest
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migrating from r4 and a small patch inside the developing ear (Figure 5-18 A). In the 

branchial arch region, it is difficult to distinguish the exact location of the expression. 

GFP is never expressed in the diencephalon, midbrain, cerebellum and hindbrain 

regions despite endogenous efnB2a expression in these regions (Figure 5-5 A and 

D).
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Figure 5-17 GFP Detection in Embryos Transgenic for 10.2efnB2a:GFP at 11 

somites

Dorsal view, anterior towards the top.

A DIG Image, A’ merged image and A” projection of a confocal stack of detected 

fluorescence of the same embryo. The stack contains successive scans 

approximately 0.5 ^m apart, with a total thickness of around 100/vm. The stack was 

projected using Imaged.

A The first eight somites are visible. The more posterior somite boundaries are 

marked (line). GFP is expressed strongly throughout somites 4-5 (star). In the more 

posterior somites, expression appears to be restricted to the caudal half. 

Abbreviations nc, notochord.
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Figure 5-18 GPP Expression In Xhe10.2efnB2a:GFP S\ab\e Line at 28 hpf

Lateral views, anterior to the left.

A-B DIG images, A’-B’ merged images and A”-B” projections of confocal stacks of 

detected fluorescence. The stacks contain successive scans approximately 0.5 /vm 

apart, with a total thickness of around 100//m. The stacks were projected using 

Imaged.

A In the head region, GFP is expressed in the telencephalon, the dorso-nasal 

aspect of the retina, a number of arterial vessels, such as the metencephalic artery, 

the pharyngeal arches, including the neural crest in the second arch and in the 

presumptive endothelial precursors in the more posterior arches, and a discrete 

region of the otic vesicle epithelium (star).

B In the trunk, GFP is expressed in the dorsal aorta and the sprouting 

intersegmental vessels, and also in the mesenchyme of the dorsal (star) and ventral 

fins and the skin.

Abbreviations c, cerebellum; da, dorsal aorta; e, eye; isv, intersegmental vessel; 

m, midbrain; mta, metencephalic artery; nc, notochord; ov, otic vesicle, p, 

pharyngeal arch;, r, rhombomere.
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During the next few days of development, the pattern of GFP expression 

does not alter radically: there is never any GFP expression in the lens, the tectum, 

or the hindbrain, all areas of endogenous efnB2a expression. The GFP-expressing 

neural crest cells in the hyoid arch stream migrate rostrally behind and under the 

eye, where they coalesce at around 48 hpf. These cells then extend rostrally as 

what appears to be the hyoid arch forms. Expression in these cells gradually fades 

and by three days is completely lost (data not shown). At the same time, the 

expression in the more posterior branchial arches becomes stronger. It is clear by 

4.5 days that this expression is in the forming aortic arches, through which blood is 

later seen to flow (Figure 5-19 A, C and D). Endogenous efnB2a is also expressed 

in the hyoid arch and the more posterior branchial arches (Figure 5-6 D) In the rest 

of the head, GFP is expressed in a number of arterial vessels including the inner 

optic circle and the central artery (Figure 5-19 A and data not shown). Within the 

ear, there is now a clear patch of expression within the utricular and saccular 

maculae and perhaps also the anterior and posterior crista, suggesting that it is 

located in the hair cells or support cells underneath the otoliths (Figure 5-19 A and 

C). Again this matches the endogenous, but weak expression of efnB2a in the otic 

vesicle (Figure 5-6 D). In the telencephalon, GFP expression is now more dorsal, 

more closely reflecting the endogenous expression of efnB2a. In the trunk, GFP is 

expressed in a number of arterially-derived blood vessels or in regions where 

arteries have fused with veins: the intersegmental vessels, the dorsal longitudinal 

anastomotic vessel and the supraintestinal artery (Figure 5-19 B). GFP is no longer 

expressed in the dorsal aorta.
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Figure 5-19 GFP Expression in Xhe10.2efnB2a:GFP Stable Line at 4.5 dpf

A-C Lateral views, anterior to the left. D Ventral view.

A-D DIG images, A’-D ’ merged images and A”-C ” projections of confocal stacks 

of detected fluorescence. The stacks contain successive scans approximately 

0 .5 /vm apart, with a total thickness of around 100 ^m. The stacks were projected 

using Imaged.

A, C and D In the head region, GFP is expressed in the inner optic circle (arrow) 

and the posterior aortic arches. In the ear, expression is in both maculae (open star) 

and the anterior and posterior crista (C is a 2 x zoom of the branchial arch/otic 

vesicle region).

B In the trunk, GFP is expressed in arterially-derived vessels including the dorsal 

aorta, the intersegmental vessels, the dorsal longitudinal anastomotic vessel and 

the supraintestinal artery. Some GFP is also detected in the veins where arteries 

have fused to them. GFP is also expressed weakly in the mesenchyme of the dorsal 

(star) and ventral fins.

Abbreviations aa, aortic arch; da, dorsal aorta; dlav, dorsal longitudinal 

anastomotic vessel; e, eye; isv, intersegmental vessel; nc, notochord; ov, otic 

vesicle, p, pharyngeal arch; pav, parachordal vessel; pcv, posterior cardinal vein; 

sia, supraintestinal artery; vi, ventral intercostale vessel; vta, vertebral artery.
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The time taken from the expression of GFP transcripts to the detection of 

fluorescent protein can be up to 3 h. GFP may then remain without being degraded 

for up to 3-4 days. Consequently, the pattern of GFP expression may not accurately 

represent active transcription of the transgene. To determine exactly when and 

where the transgene is actively expressed, we performed a preliminary series of in 

situ  hybridisations using an anti-GFP probe (Figure 5-20). At tailbud, GFP 

transcripts are expressed in the presumptive first three somites in a segmental 

pattern identical to that for the endogenous transgene (Figure 5-20 A and Figure 5-4 

A), as well as weakly in the non-neural ectoderm. There is no expression in other 

areas of endogenous efnB2a expression. At 18 somites, the transgene is expressed 

in the telencephalon, the ventro-lateral region of the eye and what appears to be the 

migrating neural crest from r4 (Figure 5-20 B and C). There is also expression in 

what may be the nephron primordia (Figure 5-20 D), another area of endogenous 

efnB2a expression (Figure 5-5 I), and in the endothelial cells that are coalescing at 

the midline to form the dorsal aorta (Figure 5-20 E). Within the PSM and somites, 

expression is in four or five stripes. Two or three of these are located in the anterior 

PSM and this expression persists in the two most recently formed somites (Figure 5- 

20 F). There is also expression in the posterior lateral plate mesoderm (Figure 5-20

F). Closer inspection of the PSM reveals that, like the expression of endogenous 

efnB2a, expression of the transgene is restricted to the caudal half of the 

presumptive somites S-ll to SO, with the strongest expression in SO (Figure 5-20 G). 

However, unlike endogenous efbB2a expression, which spreads rostrally into the 

formed somites and persists in all formed somites, the transgene expression does 

not spread and persist, although caudal expression is retained up to the level of Sll. 

At 24 hpf, GFP expression is in the dorsal aorta, the telencephalon and the forming 

metencephalic artery but has been lost in the somites (data not shown). At 48 hpf 

expression persists in the telencephalon and is now also in the branchial arches 

(data not shown).
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Figure 5-20 Expression of GFP Transcripts in the 10.2efnB2a:GFP Stable Line 

at the End of Gastrulation and During Somitogenesis

In situ hybridisations with a GFP probe at tailbud and 18 somites (labelled bottom 

left).

A, C-G Dorsal views, anterior to the top. B lateral view.

A At tailbud. Expression of GFP transcripts in three stripes in the PSM (arrowheads) 

and weakly in the lateral non-neural ectoderm (solid star).

B Expression of GFP transcripts in the telencephalon, the neural crest from 

rhombomere 4 and the nephron primordia. In the posterior, transcripts are 

expressed in four or five stripes in the anterior PSM and in the most recently formed 

somites. There is also expression in the endothelial cells underlying the notochord. 

The white arrowheads show the corresponding direction of view in the following 

panels C-F.

C Expression in the neural crest migrating rostrally at the level of rhombomere 4 

(arrowheads).

D Expression in what may be the nephron primordia (arrowhead).

E Expression medially in the endothelial cells beneath the notochord that will form 

the dorsal aorta (arrowhead).

F Expression in four or five stripes in the anterior PSM and the most recently formed 

somites, and also in the lateral plate mesoderm in the tailbud (solid star).

G The two or three stripes of segmental expression within the anterior PSM are 

confined to caudal half of the presumptive somites (arrowheads). Expression is 

maintained in the two most recently formed somites.

Abbreviations f, forebrain; m, midbrain; nc, notochord; r, rhombomere; t, 

telencephalon.

Somite nomenclature after (Pourquie, 2001b).
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5.2.3.7 The 11.1efnB2b:GFP transgene drives GFP expression during gastrulation 

in a pattern that recapitulates early efnB2b expression

In stable transgenic fish carrying the 11.1 efnB2b:GFP Xransgene, GFP is 

expressed in a wide range of structures, a pattern that appears to recapitulate some 

of the endogenous expression domains of efnB2b. The transgene itself, however, is 

only expressed during gastrulation. From 60-70% epiboly, GFP is expressed weakly 

in the margin and the involuting axial mesoderm. By 90% epiboly, GFP is strongly 

expressed in the germ ring, the prechordal plate and the notochord (Figure 5-21 A- 

0). By five somites, this expression has increased. There is strong expression in the 

prechordal plate, much of the head mesoderm, the somites and the notochord. GFP 

is expressed throughout the somites and does not appear to have any rostral/caudal 

restriction. GFP is also expressed in the PSM and the lateral plate mesoderm 

(Figure 5-22 A-C). At 18 somites, GFP is in much of the hatching gland (a derivative 

of the prechordal plate), the head mesoderm, the somites and the notochord (Figure 

5-22 D and E). It is also expressed in much of the endoderm underlying the 

mesoderm, throughout the length of the embryo. In the posterior somites, caudal to 

the end of the yolk extension, there is no GFP expression in the somites or PSM, 

but is expressed in the endoderm (Figure 5-22 D). By 24 hpf, although the pattern 

has not changed substantially, the GFP levels are much weaker. By 30 hpf no GFP 

is visible and at later stages no new GFP expression appears (data not shown).

The loss of GFP at later stages suggests that the transgene may only be 

actively transcribed during early development. To determine exactly when and 

where the transgene is actively expressed, we performed a preliminary series of in 

situ hybridisations using an anti-GFP probe (Figure 5-23). At 30-40% epiboly, GFP 

transcripts appear in the epibolising margin in a manner similar to the endogenous 

expression of efnB2b (Figure 5-23 A). As expected, homozygous carriers of the 

transgene (with two copies) show much stronger expression (Figure 5-23 H-L). At 

50% epiboly, transgene expression is in the entire germ ring and also in the dorsal 

shield (Figure 5-23 C). By 60% epiboly, it is clear that transcripts are also present in 

the involuting hypoblast layer (Figure 5-23 D and E). Expression is strong on the 

dorsal side in the prechordal plate and notochord, and also in the majority of 

involuting cells, in particular in homozygous carriers (compare Figures 7-23 D and E 

with K and L). This again mirrors the expression of endogenous efnB2b. The result
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suggests that the transgene is expressed in the involuting mesoderm and 

endoderm. At 80% epiboly, the expression pattern is maintained (Figure 5-23 F and

G), but after the end of gastrulation no transgene expression remains (data not 

shown) and there is no further expression in later stages of development. The 

pattern of transgene expression demonstrates that later presence of GFP is due to 

the perdurance of GFP and in fact this line appears to essentially “fate-map” the 

mesendoderm.
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Figure 5-21 GFP Expression in ihe11.1efnB2b:GFP Stable Line at 90% Epiboly

A Lateral views. B and C animal pole views, C is focused more vegetally. Anterior to 

the left.

A-C Die images, A’-C ’ fluorescent images.

A Expression of GFP in the prechordal plate, notochord and germ ring, with weaker 

expression in much of the involuting hypoblastic layer.

B GFP expression is strongest in the prechordal plate and notochord.

0 GFP expression in the germ ring (arrowhead).

Abbreviations nc, notochord; pep, prechordal plate.
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Chapter 5 Two Green Fish

Figure 5-22 GFP Expression In the11.1efnB2b:GFP Stable Line During 

Somitogenesis

A and D Lateral views, anterior to the left. B, C and E dorsal views, anterior to the 

top. B is tilted to show the posterior and C the anterior.

A-C and D-E DIG images. A’-C ’ and D ”-E ” fluorescent images.

A At six somites. GFP is expressed in the prechordal plate, the anterior 

mesendoderm, the somites and the PSM (arrowheads).

B At six somites. GFP is also expressed in the notochord and the lateral plate 

mesoderm.

C At six somites. In the head, GFP is expressed in the prechordal plate and the 

head mesoderm (arrowhead).

D At 18 somites. GFP is expressed in the hatching gland and the head 

mesendoderm and also the somites and notochord up to the end of the yolk 

extension. GFP is not expressed in more posterior mesoderm but is detected in the 

endoderm (star).

E At 18 somites. GFP is also expressed in the notochord.

Abbreviations nc, notochord; pep, prechordal plate.
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Chapter 5 Two Green Fish

Figure 5-23 Expression of GFP Transcripts In the 11.1efnB2b:GFPSXab\e Line 

During Gastrulation

In situ hybridisations with a GFP probe during gastrulation in heterozygote and 

homozygote carriers of the 11.1efnB2b:GFP  transgene compared to in situ 

hybridisations with an efnB2b probe (labelled top and left).

A, B, D, F, H, I, K and M lateral views, dorsal to the right where possible. C and J 

animal pole views, dorsal to the right. E, G, L and N dorsal views.

A-G At the onset of gastrulation in heterozygote carriers, GFP transcripts are 

expressed in the germ ring (arrowheads). At shield stage, transcripts are detected 

within the shield (star) and in the involuting mesendoderm. As gastrulation 

proceeds, transcripts are expressed in the prechordal plate and the notochord, with 

continued expression in the germ ring.

H-L In the homozygous line, expression is much stronger, as expected. The pattern 

is identical except that most, if not all, of the involuting cells express the transgene 

(stars).

M-N The expression of the transgene mirrors the endogenous expression of efnB2b. 

Abbreviations nc, notochord: pep, prechordal plate.
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5.3 Discussion

5.3.1 The I Seel Meganuclease System in Zebrafish

5.3.1.1 The IScel system reduces mosaic expression and facilitates the testing of 

enhancer fragments in transient assays

In medaka, the IScel system dramatically reduces the mosaicism associated 

with the transient expression of injected promoter/reporter gene constructs (section

5.1.2.2). Using previously characterised ngn1:GFP promoter fragments, we showed 

that similar results can be obtained in zebrafish. In all cases, the addition of the 

enzyme to the injection medium increased the numbers of cells expressing the 

transgene (section 5.2.2.1). The pattern of transgene expression we observed was 

consistent with the known expression from the ngn1 promoter constructs. The 

reduction in mosaicism was not as dramatic as that noted in medaka. In our tests 

the number of embryos showing uniform expression of the transgene was lower and 

also appeared to be construct-dependent. We observed many more embryos 

showing uniform expression from the 8.4ngn1 :GFP construct than from the

3.1 ngn1 :G FP  construct. It is unclear whether this effect is due to the 

promoter/enhancer itself or to some other construct-dependent event. The stable 

transgenic lines from these constructs do not show any discernable differences in 

the level of transgene expression, so perhaps the difference in transient activity 

reflects the ease of integration of the construct, in which case, it is surprising that 

the longer construct shows less mosaicism.

We then tested whether the IScel method helps to distinguish differential 

activity of promoter/enhancer constructs in transient analysis. We were able to 

demonstrate that a single distal enhancer region combined with the more proximal 

region of the ngn1 locus was sufficient to drive telencephalic expression (section

5.2.2.2). This element has been shown to be required for telencephalic expression 

by deletion analysis in transgenic zebrafish (Blader et al., 2003), suggesting that it is 

possible to distinguish differences in enhancer activity in transient expression 

assays using the IScel method. This should obviate the need to analyse large
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numbers of highly mosaic embryos and generate expression maps (Muller et al., 

1997; Muller et al., 1999). The presence or absence of telencephalic expression is a 

fairly clear-cut difference and it is unclear whether this system could be used to 

detect more subtle changes in enhancer activity.

5.3.1.2 The IScel system moderately increases the rate of transgene integration 

and increases germline transmission.

The reduction in mosaicism when using the IScel system is thought to reflect 

an early integration of transgene (Thermes et al., 2002), leading in medaka to a 

dramatic increase in the frequency of transgene integration and germline 

transmission. In zebrafish, we successfully generated stable transgenic lines for 

both the 10.2efnB2a:GFP ar\6 7 7 . const ructs using the IScel system. 

We obtained an average frequency of transgene integration of about 8% (5/64). This 

is clearly far lower than the frequency obtained with medaka. In zebrafish, 

frequencies of up to 21% have been obtained using microinjection alone 

(Higashijima et al., 1997). However, these constructs were fairly short, averaging 

around 5 kb. When much longer constructs are used, frequencies range between 

3% and 15% (Higashijima et al., 2000; Lawson and Weinstein, 2002; Blader et al., 

2003; Geling et al., 2003) but may be as low as 1% (P. Blader, personal 

communication). It therefore appears that the significant decrease in mosaicism 

achieved with the enzyme is not matched by a dramatic increase in frequency of 

transgene integration. It has been suggested that IScel functions by preventing the 

concatamerisation of transgene constructs, facilitating an early integration event 

(Thermes et al., 2002). In zebrafish, there may be a lower integration rate, even 

though the transgene is present in single copies at higher frequencies and these 

small fragments are inherited by each cell more easily than concatamers during cell 

division.

Low levels of germline transmission are often observed from identified 

founder fish owing to the mosaic inheritance of the transgene and subsequent 

integration in a small fraction of germ cell progenitors. The IScel method can 

dramatically increase this rate in medaka from around 15% to a maximum of 50%. 

In zebrafish, germline transmission rates without IScel are often as low as 6% 

(Kennedy et al., 2001) but have been increased to as high as 43% by injecting a
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complex of DNA and NLS-peptides (Collas and Alestrom, 1998). In our experiments, 

all three of the 11.1efnB2b:GFP lines established showed high levels of germline 

transmission, ranging from 33% to 44%. However, the two lines generated from the 

10.2efnB2a:GFP lines had very low levels of germline transmission of 9.5% and 

0.7%, and we have been unable to re-identify the lower of these two lines. So the 

IScel system appeared to work well for one of the constructs but not so well for the 

other.

Although the IScel method is not as effective in zebrafish as in medaka, it 

reduces mosaicism (permitting easier testing of enhancer fragments in transient 

expression assays), moderately increases the frequency of transgene integration for 

longer constructs, and increases the rate of germline transmission. Given the 

relative simplicity of the method compared to others that have been tested (Buono 

and Linser, 1992; Powers et al., 1992; Muller et al., 1993; Lin et al., 1994a; Lin et 

al., 1994b; Caldovic and Hackett, 1995; Higashijima et al., 1997; Raz et al., 1997; 

Collas and Alestrom, 1998; Jessen et al., 1998; Caldovic et al., 1999; Linney et al., 

1999; Liang et al., 2000; Hsiao et al., 2001 ; Jesuthasan and Subburaju, 2002), it 

seems a sensible option to use it when investigating enhancer/promoter expression 

and generating transgenic lines in zebrafish.

5.3.1.3 Using the IScel System in transient and stable transgenic expression 

analysis identifies upstream regions of genomic DNA that drive PSM 

expression for efnB2a but not efnB2b

Since it appears possible to test reporter construct activity in transient 

analysis, we used the IScel system to investigate the somite-specificity of the 

efnB2a and efnB2b constructs in our search for PSM enhancers. For each gene, we 

generated three constructs containing increasing lengths of genomic DNA upstream 

of and including the translation start site fused to GFP. We did not attempt to locate 

the transcription start sites for these two genes. The longest mRNA isolated for 

efnB2a contains a 150-bp 5’-UTR and the length of the efnB2b 5 -UTR is unknown. 

All our constructs include the endogenous promoter and the endogenous 5 -UTR up 

to the translation start site, the ATG.
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Since efnB2a and efnB2b are expressed in the germ ring during gastrulation 

it is impossible, in transient expression analysis, to determine whether or not the 

GFP expressed in the somites reflects transcription of the transgene during 

somitogenesis or perdurance from earlier stages. We used the IScel system to 

establish transgenic lines from the two longest constructs.

The 10.2efnB2a:GFP line recapitulates many areas of endogenous 

expression of efnB2a. These include the telencephalon, the eye, the neural crest, 

the pharyngeal arches, and the arteries (Figures 5-4 to 5-6 and 5-17 to 5-19). In 

some cases, such as the telencephalon, the transgene does not exactly mirror the 

endogenous expression suggesting that some enhancer elements are missing. 

However, since we only analysed in detail one line for this transgene we cannot rule 

out effects caused by the integration position. We do not believe this to be the case 

since we saw similar expression in the second line that we were unable to recover. 

We are establishing new lines with this construct to confirm this. Of particular 

interest to us is the recapitulation of segmental PSM expression in the caudal half of 

the forming somites.

The 11.1efnB2b:GFP\ransgene only drives expression during gastrulation. It 

does so in a manner that recapitulates the endogenous expression of efnB2b 

(Figure 5-23). However it does not drive any other expression. In particular there is 

no expression in the PSM. The GFP observed in the somites in the transient 

analysis of 11.1efnB2b:GFP  at 24 h is a reflection of early expression of the 

transgene in the germ ring (Figures 5-21 to 5-23). Since GFP is often degraded 

slowly, it can remain fluorescent for a number of days after its initial expression. It is 

therefore difficult to distinguish between early and late expression based on GFP 

detection alone.

Despite using the approximately the same length of upstream DNA in our 

constructs the 10.2efnB2a:GFP XxawsgewQ recapitulates a much broader spectrum 

of the endogenous pattern than does 11.2efnB2b:GFP. Implying a large difference 

in the enhancer elements within this region, confirmed by our recent sequence 

analysis (section 5.3.2.3)
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5.3.2 Evolutionary Relationship between efnB2a, efnB2b and EfnB2

5.3.2.1 Genomic organisation suggests that efnB2a and efnB2b arose during 

whole-genome duplication

efnB2a and efnB2b are zebrafish orthologues of the single mouse gene 

EfnB2 {secWor\ 5.2.1.1). In terms of expression and sequence, efnB2a is more 

closely related to EfnB2 than is efnB2b. Since we started this project, the genome 

sequences available for efnB2a and efnB2b have improved considerably. Using 

various sequences extracted from the EnsembI database (www.ensembl.oraT it is 

now clear that both genes consist of five exons (and four introns) of almost identical 

lengths (data not shown). EfnB2 also consists of five exons dispersed over -40  kb, 

with particularly large first and second introns. Although efnB2a and efnB2b are 

spread over only -26  kb, the first and second introns have remained large. 

Upstream of EfnB2 is another gene (NM_176849) of unknown homology (but 

supported by cDNA sequences). The last exon of this gene is around 7 kb upstream 

of the translation start site for EfnB2. Interestingly, efnB2a and efnB2b also have 

this gene immediately upstream, although the sequence has diverged (Figure 5-24). 

This implies conserved synteny around the efnB2a  and efnB2b loci. These 

paralagous genes may therefore have arisen during the whole-genome duplication 

that occurred in the teleost lineage 110 MYA rather than by a tandem duplication 

event.

5.3.2 2 Sub-functionalisation, neo-functionalisation or both?

Models of gene duplication suggest that duplicate pairs may be retained if 

neo-functionalisation or sub-functionalisation (the DDG model) occurs (section

5.1.4). Is it possible to distinguish between these as potential models for the 

retention of efnB2a and efnB2b7 One of the predictions of the DDC model is that the 

expression of the duplicated genes should resemble the ancestral pattern when 

summated. At early stages both efnB2a and efnB2b are co-expressed in the 

presumptive forebrain (Figure 5-4). However, by later stages their expression is 

predominantly non-overlapping (Figure 5-5 and 5-6). Mouse EfnB2 is widely 

expressed in the developing forebrain (Figure 5-7) suggesting that in this region
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sub-functionalisation of efnB2a and efnB2b may have occurred. A more detailed 

expression analysis of EfnB2 \n the forebrain is required.

In the hindbrain when efnB2a and efnB2b are compared alone, reciprocal 

loss of expression and sub-functionalisation seems to have occurred. efnB2a is 

expressed in r1, r4 and r7 and efnB2b is expressed in the cerebellum, r1 and r4 

(Figure 5-4). However, EfnB2 \s expressed in r1, r2, r4 and r6 (Figure 5-7). All three 

genes share expression in r1 and r4 but efnB2a and efnB2b have both lost 

expression in r2 and r6 and efnB2a has gained expression in r7. This could indicate 

significant divergence in enhancer elements that control hindbrain expression. 

However, it is also possible that the enhancers have remained the same and the 

upstream patterning mechanisms have altered between species such that the same 

enhancers in zebrafish and mouse drive different rhombomere expression. This 

could be tested using zebrafish enhancers in mouse and vice-versa. The upstream 

region of efnB2a  and efnB2b  that we have isolated do not drive hindbrain 

expression and so we cannot test this at the present time.

Within the branchial arches efnB2a and EfnB2 are both expressed in the 

neural crest migrating from r4 but efnB2b is not. At later stages widespread 

expression of EfnB2 is seen in the branchial arches, whilst efnB2b is more ventrally 

expressed than efnB2a (Figures 5-4, 5-5 and 5-7). Again this is suggestive of a loss 

of enhancer elements in efnB2b.

In the PSM efnB2a is expressed in the caudal half of somite primordia and 

efnB2b is expressed in the rostral half. EfnB2 is expressed in the caudal half similar 

to efnB2a. This suggests that perhaps neo-functionalisation has occurred for efnB2b 

since it is now expressed in the rostral half. Zebrafish deltaD and mouse Lnfg are 

differentially regulated in the rostral and caudal half of the forming somites requiring 

a combination of positive and negative elements to restrict the expression to the 

rostral half (Cole et al., 2002; Hans and Campos-Ortega, 2002; Morales et al., 

2002). It seems more likely that efnB2b has lost enhancers present in EfnB2 rather 

than gained new ones. It is possible to imagine a scenario in which efnB2b has lost 

negative elements that repress rostral expression and concomitantly lost elements 

that activate caudal expression. So that although there maybe neo-functionalisation 

in terms of the function of the protein in the rostral halves of forming somites, the
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new expression pattern could be generated by sub-functionalisation of enhancer 

elements. We clearly need to dissect the 10.2efnB2a:GFP transgene more carefully 

and isolate the elements responsible for efnB2b expression in the rostral half of 

forming somites to determine if this is the case.

efnB2a has a number of unique domains of expression such as the eye, the 

migrating neural crest, the nephron primordia, the midbrain and the arteries (Figures 

5-4 to 5-6). All of these are shared with EfnB2 (Figure 5-7) again suggesting a loss 

of these elements in efnB2b. This again points to sub-functionalisation as the major 

mechanism by which both efnB2a and efnB2b have been retained.

5.3.2.3 Reciprocal loss of potential enhancer elements upstream of efnB2a and 

efnB2b

According to the DDC model of subfunctionalisation, duplicate pairs of genes 

may be retained if, following duplication, separate enhancers in each gene undergo 

degenerative mutations such that both copies are required to complement each 

other and recapitulate the original expression pattern (section 5.1.4.2). Our 

comparison of efnB2a, efnB2b and EfnB2 suggesXs that sub-functionalisation of this 

type, rather than neo-functionalisation is the major mechanism leading to the 

retention of both genes (section 5.3.2.2). The most recent sequences available in 

the EnsembI database fwww.ensembl.ora1 now allow us to compare, using the 

mVISTA program fwww-gsd.Ibl.gov/VISTA1. the upstream regions used in the 

10.2efnB2a:GFP and 11.1efnB2b:GFP transgenes with the corresponding region 

from the mouse locus (Figure 5-24). For mouse and efnB2a, there are four regions 

with homology of more than 50% located between 1 kb and 6 kb upstream of the 

ATG (Figure 5-24, regions C-F). Comparison of efnB2b and mouse reveals two 

regions between 6 kb and 7 kb upstream and a region around 1 kb upstream that 

have an identity of more than 50% (Figure 5-24, regions A-C). All three loci show 

the presence of the final exon of the NM_176849 gene. So while all these regions 

are present in the mouse, efnB2a has lost A and B and efnB2b has lost D-F. In fact 

C in the efnB2b upstream region is much closer to the ATG than in either mouse or 

efnB2a, suggesting a loss of the whole region containing D-F. Although we cannot 

rule out the possibility that the genomic sequence is missing for this region. 

The 10.2efnB2a:GFP Xransgene, and EfnB2 are expressed in the PSM in the caudal
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half of somite primordia and also in the arteries, but 11.1efnB2b:GFP is not. 

Regions D-F may be responsible for this. The fact that both efnB2a and efnB2b 

share region C suggests that this region may be an enhancer element capable of 

driving mesendodermal expression of the 10.2efnB2a:GFP 11.1efnB2b:GFP 

transgenes during gastrulation.

This analysis is preliminary and is based on the current genome sequences 

available rather than direct sequence from our constructs. It does appear however 

to be in accordance with the DDC model, and suggests that efnB2a and efnB2b 

may have been retained as a result of reciprocal degenerative mutations (or loss) of 

enhancer sequences. However, the exact functional relevance of these conserved 

upstream regions will need to be demonstrated in vivo.

S.3.2.4 Other enhancer sequences must be located within intronic sequences of 

downstream of the efnB2a and efnB2b loci

We have focused on isolating enhancer elements capable of recapitulating 

the PSM expression of efnB2a  and efnB2b. It is clear, however, that the 

10.2efnB2a:GFP transgene does not recapitulate the entire endogenous expression 

of efnB2a and that the 11.1efnB2b:GFP transgene drives expression only during 

gastrulation. For example no expression is ever seen in the hindbrain, or the 

diencephalon for either transgene. This suggests that additional enhancers for both 

genes must be located in intronic or downstream sequences, mVISTA comparisons 

indicated conserved sequences within the intronic regions (data not shown). We 

would particularly like to isolate enhancer regions capable of driving the PSM 

expression of efnB2b. To this end we have isolated a number of overlapping phage- 

lambda genomic clones for efnB2b that span the intronic regions (data not shown) 

and are beginning to clone these sequences downstream of the efnB2b transgene 

constructs. We would also like to refine the analysis of the 10.2efnB2a:GFP\o 

localise more specifically the enhancers responsible for PSM expression. We have 

injected the 2.9efnB2a construct and are growing fish to screen for stable carriers to 

determine whether or not PSM expression is still retained
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Figure 5-24 Comparisons of the EfnB2, efnB2a and efnB2b loci

Mouse and zebrafish genomic sequences were extracted from the EnsembI 

database fwww.ensembI.orgT The mVISTA program was used to align the two 

sequences and plot the percentage identity (www-gsd.IbI.gov/VISTA) (A). A 

schematic diagram of the three loci is also presented (B).

A Output from mVISTA comparing -11 kb of upstream sequence for mouse EfnB2 

and zebrafish efnB2a and efnB2b. The mouse EfnB2 locus is depicted above the 

graph. On the graph, anything with more than 50% homology over a window of 

100 bp is marked in pink (see key). efnB2a shares four non-coding regions with 

(regions C-F in B); efnB2a shares three non-coding regions (regions A-C in

B).

B Exon 1 for each gene is illustrated (darker blue) as is the 5’-UTR (lighter blue). 

Conserved non-coding regions are labelled A-F (red). The 4th exon of NM_176849 

is also depicted (lighter blue). In comparison to mouse EfnB2, efnB2b appears to 

have lost the region of DNA containing the conserved regions D-F, while efnB2b 

appears to have lost regions A and B.

Abbreviations E, EcoRI; H, Hindlll; N, Ncol; S, Sail; X, Xbal.
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5.3.3 Potential Mechanisms of Regulation of efnB2a in the PSM

5.3.3.1 The 70.2e//7fî2a.'GFP transgene is likely to contain both positive and 

negative enhancers

We are interested in understanding how segmental patterns of efnB2a and 

efnB2b are generated in the most anterior region of the PSM and we now have a 10 

kb piece of DNA that drives segmental expression in this region. We will need to 

carry out deletion analysis to characterise the elements within this piece. In the 

simplest case, there may be a single enhancer responsible for activating 

transcription in the caudal half of somite primordia. However, it is also possible that 

a number of positive and negative elements are cooperating together. In the cases 

of zebrafish deltaD and mouse Lnfg differential regulation in the rostral and caudal 

half of the forming and recently formed somites has been demonstrated. In both 

cases transgenic analysis suggested the existence of repressor elements that 

prevent expression in the caudal half of the forming and formed somites (Cole et al., 

2002; Hans and Campos-Ortega, 2002; Morales et al., 2002). The expression of the 

caudal marker Uncx4.1 in mouse appears to rely on both positive and negative 

signals, since its expression is expanded in the Mesp-2-null mouse, lost in Dll-null 

but reappears in Dll-1/Mesp-2 double null (Takahashi et al., 2003). This suggests 

that multiple enhancer elements exist within the 10.2efnB2a:GFP Xrausgene.

5.3.3.2 Expression of the 10.2efnB2a:GFP Xransgene suggests that at least two 

independent pathways regulate the expression of efnB2a in the PSM and 

somites

We have previously shown that Eph/Ephrin signalling is required for somite 

boundary formation and that the correct rostral-caudal expression of efnB2a and its 

receptor ephA4 is necessary for boundary formation. We have isolated a region of 

DNA that drives the expression of efnB2a in the anterior-most region of the PSM. 

The transgene is expressed in a row of 2-3 cells in the caudal half of the forming 

and recently formed somites. Endogenous efnB2a is expressed in the caudal half of
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somite primordia S-l and SO and then expands rostrally within SO and SI, persisting 

in the mature somites. Our transgene does not display this expansion and is not 

maintained in the mature somites. This suggests that the expressions in the rostral 

PSM and the mature somites are differently regulated, and that distinct enhancer 

elements capable of driving expression in the mature somites exist elsewhere in the 

efnB2a locus. On re-examination, it is possible to interpret the endogenous 

expression of efnB2a as strong caudal expression from S-l up to the level of Sll 

superimposed on a whole somite expression from the level of SO (Figure 5-4 G). It 

suggests that the unidentified enhancer element(s) may actually drive expression 

within both the rostral and the caudal half of the maturing somites from the level of 

SO. The region we have isolated may therefore be responsible for creating a 

gradient of efnB2a protein such that the level is higher in the caudal half of the 

forming somite, thereby eliciting boundary formation.

5.3.3.3 The expression of the 10.2efnB2a:GFP Xransgene in the PSM suggests 

regulation by the refining activity of Notch signalling in rostral PSM

The PSM can be divided into at least two regions (section 1.2.2.1): a caudal, 

undetermined zone (Region I) and a maturing rostral zone (Region II) within which 

somite boundaries and compartments are established. A number of genes are 

expressed in both regions (Figure 1-6) but the expression of efnB2a is restricted to 

rostral part of region II, as is that of our transgene. In the rostral PSM in the mouse, 

the segmental expression of DII1 and Uncx4.1 in the caudal half of the presumptive 

somites has been shown to depend on positive and negative feedback loops 

involving Notch/Delta signalling and the bHLH transcription factor Mesp2 {Takahash\ 

et al., 2000; Takahashi et al., 2003). A similar activity for Notch signalling in the 

anterior-most PSM has also been demonstrated to refine the expression of deltaC to 

the caudal half of somite primordia in zebrafish and mespb has been proposed to 

play a similar role to that of Mesp2 (Holley et al., 2002) (Sawada et al., 2000). 

Indeed in fss/tbx24 embryos in which mespb expression is absent, efnB2a is no 

longer restricted to the caudal half, while over-expression of mespb can repress 

caudal markers and activate rostral markers (Sawada et al., 2000). The rostral 

expansion of efnB2a suggests that the regulation of efnB2a might be more complex 

than the regulation of other caudal markers, such as Uncx4.1, in the mouse. 

However, since we now appear to be able to distinguish two different pathways for
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the expression of efnB2a, it is likely that, in caudal expression, efnB2a is responding 

to the Notch/Delta and Mesp2/mespb loops in a similar manner to Uncx4.1. It will be 

interesting to investigate the expression of the transgene in backgrounds 

compromised for these pathways.

5.3.3.4 Expression of the 10.2efnB2a:GFPXransger\e in arterially-derived vessels 

suggests conserved regulation via a Notch/Hey pathway

10.2efnB2a:GFP is also expressed in the dorsal telencephalon, the migrating 

neural crest, the cristae in the ear and arterial-derived vessels as well as the PSM 

(Figures 5-17 to 5-20). This recapitulates several areas of endogenous expression 

and is consistent with our expression analysis (Figures 5-4 to 5-6) and with previous 

reports of expression of efnB2a (Durbin et al., 1998; Chan et al., 2001) and mouse 

EfnB2 {BenneXX et al., 1995; Bergemann et al., 1995). In mouse, EfnB2a is 

expressed in an artery-specific manner, and homozygous targeted disruption of 

EfnB2 results in defective vascular remodelling and vascularisation (section 1.3.3.4). 

Its proposed receptor, EphB4, is expressed exclusively in venous cells and mice 

lacking EphB4 exhibit similar vascular abnormalities to mice lacking EfnB2 (section

1.3.3.4). In zebrafish, arterial versus venous cell-fate decision depends on Notch 

signalling and a downstream effector of Notch signalling, the hairy/Enhancer of split 

related bHLH factor grl/hey2 (Lawson et al., 2001; Zhong et al., 2001). The 

expression of grl/hey2 \s restricted to arterial cells (Zhong et al., 2000). Reduction in 

grl/hey2  progressively ablates arterial regions and expands venous regions, 

preceded by a corresponding increase in ephB4 expression and a decrease in 

efnB2a expression. In embryos injected with grl/hey2 morpholino, this decrease in 

efnB2a expression is seen as early as 50% epiboly (Zhong et al., 2001), suggesting 

that ephB4 expression is usually repressed downstream of a Notch-grl/hey2 signal, 

while efnB2a expression is enhanced.

In mouse, the expression of Hey2  is also restricted to arterial cells 

(Leimeister et al., 1999). However, both Hey2an6 another family member Hey1 are 

also expressed in the anterior PSM in a segmental stripe in the caudal half of somite 

primordium SO. This PSM expression is also dependent on Notch signalling 

(Leimeister et al., 2000). Although zebrafish grl/hey2 is only expressed in arteries 

and their precursors, hey1 is expressed in caudal half of presumptive somite
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primordia SO and S-1 and is maintained in 31 and the maturing somites (Winkler et 

a!., 2003). Hey1 is also dependent on Notch signalling for its expression (Winkler et 

al., 2003). Mis-expression of deltaD results in ectopic expression of hey1 in the axial 

mesoderm. In aei/deitaO  mutants, the striped expression is lost and hey1 is 

expressed in a salt and pepper pattern in the rostral PSM. Given the role of grl/hey2 

in repressing ephB4 expression and enhancing that of efnB2a in angioblasts, and 

the overlapping expression of hey1 and efnB2a in the caudal half of somite 

primordia S-l and SO, it is possible that hey1 may be functioning in a similar manner 

downstream of Notch signalling to enhance efnB2a expression in the caudal half of 

somite primordia. This suggests that efnB2a  in these tissues may be under 

conserved regulation via a Notch/Hey pathway. Consistent with this explanation, the 

10.2efnB2a:GFP Xransgene is expressed in the arteries and also in the PSM in the 

caudal half of somite primordia further suggesting that enhancer elements 

responsive to Notch/Hey signalling may exist in this upstream region of DNA. It is 

unclear exactly how Hey proteins enhance efnB2a expression, since they are 

thought to act as transcriptional repressors (Fischer et al., 2002). It will be 

interesting to monitor the expression of the transgene in hey1/hey2 compromised 

backgrounds.
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Chapter 6 Discussion

6.1 The Role of EphÆphrIn Signalling In Somitogenesis

In collaboration with Arantza Barrios in the laboratory, the first aim of this 

thesis was to further investigate the mechanisms by which the Eph receptors and 

the Ephrins may regulate somite formation. In particular we wanted to investigate 

potential regulation of morphogenesis during boundary formation and 

epithelialisation by Eph/Ephrin signalling.

6.1.1 The Eph Receptors and Ephrins as Effectors of Somite 

Morphogenesis

6.1.1.1 Overview of results

In collaboration with Arantza Barrios in the laboratory, the first aim of this 

thesis was to further investigate the mechanisms by which the Eph receptors and 

the Ephrins may regulate somite formation. In particular we wanted to investigate 

potential regulation of morphogenesis during boundary formation and 

epithelialisation by Eph/Ephrin signalling.

A comparative analysis of the cellular behaviours and Eph family member 

expression patterns within the segmental plate during somitogenesis was described 

for wild type embryos and fss/tbx24 mutants. These studies revealed that in fused 

somites embryos cells of the paraxial mesoderm fail to undergo mesenchymal-to- 

epithelial transition during maturation of the PSM (section 3.2.1). This was 

accompanied by the loss of expression of EphA4 and by the ubiquitous expression 

of efnB2a, which are normally expressed in a segmental pattern within the PSM of 

wild type embryos. Using mosaic analysis, we provided evidence for a role for the 

Eph/Ephrin signalling pathway in somite boundary morphogenesis and 

epithelialisation (sections 3.2.2 and 3.2.3). Restoration of the Eph/Ephrin interface in 

the paraxial mesoderm of fssAbx24 embryos resulted in the rescue of morphological
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boundaries and many aspects of epithelialisation in boundary cells, including the 

acquisition of a columnar morphology, cell-autonomous re-localisation of p-catenin 

and cell non-automous relocalisation of the nucleus and centriole.

Our results demonstrate that Eph/Ephrin signalling is an important 

component of the molecular mechanisms driving somite morphogenesis, probably 

as one of the last steps in somite boundary formation. We propose a new role for 

Eph receptors and Ephrins as intercellular signalling molecules that establish cell 

polarity during mesenchymal-to-epithelial transition of the paraxial mesoderm.

6.1.1.2 Future directions

We have demonstrated that unidirectional Eph/Ephrin signalling is sufficient 

to drive somite boundary formation. This is a repulsive event that requires two cell 

populations to move apart, a characteristic phenomenon of many Eph/Ephrin 

interactions. It is likely that this involves direct connections to the cytoskeleton, 

indeed a thickening of actin can be observed at the boundary. Many adaptors, such 

as Ephexin, have been shown to link Eph/Ephrin signalling to the cytoskeleton. It 

would be interesting to investigate in more detail the cytoskeletal dynamics that are 

driven by Eph/Ephrin signalling during boundary formation and to determine the 

downstream effectors in this process. It has also been demonstrated that 

endocytosis of receptor/ligand complex is important to switch what otherwise may 

be and adhesive Eph/Ephrin interaction, to a repulsive one. It would therefore also 

be interesting to determine whether endocytosis is important for somite boundary 

formation.

Our results led us to propose a model that involves Eph/Ephrin signalling in 

both directions across a somite boundary in order to drive epithelialisation of 

boundary cells (section 3.3.1). The morphogenetic changes in cell shape and cell 

organelle relocalisation that occur during this process are also likely to involve 

similar connections to the cytoskeleton. Again, it would be interesting to investigate 

this in more detail. Although a receptor expressed in the caudal domain of the 

forming somite has not yet been identified in zebrafish, several Eph proteins that 

could fulfil this role are known in other species. It is highly likely that the caudal
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region of the forming somite expresses an Eph receptor yet to be identified in fish, it 

would be important to try and identify this receptor.

The cell non-autonomous aspects of epithelialisation that are rescued by 

Eph A4 signalling suggest the presence of a cross-talk or second signal. Although 

we have investigated whether this may be Pape, this appears not to be the case. It 

would be important to try and discover what this signal is in future experiments. 

Likely candidates include members of the integrin family.

6.2 The Regulation of Eph/Ephrin Expression During 

Somitogenesis

Various genes involved in the patterning of embryonic structures have been 

identified as regulators of Eph receptors and Ephrin expression. However, genetic 

evidence demonstrating a direct link to transcription regulation has only been 

provided for a few transcription factors. In particular we wanted to identify regulators 

of Eph/Ephrin signalling during somitogenesis.

Based on our results, the segmental expression of ephA4 and efnB2a (and 

probably other Eph/Ephrin family members) seems to be necessary to drive both 

boundary morphogenesis and epithelialisation. The regulation of these genes in the 

rostral PSM is a therefore a crucial step in somitogenesis. They appear to function 

at interface between patterning and morphogenesis, converting the early patterning 

mechanisms that generate spatial periodicity into physical furrow formation and 

epithelial somites. It is important, therefore to understand how these early patterning 

mechanisms are integrated to lead to the segmental expression of various members 

of the Eph/Ephrin family in the rostral PSM. However, the molecular nature of the 

link between the genes and pathways that establish rostral-caudal patterning and 

the expression of EphA4 and efnB2a is unknown. The second of aim of the project 

was to try and find these molecular links and to gain insight into the regulation of 

Eph/Ephrin expression in the rostral PSM. We approached this in two ways. Firstly, 

we screened a subtractive library enriched for clones expressed in the PSM in the 

hope of finding new genes expressed in the rostral PSM that affect somite boundary 

formation and may regulated the expression of Eph/ephrin family members in this
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region. Secondly, we performed preliminary characterisation of the efnB2a and 

efnB2b promoter regions in the hope of identifying enhancer fragments that are 

capable of driving segmental expression of these genes in the rostral PSM.

6.2.1 A Subtractive Library to Identify New Genes Expressed in the 

PSM

6.2.1.1 Overview of results

Although the subtractive library was not as good as it could have been, we 

isolated two interesting genes that are expressed in the rostral PSM. The first of 

these, hes6 is a hairy/E(Spl) transcription factor and the second, meox1 is a 

homeodomain transcription factor (section 4.2.1; data not presented). During 

somitogenesis, hes6 is expressed in the tailbud and segmentally in the rostral PSM 

in stripes that correspond to the rostral-half of the forming somites. The segmental 

expression of hes6 in the rostral PSM is disrupted in the Notch-signalling mutants 

and lost in fss/tbx24 (section 4.2.2). Other hairy/E(Spl) genes are known to play an 

important role in somitogenesis, particularly as part of the somite clock (section 

1.2.3). This made this gene an ideal candidates to have a role in somite boundary 

formation and also perhaps in regulating the expression of Eph/ephrin genes.

We have found that despite its expression in the PSM, ectopic 

expression or morpholino knockdown of hes6 does not seem to interfere with somite 

boundary formation (section 4.2.2). Any role it plays in the process must therefore 

be largely redundant. Consequently we have not investigated if hes6 regulates the 

expression of the Eph/Ephrins. However, these experiments demonstrated a role for 

hes6 in regulating early cell-fate specification and the morphogenetic movements of 

gastrulation (section 4.2.2). This is consistent with the early expression of hes6 and 

is a novel role for this gene, not described in other species. We find that at later 

stages hes6 is required for neurogenesis (section 4.2.3). This is consistent with its 

widespread expression in regions of the embryo where neurogenesis is occurring. 

H es6  seems to function downstream of ngn1 to promote neurogenesis. 

Furthermore, it is not regulated by Notch signalling suggesting that hes6 may 

function in a positive feedback loop that allows NPCs to escape lateral inhibition.
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This is similar to the proposed role of the mouse and Xenopus homologues of hes6. 

During this work we also isolated a partial fragment of a zebrafish myt1 gene. This 

too has been proposed to function in a positive feedback loop in Xenopus that 

inhibits lateral inhibition and our preliminary data suggest this is also true in 

zebrafish. It too is not regulated by Notch signalling and can be induced by ngn1, 

but we have not directly addressed its function.

6.2.1.2 Future directions

The effects of hes6  on early cell-fate specification and gastrulation are 

particularly interesting. It seems as if a loss of /îes6 function results in an increase of 

mesoderm in the germ ring, which results in convergent extension defects. We 

would like to analyse further the function of hes6 and Notch signalling during early 

mesendoderm specification In particular to determine what may regulate hes6 

expression in the germ ring during gastrulation and whether hes6 knockdown also 

affects endodermal cell fate. This analysis needs to be complemented by a more 

detailed analysis of hes6  gain-of-function phenotypes that also result in a 

convergent extension defects.

We seem to have uncovered a similar role for zebrafish h e s6  in 

neurogenesis as been reported for the mouse and Xenopus. However, this work has 

been based mainly on loss-of-function data and we have not fully investigated the 

molecular mechanism by which it functions. It will be important in the future to 

complement this data with ectopic expression analysis. Can hes6  promote 

neurogenesis on its own?

Although we postulate that hes6 functions in a positive feedback loop that 

inhibits neurogenesis more detailed analysis is required to determine how it 

interacts with lateral inhibition. Can hes6 rescue neurogenesis in embryos in which 

lateral inhibition is ‘overactive’, such as those injected with N5ICD? Can loss-of- 

function of hes6 reduce the premature neurogenesis that occurs in mib/ubiquitin 

ligase mutant embryos due to ineffective lateral inhibition? Moreover, what are the 

direct effects on the expression of genes in the Notch pathway that are involved in 

the lateral inhibition pathway following hes6 gain- or loss-of-function? These are all 

important questions that would need to be addressed in the future.
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Similar types of questions can be posed for the role of myt1 in neurogenesis. 

Although it can promote neurogenesis in Xenopus we have not tested this in 

zebrafish. The overlapping expression patterns of myt1 and hes6 also suggest that 

perhaps some cross-regulation occurs between myt1. It would be interesting to 

investigate interactions between hes6  and myt1  during the regulation of 

neurogenesis. Particular if, as we suspect, they both function in a similar positive 

feedback loop that can inhibit lateral inhibition and promote neurogenesis.

In summary, we have not been able to demonstrate a role for hes6  in 

somitogenesis or the regulation of the Eph/ephrins as we might have hoped for. 

However, we have uncovered at least two important functions of this gene during 

development, both of which merit further investigations.

6.2.2 Promoter Analysis of efnB2a and efnB2b

6.2.2.1 Overview of results

In an attempt to understand more about direct regulation of the ephrins in the 

rostral PSM we decided to investigate the promoter/enhancer regions of efnB2a and 

efnB2b using transgenic reporter analysis. During the course of this work we tested 

the IScel method of generating transgenic zebrafish that in medaka can reduce 

mosacism and increase the transgenic frequency (section 5.2.2). We found that it 

does significantly reduce mosaicism in embryos injected with reporter constructs 

using this system. This work also suggested that it might be possible to investigate 

enhancer function in simple transient analysis of injected embryos, without having to 

establish a transgenic line. Using the IScel we characterised regions of upstream 

promoter regions of efnB2a and efnB2b looking for regions capable of driving 

expression in the PSM. We established transgenic lines for efnB2a and efnB2b 

promoter constructs using the IScel system with a good rate of transgenesis 

(section 5.2.3).

We have successfully identified a 10 kb upstream fragment of efnB2a that 

recapitulates endogenous expression of efnB2a during gastrulation and then in the
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PSM in the caudal half of the presumptive somites, as well as the arterially derived 

blood vessels, the telencephalon and the migrating neural crest from r4. However, 

similar sized upstream pieces of efnB2b only drive reporter expression during 

gastrulation. Based on a comprehensive analysis of the endogenous expression 

patterns of efnB2a and efnB22b, a comparison to the expression pattern of mouse 

EphrinB2 and a comparative analysis up the upstream sequences of these genes, 

we suggest that efnB2a and efnB2b duplicates may have been retained due to 

reciprocal loss of enhancer elements (section 5.3.2). We suggest that the segmental 

expression of efnB2a may be regulated by Notch signalling In the anterior PSM.

6.2.2 2 Future directions

We are particularly excited by the 10.2aefnB2a:GFP transgene that 

recapitulates the segmental expression of efnB2a In the rostral PSM. This Is exactly 

what we were hoping for and we are actively pursuing the analysis of this region. 

Firstly, It will be Important to try and Identify the particular enhancer sequences 

within this 10 kb region that are responsible for the segmental expression. To this 

end we are performing Injections of various deletion constructs to try and determine 

where these regions reside. Since It Is possible to test promoter/enhancer fragments 

Immediately after Injection with the IScel system, we are making use of this to 

facilitate our analysis and to avoid establishing transgenic lines for each construct.

We are also particularly Intrigued as to the whereabouts of the elements that 

can drive the expression of efnB2b In the rostral half of the somites. They do not 

appear to He upstream In similar regions to the efnB2a elements. In fact In this 

upstream region our comparative analysis suggests that efnB2b has lost elements 

that perhaps drive expression In the caudal half of presumptive somites. We are 

currently testing the Intron sequences of efnB2b to determine If any regions within 

them are capable of driving segmental expression In the rostral PSM when used 

with an efnB2b promoter. If we manage to find enhancers In these regions then a 

particularly Interesting question Is whether efnB2a also contains these regions but 

they are repressed somehow.

We can now make use of this transgenic line to see how the transgene 

responds to the various patterning mechanisms within the PSM. We are currently
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Injecting fss/tbx24, des/notch1, aei/deltaD, deltaC, her1 and her? morpholinos into 

this line to see how the transgene responds to disruptions in the various 

components of the clock and wavefront that have been identified in zebrafish. 

Furthermore, based on the expression of the transgene in the arterially derived 

vessels, in which grl/hey1 is required for efnB2a expression, it seems likely that the 

promoter regions we have identified contain elements responsive to Notch signalling 

through this pathway. We are also investigating this possibility through hey1 

overexpression and N5ICD overexpression in the transgenic line.

We have reason to believe from a variety of in situ data that efnB2a is not 

expressed everywhere in fss/tbx24 and aei/deltaD as previously reported by others 

and us. When in situs against efnB2a are performed in wild-type, fss/tbx24 and 

aei/deltaD  embryos and the embryos are carefully aligned, it seems as if in the 

rostral PSM the expression of efnB2a is actually absent. What remains is the 

endogenous expression that normally exists in the maturing somites. In this 

experiment it is difficult to be sure that the embryos are exactly the same age. 

However, our transgenic line enables us to distinguish between the segmental 

expression in the rostral PSM and the later expression in the somites, since it only 

recapitulates the segmental PSM expression. We are therefore particularly 

interested to see what happens following fss/tbx24 and aei/deltaD morpholino 

injections. If we are right then we would predict that expression from the transgene 

is lost, rather than becoming ubiquitously expressed in the PSM. If this is true for 

both fss/tbx24 and aei/deltaD  morpholino injections, then it suggests that the 

segmental expression of efnB2a in the rostral PSM requires both fss/tbx24 and 

active Notch signalling via deltaD. This suggests that contrary to the current belief, 

caudal markers require fss/tbx24 and Notch signalling.

The results of these experiments, combined with the closer analysis of the 

potential enhancer elements via deletion mapping should allow us to understand 

more about how the early patterning mechanisms are integrated to generate the 

segmental expression of efnB2a in the rostral PSM. This segmental expression 

ultimately drives the morphogenesis of somite boundary formation.
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Figure 6-1 Is the Segmental Expression of efnB2a Lost in the Somite Mutants?

A Single in situ hybridisation with either ephA4 or efnB2a probes in wild-type, 

fssAbx24 and aei/deltaD mutant embryos at 11-somites. Dorsal view.

The embryos are aligned at the base of the notochord and a line is drawn across at 

the level of the last formed somite boundary (yellow line). The segmental expression 

of ephA4 is lost in fss/tbx24 and in aei/deltaD expression can be seen throughout 

the rostral PSM. This is as has been previously described (Durbin et al., 2000; 

Barrios et al., 2003). However aligning the embryos in this way suggest that efnB2a 

expression in the rostral PSM is lost in fss/tbx24 and aei/deltaD. What remains is 

expression that would normally be in the maturing somites.

B A schematic to represent a potential model of the expression of efnB2a in various 

mutants/morphants. Since the transgene recapitulates only the segmental 

expression of efnB2a we will be able to tell if our predictions are correct.
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