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ABSTRACT

Somitogenesis involves the establishment of a segmental pattern in the
presomitic mesoderm, before the somites themselves form. Here I describe the
cloning of two transmembrane ligands of the Eph receptor tyrosine kinases from the
zebrafish, ephrin-B2 and ephrin-B-L6. These, and the receptor EphA4, are shown to
be segmentally expressed in the anterior presomitic mesoderm and forming somites.
Ephrin-B2 is expressed in a posterior domain, and ephrin-B-L6 and EphA4 in a
complementary anterior region of segments, showing that segments are patterned
along the anterior-posterior axis prior to somite boundary formation. The over-
expression of kinase-deleted receptors and soluble ligands resulted in a disruption of
somitogenesis in zebrafish embryos. Somites failed to form or formed abnormally.
In experimental embryos a segmental pattern was found to be correctly established,
but her! and delta D expression were incorrectly down-regulated in the anterior
presomitic mesoderm. The expression of ephrin-B2, ephrin-B-L6, EphA4 and other
somitic markers were investigated in five zebrafish mutants that show defects in
somite formation. In fused somites embryos the somitic mesoderm was found to be
posteriorized; whereas in beamter, deadly seven and after eight embryos markers of
both anterior and posterior segment identity were found to be expressed throughout
the somitic mesoderm. In whitetail embryos the establishment of a segmental pattern
was found to be disturbed. This suggests that the Eph receptor and ephrins expressed
in the presomitic mesoderm function downstream of the genes that establish a
segmental pattern in this tissue. They function in conjunction with the Notch
signalling pathway, translating the metameric pattern into the events of somite
boundary formation. This process appears to require the patterning of segments along

the anterior-posterior axis.
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1. Introduction

CHAPTER 1

General Introduction

The work described in this thesis aims to try and determine the roles of
members of the Eph family of receptor tyrosine kinases and their ligands, the ephrins,
during somitogenesis in the zebrafish. Through this work I hope to show more about
how the Eph family functions in vivo, as well as increase the understanding of the
process of somite formation. Following a brief discussion of the use of the zebrafish
as a model system of vertebrate development, this chapter will be divided into two
sections. The first part is a description of somitogenesis, and the second introduces
the Eph family of receptors and their ligands the ephrins.

1.1. The Use of the Zebrafish as a Developmental Model System

The experiments described in this thesis use the zebrafish as a model of
vertebrate development. The zebrafish (Danio rerio) is a teleost, of the family
Cyprinidae, which originates from the Ganges river in India. A number of
characteristics make this organism amenable to study (Strahle and Ingham, 1992).
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 those classified by Kimmel and co-workers are referred to (Fig. 1.1;
Kimmel et al., 1995).

George Streisinger at the University of Oregon was the first person to develop
the zebrafish as an experimental model system. He showed that it was possible to
raise haploid embryos to hatching at least, and from these diploids could be made,
allowing the production of isogenic fish (Streisinger et al., 1981). Thus various
genetic methods can be carried out in the zebrafish that are not possible in Drosophila

melanogaster or mouse.

It was the ability to carry out large scale mutagenesis screens in the zebrafish,
similar to those used to such great effect in Drosophila melanogaster (Niisslein-
Volhard and Wieschaus, 1980) and Caenorhabditis elegans (Brenner, 1974), which

has revolutionised the use of this organism as a developmental model system. The
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1. Introduction

Fig. 1.1 Summary of zebrafish development.

Camera lucida drawings of embryos at selected stages. Animal pole/anterior is to the
top and dorsal is to the right. Somitogenesis starts following bud stage and is
completed by prim-5 (24 hpf) when between 30 and 34 pairs of somites have formed.
Adapted from Kimmel e? al (1995).

(hpf, hours post fertilisation; scale bar 250 pm)
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1. Introduction

zebrafish is the only vertebrate system to date in which it is possible to carry out such
mutant screens. So far, two large scale mutagenesis screens have been carried out,
which have resulted in the isolation of around 1500 developmental mutants which
define over 600 genes (Haffter et al., 1996; Driever et al., 1996). Smaller scale
screens are routinely used in a number of laboratories around the world to address a
variety of developmental questions. Genetic maps are now available of the zebrafish
genome (Knapik et al., 1998), making the mapping of both mutants and genes, as
well as the positional cloning of mutant genes possible (reviewed in Postlethwait and
Talbot, 1997). This allows the characterisation and understanding of developmental
mutants at a molecular level.

PART I
Somitogenesis

Somites form from the paraxial presomitic mesoderm of embryos, which is
laid down on either side of the notochord and neural tube during vertebrate
gastrulation and subsequent elongation of the trunk and tail. They are bilateral blocks
of tissue which sequentially separate off from the anterior end of the presomitic
mesoderm. 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.

Somite formation is common to all vertebrates, although the details of how
this occurs varies between species. In mouse and chick somites form as epithelial
balls that separate off from the anterior end of the mesenchymal segmental plate
mesoderm (reviewed in Keynes and Stern, 1988). In Xenopus, somite formation
involves the segregation of a group of differentiated muscle cells, that rotate through
90° following their separation (Hamilton, 1969). Whereas in zebrafish, somite
formation has been described as being the result of de-adhesion which produces
furrows across the presomitic mesoderm (Wood and Thorogood, 1994). Formation of
each somite takes around ninety minutes in chick as compared to thirty minutes in
zebrafish.

Once formed, somites differentiate, forming sclerotome ventrally and
dermomyotome dorsally. The formation of sclerotome involves an epithelial to
mesenchymal transition, these cells subsequently giving rise to the vertebral column
and ribs. The myotome and dermatome forms from the dermomyotome, which

14



1.I. Somitogenesis

remains epithelial. This differentiates to form the hypaxial and epaxial musculature,
as well as the skeletal muscle of the limbs. The dermatome cells contribute to the
dermis of the trunk and tail (reviewed in Gossler and Hrabe de Angelis, 1998). In
mouse and chick sclerotome accounts for around two thirds of the somite, whereas in

zebrafish the somites consist mainly of myotome.

In summary, somitogenesis can be thought of as being the result of three
distinct processes operating in vivo; the establishment of a segmental prepattern
within the presomitic mesoderm; formation of the somites; and patterning and
differentiation of the somites themselves (Fig. 1.2). Each of these processes will be
considered in turn.

1.1.1. Patterning the Presomitic Mesoderm

Somitogenesis results in the production of a repeating array of similarly sized
structures. In order for this to be achieved, a segmental pattern has to be established
within the presomitic mesoderm. Actual formation of the somites can be thought of
as being the read out of this segmental prepattern.

1.1.1.1. Segmentation is a common mechanism of development

It was the discovery of somites during the last century which indicated that
vertebrates adopted a segmental plan in regions of their body during development, as
was known to be the case for invertebrates, which retain a segmented structure
throughout their lives. It was also determined that the neural tube of vertebrates was
segmented during embryogenesis, most obviously in the hindbrain where a series of
bulges known as rhombomeres are seen. This demonstrated the importance of
segmentation as a general developmental mechanism for the building of bodies and
the specification of different body regions. It has also led to the discussion and
examination of the evolutionary links between vertebrate and invertebrate

segmentation.

The advent of developmental genetics has allowed these processes of
segmentation to be studied at the molecular level. The best characterised of these is
segmentation in Drosophila, and the hierarchy of transcription factors and signalling
proteins involved in this is well understood (reviewed in Lawrence, 1992). Few, if
any, of the genes involved in the establishment of a segmental pattern in Drosophila
have been found to be involved in segmentation in the hindbrain of vertebrates.
Control of segmentation in the hindbrain involves transcription factors such as krox-

15



1.I. Somitogenesis

Fig. 1.2 Summary of somitogenesis.

Schematic diagram of segmentation, somite formation and differentiation in the chick
embryo. The sequence of events starts at the right, which is the posterior end of the
embryo. Adapted from Christ et al (1998).
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1.I. Somitogenesis

20 (Schneider-Maunoury et al., 1993; Swiatek and Gridley, 1993) and
kreisler/valentino (Cordes and Barsh, 1994; Moens et al, 1996), homologues of
which are not involved in segmentation in Drosophila.

The regulation of segmentation in the paraxial mesoderm of vertebrates has
been less well characterised than that in the hindbrain, and the majority of genes
involved in this process are unknown at present. However, recently homologues of
the Drosophila segmentation gene hairy, herl (Muller et al., 1996) and c-hairyl
(Palmeirim et al., 1997), have been cloned in zebrafish and chick respectively. The
expression patterns of these genes suggests that they are involved in the segmentation
of the presomitic mesoderm. Herl is expressed in a "pair-rule”" fashion, reminiscent
of hairy expression in Drosophila embryos, whereas c-hairyl expression passes
through a characteristic cycle during the formation of each somite.

Segmentation is used as a general mechanism to pattern and organise the
bodies of organisms, as well as to specify different regions. However, this process
appears to be controlled by different groups of genes in different organisms and
tissues.

1.1.1.2. Segmentation is an inherent property of the presomitic mesoderm

Somite formation was initially thought to be driven by inductive interactions
from surrounding tissues. Segmentation was believed to be established in these
surrounding structures, such as the neural tube and surface ectoderm, which then
imposed the pattern on the neighbouring presomitic mesoderm (reviewed in Gossler
and Hrabe de Angelis, 1998). However, it was subsequently shown that the isolation
of the presomitic mesoderm from any of its surrounding tissues, including the neural
tube, notochord, ectoderm, endoderm and lateral plate (Bellairs, 1963; Packard and
Jacobson, 1976; Sandor and Fazakas Todes, 1980; Tam, 1986), had no effect on
somite formation, and therefore presumably the establishment of a segmental pattern.
It has also been shown that lateral plate mesoderm is incapable of segmenting when it
is transplanted into the position that the presomitic mesoderm usually occupies
(Christ, 1970), and that rotating the segmental plate through 180° does not affect the
anterior-posterior sequence of somite formation, which maintains its original order
(Menkes and Sandor, 1977). These results suggest that segmentation is an intrinsic
property of the presomitic mesoderm, not something which is imposed upon it by
adjacent tissues.

18



1.I. Somitogenesis

Somite formation does however, require some interactions between the
presomitic mesoderm and surrounding tissues. No somites form in explants of
presomitic mesoderm cultured in complete isolation, and the cells actually disperse
(Packard, 1980). This could be due to the loss of some "trophic" factor which is
required by the presomitic mesoderm from the surrounding tissues, or could be due to
the loss of mechanical support from adjacent structures. It has also been shown that a
quail segmental plate transplanted into a chick embryo forms the same number and
size of somites as the host chick segmental plate on the opposite side of the axis. The
boundaries of these chick and quail somites‘i align across the midline (Packard et al.,
1993). So although segmentation appears to be fundamentally an intrinsic property of
the presomitic mesoderm, signals from, and the presence of, surrounding tissues
appear to be required and involved in the co-ordination and stabilisation of this
process.

1.1.1.3. Somitomeres - segmental organisation of cells within the presomitic
mesoderm

Under the light microscope the presomitic mesoderm appears as a
homogeneous strip of mesenchymal cells, somite formation being the first indication
that the tissue is actually segmentally patterned. Examination of the presomitic
mesoderm using stereo scanning electron microscopy (SEM) revealed however, that
this tissue is in fact segmentally patterned, as it was seen to be organised into squat
bilaminar discs consisting of concentric rings of cells. These arrangements of cells
were called somitomeres (Meier, 1979). Ten or twelve somitomeres were found in
the segmental plate of the chick, these forming at the posterior end at the same rate as
somites formed at the anterior end. They were seen to become more condensed as
they matured (Meier, 1979). The number of somites formed within explants of
presomitic mesoderm correlated with the number of somitomeres present within the
tissue prior to it being cultured (Packard and Meier, 1983), so somitomeres are
believed to be the direct precursors of somites. Somitomeres have been found in a
variety of vertebrate species including chick (Meier, 1979), mouse (Tam and Meier,
1982), snapping turtle (Packard and Meier, 1984), Xenopus and medaka (Jacobson
and Meier, 1986), and are believed to be the common forerunner to somites.

Although it is easy to imagine that cells within the presomitic mesoderm
would undergo some form of segmental organisation prior to somite formation, some
people are not convinced of the existence of somitomeres as described by Meier and
colleagues. The fact that somitomeres are only visible by stereo SEM suggests that
they could be an artefact of the fixation process required for this procedure. Also it
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1.I. Somitogenesis

has been argued that if somitomeres are representations of the segmental nature of the
mesoderm, then there should be no mixing of cells between them. However, time
lapse studies (Stern and Keynes, 1986) as well as the use of isotopic grafts of radio-
labelled mesoderm (Tam and Beddington, 1987), have shown that there is movement
of cells within the presomitic mesoderm between somitomeres. This suggests that
somitomeres should not be considered as the definitive segmental units of the
presomitic mesoderm.

Another major controversy surrounding the subject of somitomeres is whether
or not they exist within the paraxial mesoderm of the head. Segmental arrangements
of paraxial mesodermal cells were in fact first seen in the head of chick embryos
(Meier, 1979). These subsequently disperse, and the cells eventually give rise to
muscle, bone and dermis in the head. The existence of these somitomeres in the head
was interpreted as an indication that the cranial paraxial mesoderm was segmentally
patterned in a similar manner to that of the trunk and tail. However it has been
impossible to visualise a segmental arrangement of the head paraxial mesoderm by
any other method than stereo SEM (Jacob et al., 1986). It has also been shown that
grafting induces fate changes in head paraxial mesoderm (Noden, 1988), which
suggests that patterning of the head paraxial mesoderm is governed by interactions
with its surrounding tissues.

It has also been proposed that there exists a population of somite precursor
cells lateral to Hensen's node, which regress with the primitive streak laying down
clusters of precursor cells in the presomitic mesoderm along the length of the axis of
the embryo. These cells recruit neighbouring paraxial mesoderm cells forming into
somitomeres and eventually somites (Bellairs and Veini, 1984). However, if such a
mechanism is operating in vivo it is hard to understand how a grafted segmental plate
can adjust itself to produce the number and size of somites characteristic of its host
(Packard et al., 1993). Since the number of somites formed in the grafted tissue
would be determined by the number of clusters that had been laid down within it
during regression of the primitive streak, rather than controlled by its new

environment.
The existence of somitomeres within the presomitic mesoderm is now

accepted by most people, although their importance as units of segmentation remains
disputed. The mechanism through which they are formed also remains unclear.
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1.1. Somitogenesis
1.1.1.4. Molecular evidence of a prepattern

A number of genes have been identified recently that are segmentally
expressed within the presomitic mesoderm, and thus provide molecular evidence for
the existence of a segmental prepattern within the paraxial mesoderm. Of the genes
identified so far, most can be classified into two groups, being either members of the
Notch signalling pathway, or transcription factors characterised by a basic and a
helix-loop-helix domain (bHLH). Analysis of these genes has greatly increased
understanding of the mechanism of segmentation as well as that of somite formation.

1.1.1.4.1. The Notch signalling system

Notch is a transmembrane protein that was first identified in Drosophila, and
signalling mediated by this protein is involved in cell fate specification in a variety of
different tissues. Notch signalling is probably best known for its role in the
specification of neuronal precursors by a mechanism known as lateral inhibition,
during which individual cells are selected from a cluster to differentiate as neurons.
Two ligands have been identified for Notch in Drosophila, Delta and Serrate. These
are membrane anchored extracellular proteins, that contain a variable number of EGF-
like repeats, as well as a conserved cysteine-rich motif which is called the DSL
region. These proteins directly interact with the extracellular domain of Notch, via
two of its thirty six EGF-like repeats (reviewed in Artavanis-Tsakonas et al., 1995).

On binding and activation, the Notch protein is cleaved. The released
intracellular domain (NICD) is then free to move into the nucleus where it
participates in transcriptional events (Schroeter et al., 1998; Lecourtois and
Schweisguth, 1998; Struhl and Adachi, 1998). It is thought that the release of NICD
is the result of three cuts, the first two of which are in the extracellular domain, whilst
the third is intracellular and actually frees NICD (Bray, 1998). It is possible that the
cleavage of Notch requires the activity of presenilin-1. “‘} Presenilin-1 js a
transmembrane protein, mutations in which are associated with Alzheimer's disease
(Sherrington et al., 1995). Mice homozygous for a null mutation inl presenilin-1 show
reduced expression of Notch I and DIl] in the presomitic mesoderm (Wong et al.,
1997), indicating thatlJ presenilin-1 is also a component of the Notch signalling
pathway. Since it is cleaved endoproteolytically in vivo (Thinakaran et al., 1996), it
is thought that presenilin-1 could be a candidate for a role in the cleavage of Notch.

Notch mediates its effects on transcriptional activation in Drosophila through
an interaction with the product of the Suppressor of Hairless (Su(H)) gene. This
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encodes a protein which is located in the nucleus, and binds DNA in a sequence-
specific manner. NICD directly interacts with Su(H), and this complex activates
transcription of genes of the Enhancer of Split (E(spl)C) complex, which consists of
seven bHLH transcription factors (reviewed in Artavanis-Tsakonas et al., 1995).

Notch signalling is modified in Drosophila by the activity of Fringe, a protein
which shows some homology to glycosyltransferases. Fringe inhibits the interaction
between Notch and Serrate, whilst it potentiates the ability of Notch to respond to
Delta (Irvine and Weischaus, 1994; Panin et al., 1997). This activity of Fringe
enables Notch signalling to establish boundaries even when the expression domains
of Notch and its ligands are quite diffuse (Kim ef al., 1995; Panin et al., 1997). This
defining of boundaries also involves Serrate-Delta feedback loops, the activation of
Notch by Serrate induces expression of Delta and vice versa (Panin et al.,, 1997).
This activity of the Notch signalling system in the establishment of boundaries is
* quite distinct to the role it plays during neuronal development, when it is involved in
the process of lateral inhibition.

A number of homologues of Notch, Delta, Serrate and members of their
signalling pathway have been identified in vertebrates. At least four Notch (Franco
del Amo et al., 1992; Lardelli and Lendahl, 1993; Lardelli et al., 1994; Uyttendaele et
al., 1996), two Delta (Bettenhausen et al., 1995; Dunwoodie et al., 1997) and two
Serrate (Lindsell et al., 1995; Myat et al., 1996) homologues have been cloned in the
mouse, and at least four Notch (Bierkamp and Campos-Ortega, 1993; Westin and
Lardelli, 1997) and four Delta (Dornseifer et al., 1997; Haddon et al., 1998; Appel
and Eisen, 1998) genes have been found in the zebrafish. A Su(H) homologue called
RBP-Jx (Furukawa et al., 1992), and an E(spl)C homologue known as Hes5 (de la
Pompa et al., 1997) have been cloned in the mouse, as well as three Fringe-related
genes, called Manic, Radical, and Lunatic Fringe (Johnston et al., 1997). Vertebrate
Notch signalling plays a role in neurogenesis via the mechanism of lateral inhibition
(de 1a Pompa et al., 1997; Dornseifer et al., 1997; Haddon et al., 1998; Appel and
Eisen, 1998).

A role has also been shown for the Notch signalling system in somitogenesis.
Null mutations in the mouse genes Notch 1 and RBP-Jx showed defects in somite
formation, although these have not been well characterised at the molecular level
(Conlon et al., 1995; Oka et al., 1995). Over-expression of wild type and truncated
forms of X-Delta-2 in Xenopus and delta D in zebrafish resulted in a disruption in
somite formation (Dornseifer et al., 1997; Jen et al., 1997). A segmental pattern was
established in the presomitic mesoderm of mice homozygous for a null mutation in
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DIl1, but their somites were not correctly patterned along the anterior-posterior axis
and the boundaries were not maintained (Hrabe de Angelis et al., 1997). Recently it
has also been shown that mice lacking functional lunatic fringe failed to form somite
boundaries and the normal alternating anterior-posterior pattern of the presomitic
mesoderm was disrupted (Evrard et al., 1998; Zhang and Gridley, 1998).

In Drosophila Notch signalling is not involved in segmentation, although it is
involved in the establishment of boundaries elsewhere in the embryo as was discussed
above. In vertebrates it appears that a similar deployment of Notch signalling is
occurring during somitogenesis. Notch signalling is not involved in the establishment
of a segmental pattern in the presomitic mesoderm, as the prepattern appears to be
established normally in experimental situations where Notch signalling has been
disrupted. But Notch signalling is involved in somite boundary formation and the
establishment of anterior-posterior patterning within each segment. It is unclear if or
how these two processes are related to one another. It has recently been shown in the
chick that ectopic expression of lunatic fringe resulted in the down regulation of
Serrate-1 (Sakamoto et al., 1998). This suggests that feedback loops, similar to those
that have been determined to operate between Notch, Delta, Serrate and Fringe in the
Drosophila wing, exist in vertebrates. A Serrate homologue, Serrate-1, has been
cloned in mouse that is expressed in a segmental pattern in the anterior presomitic
mesoderm (Mitsiadis et al., 1997). Two Delta homologues, two Notch homologues
and a Fringe homologue are also expressed in the anterior presomitic mesoderm of
mouse. So it is interesting to speculate whether signalling via these proteins is
involved in the refining of the segmental pattern in the paraxial mesoderm and the
positioning of boundaries. Since disruption of Notch signalling results in a
disturbance of the anterior-posterior patterning of mesodermal segments, as well as
abnormal boundary formation, it is possible that the Notch signalling pathway is

involved in the positioning of intra- as well as inter-somitic borders.

1.1.1.4.2. bHLH transcription factors segmentally expressed in the presomitic
mesoderm

The other major class of molecules that have been found to be segmentally
expressed within the presomitic mesoderm are bHLH transcription factors. Within
these proteins the helix-loop-helix region functions as a dimerisation domain, whereas
the basic region is responsible for binding to DNA (Murre et al., 1989).

The zebrafish gene herl is a homologue of the Drosophila pair-rule gene
hairy, which is a bHLH transcription factor related to those of the E(spl)C. It is
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dynamically expressed in the presomitic mesoderm throughout somitogenesis, in one
or two stripes that correspond to alternate somite primordia (Muller et al., 1996).
Herl is the first vertebrate homologue of a Drosophila segmentation gene that
appears to be playing a similar role within the vertebrate system as it does in the fly.
Previously identified vertebrate homologues of Drosophila pair-rule and segment-
polarity genes are not expressed in a pattern which would indicate their involvement

in segmentation (reviewed in Patel, 1994).

Further homologues of hairy have been cloned in other species, but none of
these are expressed in the pair-rule pattern shown by herl, although they are
expressed in a segmental pattern in the anterior presomitic mesoderm Hairy2A is a
Xenopus gene, which is expressed in one or two stripes in a posterior region of
presumptive somites as they mature (Jen et al., 1997). c-hairyl is chick homologue
of hairy which has a very distinctive and dynamic expression pattern. During the
course of the formation of each somite, a process which takes ninety minutes in the
chick, c-hairyl cycles through a characteristic expression pattern. This appears as a
wave of c-hairyl expression travelling through the presomitic mesoderm in an
anterior direction (Palmeirim et al., 1997). This cyclical expression is an autonomous
property of the presomitic mesoderm, and has been taken to provide molecular
evidence for the existence of a developmental clock within the presomitic mesoderm
(Cooke, 1998).

A different class of bHLH transcription factors that are segmentally expressed
within the presomitic mesoderm prior to somite formation are those of the Mesp
subfamily. Mesp family genes were originally identified in the mouse, in which two
have been cloned, Mespl (Saga et al., 1996) and Mesp2 (Saga et al., 1997). Mespl is
expressed during gastrulation and subsequently in a stripe in the anterior presomitic
mesoderm (Saga et al., 1996), whereas Mesp2 is expressed in a stripe in the
presomitic mesoderm approximately the width of one somite posterior to the last
formed somite boundary (Saga et al., 1997). Mice homozygous for a null mutation in
Mesp2 showed defects in somite formation and lacked expression of anterior somite
markers. They also showed reduced expression of Notch I and Notch 2 in the
presomitic mesoderm, so it is possible that the defects seen are due, at least in part, to

the loss of Notch signalling.

Thylacine 1 is a Xenopus gene which shows homology to Mesp family genes,
but only within the bHLH region. It is dynamically expressed in between one and
three stripes in an anterior domain of the most anterior presumptive somites. Over-
expression of this gene resulted in defects in somite formation as well as a loss of X-
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Delta-1 expression. Whereas disrupting Notch signalling resulted in a reduction of
Thylacine 1 expression (Sparrow et al., 1998). This suggests that there is a control
circuit operating between Thylacine 1 and the Notch signalling pathway in the
anterior presomitic mesoderm. It is unclear whether Thylacine I is an orthologue of
Mesp2 due to the lack of any significant homology outside of the bHLH region.
Although they appear to have very similar functions in vivo, and both interact with the
Notch signalling pathway.

A further Mesp-related gene has been cloned in the chick, called cMeso-1.
cMeso-1 is expressed in the anterior presomitic mesoderm in a stripe just posterior to
the next pair of somites to form. Disruption of the function of this gene by the use of
antisense oligonucleotides resulted in a severe attenuation of somitogenesis. cMeso-1
is not thought to be an orthologue of either Mespl or Mesp2 due to the limited
sequence similarity outside of the bHLH domain (Buchberger et al., 1998). It appears
that there is a whole family of Mesp-related genes that function in the patterning of
the presomitic mesoderm and somite formation.

1.1.1.4.3. Other genes segmentally expressed within the anterior presomitic

mesoderm

A few other genes have also been found that are segmentally expressed within
the anterior presomitic mesoderm which are not members of the Notch signalling
pathway or bHLH transcription factors. These are all members of different signalling
pathways. In zebrafish fibroblast growth factor (FGF) -8 is expressed in an anterior
domain of the most anterior presumptive somite and formed somites (Furthauer et al.,
1997). FGF-8 is mutated in acerebellar (ace) mutants, and these showed defects in
differentiation of their somites, although these appeared to have segmented normally
(Reifers et al., 1998). It has been shown that implantation of beads soaked in FGF-2
into the presomitic mesoderm of Xenopus embryos resulted in defects in somite
formation. Cells did not organise themselves into their normal segmental
arrangement, and uniform, rather than segmentally restricted, expression of X-Delta-2
was seen in the region of the bead (Lombardo and Slack, 1998). It is possible that
FGF signalling is involved in the restriction of X-Delta-2 expression to an anterior

domain within forming somites.

A mouse homologue of the Xenopus gene Cerberus, mCer-1, has been found
that is expressed in an anterior domain of the two most anterior presumptive somites
and the two most recently formed somites (Biben et al., 1998). Cerberus is a novel
secreted cytokine which has been shown to act as an inducer of anterior tissues
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(Bouwmeester et al., 1996). The possible role of this signalling factor in somite
formation or patterning is unclear, but it has been shown to function as an antagonist
of bone morphogenetic protein (BMP) and Wnt signalling (Glinka et al., 1997; Biben
et al., 1998), so its role in the paraxial mesoderm may be related to these functions.

The only other molecules which have been shown to be segmentally expressed
within the presomitic mesoderm are two members of the Eph family of receptor
tyrosine kinases and their ligands, EphA4 and ephrin-B2. EphA4 is expressed in
stripes in the anterior region of forming somites in both mouse and chick (Nieto et al.,
1992; Hirano et al., 1998). Whereas ephrin-B2 is expressed in both forming and
formed somites (Bergemann et al., 1995). The role of the Eph family in
somitogenesis has not been studied, but it will be examined through the course of this
thesis.

1.1.1.5. Segments are patterned along the anterior-posterior axis prior to somite
formation

The first indication that somites are patterned along the anterior-posterior axis
came from von Ebner last century, who described a cleft in the sclerotome of snake
embryos that subdivided the somite into anterior and posterior halves (von Ebner,
1888). These clefts are known as von Ebner's fissures, and although there has been
some controversy surrounding their existence, this has now been clearly demonstrated
(Stern and Keynes, 1986). The significance of this subdivision of somites is also
starting to be appreciated.

A number of differences have been found to exist between the anterior and
posterior halves of somites. It was noted during the last century that peripheral nerves
were restricted to the anterior sclerotome (Remak, 1855). When parts of the
segmental plate are reversed, axon outgrowth is confined to what was originally the
anterior half of the somite (Keynes and Stern, 1984), showing that it is the paraxial
mesoderm which is governing the segmental outgrowth of neurons. It has also been
found that trunk neural crest migration is restricted to the anterior half of the somite
(Rickmann et al., 1985). Replacing several adjacent somites with multiple anterior
somite halves resulted in wider spinal nerves, wider and non-segmented dorsal root
ganglia, and wider areas of neural crest. Whereas when multiple posterior halves
were grafted in, spinal nerves, spinal ganglia and neural crest cells were virtually
absent from this region (Stern and Keynes, 1987). This suggests that there are
inhibitory signals in the posterior somite halves which prevent neuron outgrowth and

neural crest migration, rather than attractive signals in the anterior halves. In fact
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members of the Eph family have been shown to be involved in this inhibition within
the posterior halves of somites (Wang and Anderson, 1997; Krull et al., 1997,
sections 1.I1.8.1.3. and 1.11.8.2.).

In zebrafish no equivalent of von Ebner's fissure, dividing the somite into
anterior and posterior halves, is visible. In higher vertebrates, in which von Ebner's
fissures are found, the clefts are only seen in the mesenchymal sclerotome and they
do not run through the epithelial dermomyotome (Stern and Keynes, 1986). In
zebrafish, and other lower vertebrates, the sclerotome constitutes a very small
proportion of the somite, which is possibly why no subdivision is visible. However,
motor axons and migrating neural crest are restricted to the anterior sclerotome in
zebrafish (Morin-Kensicki and Eisen, 1997).

In chicks the paraxial mesoderm is responsible for imposing a segmental
pattern on the posterior neural tube, and von Ebner's fissures are significant
boundaries in this process. When a cell is labelled within the neural tube after somite
formation, the descendants of this cell are restricted within a compartment, the
boundaries of which are in line with von Ebner's fissures in the adjacent somites. If
the somite pattern is disturbed by surgical manipulation the descendants of labelled

cells in the neural tube no longer respect any boundaries (Stern et al., 1991).

The maintenance of somite boundaries probably relies upon the division of
somites into anterior and posterior compartments. The juxtaposition of anterior and
posterior somite halves resulted in the formation of a boundary, and the cells of the
different halves did not mix. Whereas when like somite halves were put together the
cells mixed and no boundaries were formed (Stern and Keynes, 1987). Genetic
evidence for this idea has also been obtained. Null mutations in genes such as DIl]
and lunatic fringe resulted in the loss of anterior-posterior patterning within
mesodermal segments and somite boundaries were not maintained (Hrabe de Angelis
et al., 1997, Evrard et al., 1998; Zhang and Gridley, 1998). '

The identification of genes such as DIl] and lunatic fringe have shown that
mesodermal segments are specified into anterior and posterior halves prior to somite
formation. It is possible that the opposition of cells of anterior and posterior identity
is necessary for somite boundary formation, and is not just required for the
subsequent maintenance of borders.
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1.1.1.6. Proposed mechanisms for segmentation

A number of theoretical mechanisms have been proposed to explain how a
segmental pattern is established within the paraxial mesoderm. Recently a number of
molecular markers have been identified within the presomitic mesoderm which have
increased our understanding of how the mesodermal prepattern is established, as was
discussed above, but the mechanism of segmentation of the presomitic mesoderm
remains a largely unanswered question. This means that these theoretical models are
still of interest.

1.1.1.6.1. Positional information models

Applying what was known about how segmentation occurs in invertebrates,
Meinhardt proposed a model for vertebrate mesodermal segmentation which states
that segment boundaries form where groups of cells with different identities are
opposed to one another (Meinhardt, 1986). It was proposed that there existed a
gradient of morphogen within the embryo, from the posterior end of the presomitic
mesoderm, and this in conjunction with local autocatalysis events produced an
oscillation of mesodermal cells between two fates, anterior (A) and posterior (P).
Cells would oscillate prior to acquiring their final stable state, A or P. Opposition of
A and P identities was proposed to result in border formation (Meinhardt, 1986).
However, there existed a problem with this theory as in vivo a segment boundary
forms only at every alternate A-P confrontation, since each somite contains cells of
both A and P identity. So it was proposed that there could exist a third cell state
within each segment designated as segment boundary (S). Borders would then arise
at every P-S confrontation. Alternatively it was proposed that there was a hierarchical
system of segmentation similar to that in Drosophila, in which the primary metameric
pattern is established with a two-segment periodicity. This process requires the
activity of the pair-rule genes in Drosophila. Somites would alternate between two
states, odd (O) and even (E), and boundaries would form at every O-E interface. It is
possible that the opposition of both O-E and A-P identities would be necessary for
boundary formation (Meinhardt, 1986).

With the discovery of molecular markers of the mesodermal prepattern it
would appear that the segments are divided into A and P identities, but that a third
state, S, does not exist (section 1.1.1.4.). A pair-rule type gene has also been
discovered in the zebrafish, her! (Muller et al., 1996). This suggests that the model
in which segment boundaries form at O-E and A-P interfaces could describe how
segmentation occurs in vertebrates.
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1.1.1.6.2. The clock and wavefront model

An alternative theory of vertebrate segmentation proposed that segment
boundaries formed in the presomitic mesoderm as a result of the interaction of two
components, a clock and a wavefront. The cells in the presomitic mesoderm were
considered to be oscillating continuously between different states, this being the
clock, and only at certain points in this cycle were the cells able to interact with the
wavefront. The wavefront was envisaged to be a gradient passing down the
longitudinal axis of the embryo, from anterior to posterior. As the wavefront passed
through, a region became competent to form a somite. However, cells were only able
to execute this change, from presomitic mesoderm to somite, when their clock was in
the permissive state, i.e. when it could interact with the wavefront. The interaction of
the smooth progress of the wavefront and the cyclical oscillations of the cell fates,
results in the production of regularly spaced somites (Cooke and Zeeman, 1976).

This model was proposed to account for the global control of somite number
which occurs in vivo. When the size of Xenopus embryos was reduced by removing
cells during the blastula stages, the same number of somites formed in the
experimental embryos as in wild type embryos, although these somites were smaller
in size (Cooke, 1975). The clock and wavefront model proposed that the speed of the
wavefront is relative to the overall length of the body, such that it takes the same time
to pass down the entire body length of different sized embryos. Heat shock
experiments were also used as evidence to prove the clock and wavefront model.
When Xenopus embryos were heat shocked during somitogenesis, abnormally shaped
somites formed a short time after the heat shock was given. The heat shock was
proposed to transiently affect the interaction between the clock and the wavefront,
thus accounting for the subsequent abnormal somites. The pause between the heat
shock and the appearance of abnormalities was proposed to be due to the time it takes
from specification to formation of somites (Cooke, 1978; Cooke and Elsdale, 1980).

The clock and wavefront model was proposed following experiments studying
somitogenesis in Xenopus embryos. However, a number of people believe that it is
not compatible with other vertebrate species. Since the underlying mechanism of
segmentation is believed to be fundamentally the same in all vertebrate species, it is
therefore thought that the clock and wavefront model is probably not correct. In
Xenopus, all of the presomitic mesoderm has involuted and been laid down on either
side of the notochord before somite formation begins. Whereas in other vertebrate
species presomitic mesoderm is being continually produced and laid down during the
course of somitogenesis. This makes it hard to understand how a mechanism, as
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proposed in the clock and wavefront model, which regulates the size of somites
according to the overall body length of the embryo can function prior to the
establishment of the total size of the embryo (reviewed in Gossler and Hrabe de
Angelis, 1998). Also heat shock experiments in chick embryos resulted in up to four
anomalies in somite formation which were six to seven somites apart (Primmet et al.,
1988). This is not consistent with the clock and wavefront model, which proposes
that heat shocks affect the interaction between the clock and the wavefront only
during the time of the shock, therefore resulting in only one abnormality in somite

formation.

A gene has been cloned recently in the chick, c-hairyl, which passes through
a characteristic cyclical expression pattern during the course of formation of each
somite. This cycling of c-hairyl is an autonomous property of the presomitic
mesoderm, and is independent of protein synthesis. Because of this it is thought that
the cycling expression of c-hairyl is a molecular readout of a developmental clock in
the presomitic mesoderm, rather than the mechanism driving such an oscillator
(Palmeirim et al., 1997). During the course of the formation of each somite a
wavefront of c-hairyl expression is seen passing up through the presomitic
mesoderm. This led to the suggestion that a modification of the original clock and
wavefront model was operating in vivo, in which the clock and wavefront are part of
and driven by the same central mechanism (Cooke, 1998). At present little is known
about the function of c-hairyl, so it is hard to predict whether this modified theory is
closer to the truth.

1.1.1.6.3. A cell-cycle driven model for segmentation

Heat shock experiments carried out in chick embryos resulted in up to four
abnormalities in somite formation, which were always six to seven somites apart
(Primmet et al., 1988). The time it takes for six to seven somites to form in chick
embryos is very close to the cell cycle time of the segmental plate, which is between
nine and ten hours. This in conjunction with the fact that discrete regions of cell
cycle synchrony exist in the presomitic mesoderm, and also drugs which inhibit the
cell cycle caused somite abnormalities (Primmet et al., 1989), led to the development
of a model in which segmentation is linked to the cell cycle (Keynes and Stern, 1988;
Primmet et al., 1989). This model proposes that cells that segment together show cell
cycle synchrony, and one cell cycle prior to somite formation a group of cells is
committed to forming a somite. These cells then increase their adhesion to one
another but only at a particular point in the cell cycle. This accounts for the lag
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between the commitment of a group of cells to forming a somite, and the actual
formation of the segment (Keynes and Stern, 1988).

However, this model relies heavily on the experimental results of heat shock
experiments during which 85% of the anomalies in somite formation were unilateral
and only 15% were bilateral (Primmet et al., 1988). Due to the synchrony and
symmetry of somite formation it is hard to imagine why both sides were not equally
disturbed by the heat shock.

1.I.1.7. Resegmentation

Resegmentation occurs much later in the development of somites than the
events that have been described within this section so far. However a discussion of
this phenomenon fits logically into place here, as it concerns the establishment and
maintenance of a segmental pattern within the paraxial mesoderm.

The sclerotome that migrates ventrally around the notochord gives rise to the
vertebral bodies and intervertebral discs, whereas that which migrates dorsally forms
the neural arches (reviewed in Christ et al., 1998). It was first noted by Remak
(Remak, 1855) that the vertebral bodies initially form in line with the somites, but
these subsequently fuse and new divisions, or boundaries, are formed which are out of
register with the somites. This led to the proposal that the paraxial mesoderm
underwent resegmentation ("Neugliederung").

Resegmentation has been a controversial subject since its proposal almost a
century and a half ago. A thorough histological study carried out by Verbout led him
to conclude that it was impossible to support the idea of resegmentation. When the
sclerotome first migrates and surrounds the notochord it forms a homogeneous
aggregate, a segmental vertebral column appearing later. Verbout argued that it was
impossible to determine the degree of cell mixing that occurred within this
homogeneous aggregate, and whether segmentation is maintained or resegmentation
occurs (Verbout, 1985).

More recent experiments that have attempted to address this issue have
involved the grafting of whole and half quail somites into chick embryos. The results
of these manipulations suggested that the cells from one somite do in fact colonise
two adjacent vertebrae (Stern and Keynes, 1987; Huang et al., 1996). Although it is
unclear whether the quail cells migrate as the host chick cells do in vivo. Dil labelling
of somites also suggested that sclerotome cells from one somite remain as a distinct

31



1.I. Somitogenesis

group within the homogeneous aggregate surrounding the notochord. They
subsequently contribute to the posterior half of one vertebra, the adjacent
intervertebral disc, and the anterior half of the next most posterior vertebra (Bagnall,
1992). This also supports the idea of resegmentation, although there are some
ambiguities arising from the apparent dilution of the dye during the course of the
experiment. Also it has been shown that cells from one somite which express j3-
galactosidase following retroviral infection, are subsequently predominantly found in
the posterior half of one vertebra and the anterior half of the adjacent posterior
vertebra (Ewan and Everett, 1992). The evidence that has now been assembled
supports the idea of resegmentation occurring in vivo, although it remains to be
definitively proved (Tajbakhsh and Sporle, 1998).

Resegmentation is similar to the process that occurs in Drosophila, in which
the developmentally significant compartments, established by the action of pair-rule
and segment-polarity genes as discussed above, are in fact known as parasegments
which are out of register with the segments of the adult body (Akam, 1987).

1.1.2. Formation of Somites

Following the establishment of a segmental pattern in the presomitic
mesoderm, somite formation occurs. This process involves significant morphogenetic
changes as the somites separate themselves from the rest of the paraxial mesoderm.
Somite formation has been best studied in the mouse and chick where it involves the
formation of epithelial balls from the mesenchymal presomitic mesoderm. The
epithelial balls enclose some mesenchymal cells within their central cavity, which is
known as the somitocoel (reviewed in Christ et al., 1998). The process of somite
formation is beginning to be understood at the molecular level, and will be discussed

in this section.

1.1.2.1. Interactions with the extracellular matrix required for somite formation

It can be imagined that the morphogenetic processes of somite formation
require interactions between the mesodermal cells and their surrounding environment.
It has been shown that in explants of isolated segmental plate no somites formed and
the cells dispersed (Packard, 1980), which was possibly due to the loss of support
provided by surrounding tissues. Two of the major components of the extracellular
matrix (ECM) are laminin and fibronectin. Laminin is found in the basal membranes
that separate the paraxial mesoderm from the ectoderm dorsally and the endoderm

ventrally. Fibronectin is found in these basal membranes, as well as in the interstitial
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spaces between the cells in the presomitic mesoderm (reviewed in Keynes and Stern,
1988).

Fibronectin has been implicated in the process of somite formation, as its
addition to cultures of dissociated presomitic mesodermal cells resulted in the cells
aggregating (Lash et al., 1984). It has been proposed that the binding of fibronectin
by the anterior segmental plate cells is the trigger that drives somite formation (Lash
et al., 1987), although it would seem unlikely}thatthis is the only mechanism driving
somite formation in vivo. Mice homozygous for a null mutation in fibronectin had a
shortened axis, lack mesoderm and had abnormal somites (George et al., 1993). It is
unclear whether the somite defects were a primary effect of the loss of fibronectin, or
whether it was just a result of the lack of mesoderm which arose from gastrulation
problems.

The integrins are a large class of ECM receptors, members of which are
expressed in the anterior presomitic mesoderm. These molecules function as
heterodimers, and on binding to components of the ECM they transduce signals into
the cells carrying them (reviewed in Hynes, 1992). Injection of antibodies that block
the function of Bl-integrin into chick embryos resulted in the displacement of
presomitic mesoderm and somites, and although somites formed the cells within them
were abnormally shaped (Drake and Little, 1991; Drake et al., 1992). This suggests
that the interactions between mesodermal cells and the ECM are important for the
correct formation of somites.

It would appear that interactions between presomitic mesodermal cells and the
ECM are important for somite formation, since perturbing these interactions affects
somite formation and morphology, but they do not appear to be the only requirement
for this process.

1.1.2.2. Involvement of cell adhesion molecules in somite formation

The formation of somites involves the compaction of mesenchymal
mesodermal cells and the formation of epithelia, so it would be imagined that cell-cell
contacts are important in this process. In fact it has been shown that cell-cell
adhesion increases in the anterior presomitic mesoderm (Cheney and Lash, 1984).

Cell adhesion molecules (CAMs) are responsible for mediating cell-cell
interactions, and a number of these have been found to be expressed in the presomitic
mesoderm and somites as they form. NCAM is a calcium-independent CAM. It is
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expressed at low levels in the posterior presomitic mesoderm, at much higher levels
in the anterior presomitic mesoderm and throughout the somites as they form. N-
cadherin is expressed throughout the epiblast, but expression is switched off as cells
ingress through the primitive streak and enter the mesoderm. This is accompanied by
an epithelial-to-mesenchymal transition. Expression is subsequently switched on at
low levels in the posterior segmental plate, and becomes stronger in the anterior
presomitic mesoderm. N-cadherin is expressed throughout the somites as they form
(Duband et al., 1987). Cadherin 11, like N-cadherin, is a calcium-dependent CAM.
It is expressed in the anterior presomitic mesoderm and is restricted to the posterior
halves of somites as they form (Kimura et al., 1995). Following somite formation N-
cadherin is down-regulated in the ventromedial region, just prior to its differentiation
into sclerotome, which involves an epithelial-to-mesenchymal transition. Regulation
of the expression of cadherin 11 is the opposite to this, as it is switched off in the
dermomyotome and maintained in the sclerotome. NCAM expression remains
throughout the differentiated somite (Kimura et al., 1995).

The involvement of these CAMs in somite formation has been investigated.
When chick segmental plates were cultured in the presence of an antibody that blocks
the function of N-cadherin, the mesodermal cells dissociated (Duband et al., 1987).
In mice homozygous for a null mutation in N-cadherin somites did form, but they
were irregularly shaped and not as adhesive as normal, and they did not form an
epithelium correctly. Muscle differentiation was seen in the mutants (Radice et al.,
1997). This demonstrates that N-cadherin is involved in somite formation in vivo, but
a more severe phenotype was expected in the N-cadherin null mutant mice. It is
thought that cadherin 11 may substitute for some of the functions of N-cadherin in
the presomitic mesoderm of these mutant mice. Loss-of-function mutations in NCAM
however, had no effect on somite formation (Tomasiewicz et al., 1993). Although a
targeted mutation of NCAM which resulted in the production of a soluble version of
the protein in vivo had a dominant embryonic lethal effect, in which reduced numbers
and irregular somites were seen (Rabinowitz et al., 1996). However embryos
carrying this mutation also showed a defect in mesoderm migration during
gastrulation, so the somite abnormalities could be a result of this. It appears that a
number of CAMs are required for the processes of somite formation, and that these

molecules function in a redundant manner iz vivo.

It has now been demonstrated that CAMs are capable of regulating gene
expression and inducing cell differentiation, as well as mediating cell adhesion (Larue
et al., 1996). So it is possible that the CAMs discussed above are involved in more
than just cell adhesion events during somitogenesis.
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1.1.2.3. Other molecules involved in somite formation

Other molecules which are involved in somite formation have also been
identified recently. One of these is paraxis, which is a bHLH transcription factor.
Paraxis is expressed in the anterior presomitic mesoderm and throughout the somites
as they form. When the somites differentiate paraxis expression is down-regulated in
the dermomyotome, but maintained in the sclerotome (Burgess et al., 1995). In mice
homozygous for a null mutation in paraxis the paraxial mesoderm formed into loose
mesenchymal units that were the same size as normal somites, but these had not
undergone an epithelial transition. The paraxial mesoderm differentiated normally,
and ribs and vertebrae formed with segmental periodicity although they showed some
abnormalities (Burgess et al., 1996). This suggests that paraxis is required for somite
morphogenesis and the formation of epithelia, but is not involved in the processes of
segmentation or differentiation of the somites. It has been shown that paraxis
expression in the anterior presomitic mesoderm of chick embryos was initiated by a
signal from the overlying ectoderm. A later signal from the neural tube could restore
paraxis expression if this had been prevented by the removal of the surface ectoderm.
However, if both signals were blocked and paraxis was not expressed in the
presomitic mesoderm, no epithelial somites formed (Sosic et al., 1997). This
suggests that signals from the tissues surrounding the presomitic mesoderm play an
important role in regulating somite formation.

It is also appears that Notch signalling plays a role in somite formation. In
experimental cases where Notch signalling is disrupted somite formation is abnormal
(Conlon et al., 1995; Oka et al., 1995; Dornseifer et al., 1997; Hrabe de Angelis et
al., 1997; Jen et al., 1997; Evrard et al., 1998; Zhang and Gridley, 1998; sections
1.1.1.4.1. and 1.1.1.5.). It was discussed earlier how Notch signalling is involved in
the refining of the segmental pattern and the establishment of anterior and posterior
identities within segments. It was also mentioned that the defects in somite formation
seen in experimental cases where Notch signalling had been perturbed could be a
consequence of the disruption of these other functions. However, Notch signalling is
known to be required for a number of epithelial-mesenchymal transitions in
Drosophila (Hartenstein et al., 1992; Tepass and Hartenstein, 1995), so it is possible
that the vertebrate homologues of these genes could be directly involved in similar
processes during somite formation. This would mean that Notch signalling is
involved in patterning the mesodermal segments as well as playing a direct role in the
morphological processes of somite formation.
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1.1.2.4. Somite formation in the zebrafish

Formation of somites in the zebrafish has been considered to differ from that
described above for mouse and chick. The somites are not formed as epithelial balls
that bud off from the anterior end of the segmental plate, rather furrows are produced
as the result of de-adhesion events within the presomitic mesoderm. Small foci of de-
adhesion are seen in the centre of the presomitic mesoderm at the position at which
the next boundary forms. This de-adhesion spreads medially and laterally across the
presomitic mesoderm, such that a furrow forms and the somite is separated from the
rest of the paraxial mesoderm. Once formed no cell mixing is seen between somites
(Wood and Thorogood, 1994). However it has recently been described how the
border cells undergo what appears to be a mesenchymal-to-epithelial transition during
somite formation in the zebrafish, resulting in epithelial envelopes surrounding
mesenchymal cells (Morin-Kensicki and Eisen, 1997; Durbin et al., 1998).
Experiments in which wild type and truncated forms of delta D were over-expressed
in zebrafish embryos, resulted in a disruption of somite formation (Dornseifer et al.,
1997), and a zebrafish homologue of paraxis has also been recently cloned
(Shanmugalingam and Wilson, 1998). This suggests that somite formation within the
zebrafish involves many of the same morphological changes, and is controlled by the
same molecular mechanisms as the process in higher vertebrates.

1.1.3. Patterning and Differentiation of Somites

Following their formation, somites are patterned and differentiate to give rise
to the sclerotome ventrally and the dermomyotome dorsally. The myotome
subsequently forms from the dermomyotome, and underlies it medially. The
sclerotome eventually forms the vertebral column and ribs, whilst the myotome gives
rise to the hypaxial and epaxial musculature. The dermomyotome also forms the
dermis of the trunk and tail (reviewed in Lassar and Munsterberg, 1996). The
patterning and differentiation of somites is the best understood process of
somitogenesis and is well characterised at the molecular level. Differentiation does
not require somites to have been formed correctly, as it occurs in experimental
situations where somite formation has been disrupted (see for example Hrabe de
Angelis et al., 1997; Burgess et al., 1996; van Eeden et al., 1996a). Unlike
segmentation, which is an inherent property of the paraxial mesoderm, somite
differentiation is induced by signals from the surrounding tissues. Newly formed
somites are developmentally plastic and on rotation they were found to be patterned
as specified by their new position (Aoyama and Asamoto, 1988). In this section the
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events known to be involved in the specification of the different regions of the somite

will be discussed.
1.1.3.1. Development of the sclerotome

The sclerotome forms in the ventral region of somites, and its specification is
accompanied by an epithelial-to-mesenchymal transition. Eventually the sclerotome
cells migrate ventro-medially and dorso-medially from this region, such that they
surround the notochord and neural tube, where they give rise to the vertebral bodies
and neural arches respectively. In the thoracic region sclerotome also migrates
ventro-laterally where it forms the ribs (reviewed in Gossler and Hrabe de Angelsis,
1998).

As long ago as the 1950s signals from the ventral neural tube (floorplate) and
notochord were shown to induce sclerotome formation and chondrogenesis ( Holtzer
and Detwiler, 1953; Watterson et al., 1954). More recently it has been shown that
grafting ectopic notochord or ventral neural tube into the presomitic mesoderm
resulted in the formation of mesenchyme and the expression of PaxI, a sclerotome
marker (Deutsch et al., 1988), and also the inhibition of myotome differentiation
(Brand-Saberi et al., 1993; Pourquie et al., 1993). Removal of the notochord
surgically or as a result of mutation, resulted in the loss of or reduction in PaxI
expression (Dietrich et al., 1993; Monsoro-Burq et al., 1994). If the notochord was
removed early, before it had induced the floorplate in the ventral neural tube, then no
sclerotome formed in the embryo and a myotome that was fused across the midline
developed (Monsoro-Burq et al., 1994). This suggests that ventral midline signals are
required for the initiation of sclerotome differentiation (Fig. 1.3).

Sonic hedgehog (Shh) is a vertebrate homologue of the Drosophila segment-
polarity gene hedgehog, which is expressed in the notochord and floorplate of a
number of species (Echelard et al., 1993; Krauss et al., 1993; Roelink et al., 1994).
Shh protein is autocatalytically cleaved releasing a 19 kD N-terminal fragment which
is secreted from cells and functions as a signalling molecule. Shh remains closely
associated with the cells it is secreted from (reviewed in Bumcrot and McMahon,
1995). In vitro experiments have shown that explants of presomitic mesoderm could
be induced to express sclerotome markers by cells secreting Shh. The expression of
dermomyotome markers was also inhibited in these explants (Fan and Tessier-
Lavigne, 1994). The ectopic expression of Shh in vivo has been shown to have the
same effect. It resulted in the induction of expression of sclerotome markers in the
paraxial mesoderm, whilst the expression of dermomyotome markers were repressed
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(Johnson et al., 1994). So it appears that Shh functions as a notochord- and
floorplate-derived sclerotome induction signal.

However, Shh was found to be able to induce Pax] expression in somites at a
distance of up to 200 um (Fan and Tessier-Lavigne, 1994), when the molecule had
previously only been demonstrated to mediate short range signalling events. It was
suggested that Shh did only act over a short range within the somites, and that it
induced a second signalling factor that could operate over a longer range. However, it
was shown that somites expressing Pax] could not induce ectopic Paxl expression in
other somites (Fan and Tessier-Lavigne, 1994), making the existence of a secondary
somite-derived signal unlikely. It has since been shown that the 19kD N-terminal
fragment of Shh is responsible for mediating the long range as well as the short range
signalling functions of the molecule (Fan et al., 1995).

Although Shh has been shown to be sufficient to induce sclerotome
differentiation in vitro and in vivo, it does not appear to function as such during
development. Embryos homozygous for a null mutation in Shhk initially expressed
Paxl in the ventral somite, although expression was subsequently not maintained
(Chiang et al., 1996). This suggests that Shh is required as a maintenance signal for
sclerotome development, and that there must be additional notochord and floorplate
derived signals that induce sclerotome differentiation in vivo.

1.1.3.2. Specification of the dermomyotome

As the sclerotome forms in the ventral region of the somite, the dorsal part is
specified as the dermomyotome and remains epithelial. This gives rise to the
myotome, which underlies it medially and contains postmitotic myoblasts.
Proliferating myoblasts are found in the dermomyotome, which acts as a source of
cells for the myotome Part of the dermomyotome also forms the dermatome, which
differentiates into the fibroblasts of the dorsal dermis (reviewed in Gossler and Hrabe
de Angelis, 1998).

The region of the dermomyotome from which the myotomal cells are derived
is a subject surrounded by controversy (Tajbakhsh and Sporle, 1998). The expression
of myogenic bHLH genes, such as Myf5 and MyoD, early during somite development
has been taken as an indication of the location of the myoblast populations within the
dermomyotome. Expression of these genes has been reported in the dorsomedial
region of the dermomyotome (see for example Pownall and Emerson, 1992), and it is
thought that cells destined for the myotome emerge from this area, which is known as
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the dorsomedial lip. However, Myf5 expression has also been described at the lateral
edge of the dermomyotome (Sporle et al., 1996), and it has been proposed that
hypaxial myotome precursors are located in this region, whilst the dorsomedial lip
acts as the source of epaxial precursors. The central region of the dermomyotome
gives rise to the dermatome and also a third population of myotome cells. These cells
are distinct from those of the epaxial and hypaxial domains as they express the
transcription factors Enl and Siml (Tajbakhsh and Sporle, 1998).

Expression of dermomyotomal markers such as Pax7 (Jostes et al., 1990),
Pax3 (Goulding et al., 1991), and SimI (Fan and Tessier-Lavigne, 1994), requires
contact between the paraxial mesoderm and the overlying ectoderm (Fan and Tessier-
Lavigne, 1994). Dorsal neural tube was also found to be able to induce expression of
these dermomyotomal markers in cultured explants of presomitic mesoderm, in a
manner that did not require cell-cell contact (Fan and Tessier-Lavigne, 1994).
Removal of the dorsal neural tube and ectoderm in vivo resulted in the loss of the
dermomyotome, and expansion of the sclerotome. Whereas removal of either alone
did not affect the differentiation of the dermomyotome (Spence et al., 1996; Dietrich
et al., 1997). This suggests that in vivo signals from the dorsal neural tube and
surface ectoderm act in a redundant fashion to dorsalize the somite, and induce
dermomyotome differentiation.

Somites appear to be patterned along the dorsoventral axis by antagonising
signals. Removal of the dorsal neural tube and surface ectoderm from embryos
resulted in the failure of the dermomyotome to differentiate, and the entire somite
expressed the sclerotome marker Pax! (Dietrich et al., 1997). However, removal of
the notochord and floorplate resulted in a loss of sclerotome induction, and the entire
somite differentiated into dermomyotome (Monsoro-Burq et al., 1994; Dietrich et al.,
1997). It has also been shown that when notochord was grafted into a dorsal position,
dermomyotome differentiation failed and the somite expressed Pax! throughout
(Brand-Saberi et al., 1993; Pourquie et al., 1993; Dietrich et al., 1997). Whereas, if
ectoderm was grafted ventrally or the neural tube was dorsoventrally inverted the
entire somite expressed dermomyotome markers (Dietrich et al., 1997). Therefore in
vivo, the dorsal neural tube and surface ectoderm act as a source of dorsalizing signals
that induce dermomyotome differentiation, whereas the floor plate and notochord
send out ventralizing signals that specify sclerotome development. These signals
antagonise one another, and this results in the patterning of the somite along the
dorsoventral axis and the induction of sclerotome and dermomyotome (Fig. 1.3).
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1.1.3.3. Myogenic differentiation

The myotome arises from the dermomyotome as was described earlier. It
eventually gives rise to the epaxial intrinsic back muscles, as well as the hypaxial
ventral body wall musculature and limb muscles. This division of the myotome into
the epaxial and hypaxial musculature results from its patterning along the medio-
lateral axis. The medial region of the myotome forms the epaxial muscles, whereas
the lateral region migrates to the body wall and limb buds where it gives rise to the
hypaxial and limb muscles respectively. Migration of the lateral myotome into the
limb buds occurs at the appropriate anterior-posterior levels within the embryo
(reviewed in Lassar and Munsterberg, 1996).

The differentiation of the myotome, similar to that of the other parts of the
somite, relies on external signals (reviewed in Lassar and Munsterberg, 1996).
However the source of this signal has proved controversial. In a number of studies
the neural tube has been shown to be required (Xue and Xue, 1996) and unnecessary
(Spence et al., 1996) for myotome differentiation. Whereas the notochord has been
shown to induce (Pownall et al., 1996; Xue and Xue, 1996), to repress (Brand-Saberi
et al., 1993; Pourquie et al., 1993), and to have no effect (Teillet and Le Douarin,
1983) on myogenic differentiation. Recent studies have overcome some of these
conflicting results and a two signal model for myotome specification has been
proposed (Munsterberg and Lassar, 1995). This model was suggested as it was found
that somites taken at different developmental stages required different signals to
induce myogenic differentiation. Presomitic mesoderm and newly formed somites
required signals from both the notochord/floor plate and dorsal neural tube for
myotome development. Whereas slightly older somites needed only the dorsal neural
tube signal to initiate myogenic differentiation. At even later stages somites did not
need any external signals to promote myogenesis. The model proposes that the first
signal is required by newly formed somites and is a competence signal received from
the notochord and floor plate. The second signal is derived from the dorsal neural
tube, and is required by more mature somites to actually induce myogenic
differentiation (Munsterberg and Lassar, 1995). The induction of myogenic
differentiation is distinct from dermomyotome specification. It has been shown that
removal of the notochord/floorplate resulted in the expansion of Pax3 and Pax7
expression throughout the somite, at the expense of sclerotome markers, but MyoD
expression was not seen in these cases (Dietrich et al., 1997). It has also been
suggested that the notochord/floor plate signal required for myogenic differentiation
is dosage dependent. Too great a concentration of the signal results in the induction
of sclerotome differentiation and the repression of expression of myogenic markers
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(Dietrich et al., 1997). This model could account for the differences between earlier
experimental studies that attempted to determine what signals were required for
myotome development. The stage at which explants were taken or grafting
experiments performed is crucial in determining which signals are required by
somites for myogenic differentiation, and this varied between the different studies.

The notochord/floor plate signal required for myogenic differentiation is
thought to be Shh. Cells secreting Shh could be substituted for notochord in culture
experiments, where together with dorsal neural tube explants they induced immature
somites to express MyoD. Wntl and Wnt3 were found to substitute for the dorsal
neural tube signal in similar experiments (Munsterberg et al., 1995). Wnts are a
family of secreted signalling proteins that show homology to the Drosophila segment-
polarity gene wingless (reviewed in Parr and McMahon, 1994). Wntl and Wnt3a, as
well as Wnt4, are expressed in the dorsal neural tube (Parr ef al., 1993), and so could
function as the dorsal neural tube signal in vivo. It has since been shown that Wnt!
and Wnt3a expression in the dorsal neural tube is induced by BMP signalling, and the
presence of noggin in the dorsomedial somite inhibits the direct action of BMP on
this tissue (Marcelle et al., 1997). A complex interplay of signals appears to be
required for the induction and differentiation of the myotome, involving members of a
number of families of signalling proteins.

It was described earlier that the myotome is patterned along the medio-lateral
axis to specify the epaxial and hypaxial muscles. Induction of myogenic
differentiation in these two domains has been determined to require different signals.
Removal of the axial structures from embryos resulted in the loss of epaxial muscles
but hypaxial and limb musculature developed as normal (Rong et al., 1992). The
precursors of the hypaxial and limb muscles derive from a lateral region of the
dermomyotome, and before and during their migration they express Pax3 and none of
the myogenic bHLH genes. These cells differentiate to muscle after migration, when
they have reached their destination (Williams and Ordahl, 1994). Separation of the
paraxial mesoderm from the adjacent lateral plate in chick embryos resulted in the
loss of Pax3 expression in the hypaxial precursors, and the up-regulation of MyoD
and Myf5 expression in this region. Grafting lateral plate between the neural tube and
somites resulted in the repression of MyoD and Myf5 expression in the medial somite
and the activation of Pax3 expression (Pourquie et al., 1995). This suggests that
signals from the lateral plate are involved in the maintenance of the hypaxial
precursors in an undifferentiated state prior to their migration. Cells secreting the
signalling molecule BMP4 were found to be able to substitute for the lateral plate
mesoderm, and induced expression of Siml in the lateral somite. Siml is a
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homologue of the Drosophila single-minded gene, that is exclusively expressed in the
lateral dermomyotome and migrating hypaxial precursors (Pourquie et al., 1996).
The effects of the lateral plate were found to be antagonised by signals from the
dorsal neural tube (Pourquie et al., 1996). This suggests that the somite is patterned
along the medio-lateral axis in a similar manner to that of the dorso-ventral axis, by

the action of opposing signals.

The experiments discussed above suggest that Pax3 could be involved in the
repression of myogenic differentiation, since expression of this was induced in
experiments in which muscle differentiation was repressed and MyoD expression was
lost. However, it has been demonstrated recently that Pax3 is an important regulator
of MyoD expression, acting in conjunction with Myf5 (Maroto et al., 1997; Tajbakhsh
et al., 1997). This means that there must be other signals or factors which repress
myogenic differentiation within the hypaxial precursors before and during their
migration. Analysis of Splotch mice which are carrying a mutation in Pax3, has
shown that these mice formed axial muscle correctly but hypaxial and limb muscle
precursors failed to migrate out of the lateral dermomyotome (Bober et al., 1994). A
similar phenotype is seen in mice homozygous for a null mutation in the receptor
tyrosine kinase c-Met (Bladt et al., 1995). Pax3 is thought to act upstream of c-Met,
and it is possible that signalling through this receptor during migration of the limb
muscle precursors may prevent myogenic differentiation.

Myotome specification within the somite is controlled by a number of signals
from the surrounding tissues, which act in an opposing fashion to control the location
and timing of myogenic differentiation. Some of the signals required for this process
are also involved in regulating the development of other regions of the somite (Fig.
1.3).

1.1.3.4. Differentiation of the dermatome

The dermatome arises from the central dermomyotome, an epithelial to
mesenchymal transition in this tissue resulting in the production of the fibroblast
precursors of the dorsal dermis. Differentiation of the dermatome requires signals
from the neural tube. The insertion of an impermeable membrane between the neural
tube and the somite was found to prevent dermis formation. However, coating the
membrane with neurotrophin-3 (NT-3) restored differentiation of the dermatome. It
has also been shown that a NT-3 blocking antibody disrupted dermatome
differentiation in somite explants (Brill et al., 1995). This suggests that NT-3, a
neural tube-derived signal, is required for differentiation of the dermatome (Fig. 1.3).
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Fig. 1.3 Summary of the differentiation signals received by somites during
development.

Schematic diagram showing a cross-section through the trunk of a chick embryo,
dorsal is to the top.

A Dorsal-ventral patterning of the somite. Wnt signals from the dorsal neural tube
and surface ectoderm (shown in red) induce differentiation of the dermomyotome;
whilst Shh signals from the notochord (shown in green) specify the sclerotome.
These two sets of signals antagonise one another, resulting in the patterning of the
somite along the dorsal-ventral axis.

B Medio-lateral patterning of the somite and differentiation of the dermomyotome.
Myotome development requires an initial signal from the notochord (shown in green),
followed by a second signal, thought to be Wnt, from the dorsal neural tube (shown in
red). The muscle precursors in the lateral somite do not differentiate until they have
migrated out to the limb bud. They are maintained in an undifferentiated state by
BMP4 signals from the lateral plate mesoderm (shown in blue). The Wnt and BMP4
signals antagonise one another, resulting in the patterning of the somite along the
medio-lateral axis. NT-3 signals from the dorsal neural tube (shown in yellow)
specify development of the dermatome.
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1.1. Somitogenesis

1.1.3.5. Differentiation of Zebrafish Somites

The composition of zebrafish somites is different to that of higher vertebrates.
The sclerotome constitutes only a small proportion of the somite, the majority of it
being myotome (Morin-Kensicki and Eisen, 1997). The zebrafish myotome consists
of three components, the epaxial and hypaxial subdomains, as described above in
higher vertebrates, and also the adaxial cells (Thisse et al., 1993).

The adaxial cells are specified prior to somite formation, and are a
morphologically distinct set of cells that run down the length of the body axis of the
embryo on either side of the notochord (Thisse et al., 1993). The adaxial cells also
differentiate earlier than the rest of the somite. They express MyoD from 70%
epiboly, whereas the remainder of the somite does not express this bHLH myogenic
factor until ten somites (Weinberg et al., 1996). The adaxial cells undergo a
characteristic morphological development. They originally form as a cuboidal
epithelium at the edges of the notochord, and following boundary formation twenty
adaxial cells are found in each somite in a four-by-five array adjacent to the
notochord. Between one and two hours after the formation of the somite, the adaxial
cells begin to elongate until they eventually span the entire length of the somite.
During this process the adaxial cells also intercalate with one another, such that at the
end of this elongation they are stacked up on top of one another, still next to the
notochord. Between three and six hours after the formation of the somite, the
elongated adaxial cells start to move laterally through the somite. This continues
until they have passed through the entire somite and are located at the lateral edge,
where they form a superficial layer (Devoto et al., 1996).

The adaxial cells differentiate into slow twitch type muscle, whereas the rest
of the myotome becomes fast twitch muscle (Devoto et al., 1996). This specification
of the adaxial cells requires Shh signals from the notochord. Adaxial cells do not
differentiate correctly in zebrafish mutants that lack Shh expression in the notochord.
‘Also the over-expression of Shh resulted in the ectopic production of slow muscle at
the expense of fast muscle (Blagden et al., 1997). In higher vertebrates slow and fast
type myofibrils are arranged in a salt and pepper fashion in the muscles (reviewed in
Hauschka, 1994). It is unclear how these different fibres are specified in higher
vertebrates, and whether this process requires hedgehog signalling.

A subset of adaxial cells form a distinct set of cells known as the muscle
pioneers (Devoto et al., 1996). Between two and six muscle pioneers form in each
somite adjacent to the notochord in the position of the future horizontal myoseptum.
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The muscle pioneers have a distinct morphology making them easy to identify, and
are the first somite cells to fully differentiate (Felsenfeld et al., 1991). The muscle
pioneers also express high levels of engrailed genes (Hatta et al., 1991). The
specification of the muscle pioneers has been shown to require two members of the
hedgehog gene family, echidna hedgehog and sonic hedgehog (Currie and Ingham,
1996). Differentiation of muscle pioneer cells was inhibited by the over-expression
of dorsalin-1, a BMP-like factor, although this did not affect the other adaxial cells
(Jun Du et al., 1997). It is thought that in vivo this inhibitory activity positions the
muscle pioneers at the level of the future horizontal myoseptum. The muscle
pioneers do not migrate with the rest of the adaxial cells, instead they flatten
horizontally and spread laterally throughout the entire width of the somite at the level
of the future horizontal myoseptum (Hatta et al., 1991; Devoto et al., 1996). This
means that they are ultimately intercalated between the hypaxial and epaxial
subdomains of the myotome. It was described earlier how in higher vertebrates
myotomal cells derived from the central region of the dermomyotome express en-1,
and on differentiation these intercalate between the epaxial and hypaxial regions of
the myotome (Tajbakhsh and Sporle, 1998). The similarities between this process
and the development of the muscle pioneer cells suggests that the development of the
myotome subdomains has been conserved through evolution.

The structures and signals involved in specifying regions of the somite have
yet to be characterised in the zebrafish. It will be interesting to compare the results of
such studies to what is known about this process in higher vertebrates given the
different composition of somites between different species.

1.1.4. Summary

We are still a long way from understanding somitogenesis as a whole,
although over recent years a number of studies have started to provide clues as to how
some of the processes of somite formation and differentiation operate in vivo. A
segmental pattern is established in the presomitic mesoderm by a mechanism that
does not require any signals from surrounding tissues. How this pattern is generated
is still unclear, although the identification of a number of molecular markers suggests
that a two-segment periodicity exists within the paraxial mesoderm of vertebrates, as
has been well characterised during the segmentation process of Drosophila. Also, a
developmental clock linked to segmentation appears to operate within the presomitic
mesoderm, as was proposed by the clock and wavefront model of somite formation.
How such a clock interacts with or regulates the expression of pair-rule type genes
has yet to be determined. It has also become clear that mesodermal segments are
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patterned along the anterior-posterior axis prior to somite formation. It has been
shown that the opposition of cells of anterior and posterior identity is important
within somites for the maintenance of borders, but it is unclear whether this is also
necessary for the initial formation of boundaries. If the juxtaposition of cells of
anterior and posterior character is determined to be required for boundary formation,
then this would provide a link between the processes of segmentation and somite
formation in vivo. Since the establishment of anterior-posterior patterning within
segments is part of the segmentation process. Somite formation results in the
physical separation of the somite from the rest of the paraxial mesoderm. This
involves a number of morphological changes, including mesenchymal-to-epithelial
transitions. Once formed, the somites are patterned and differentiate to give rise to a
range of tissues. This is the best understood process of somitogenesis, and requires a
complex interplay of opposing and co-operative signals from the structures
surrounding the somites (Fig. 1.3). Studies in somitogenesis have been traditionally
and predominantly carried out in mouse and chick. The somites of lower vertebrates,
such as the zebrafish, differ from those of higher organisms, consisting primarily of
myotome and not forming as epithelial balls from the presomitic mesoderm.
However, it is starting to become apparent that the same molecular mechanisms are
responsible for the equivalent processes in lower and higher vertebrates. The
simplicity and accessibility of the zebrafish makes it an ideal system for the study of
embryological processes, and it may be possible to answer questions about somite
formation and differentiation raised in higher organisms in the zebrafish.

PART II
The Eph Receptors and Ephrins

The Eph family is the largest known family of receptor tyrosine kinases, at
least fourteen receptors have been identified in a number of vertebrate species, and
recently an Eph receptor has also been cloned from an invertebrate, C. elegans
(George et al., 1998). Originally identified as orphan receptors, ligands for the Eph
receptors, the ephrins, have since been found. These are unusual since they are all
membrane-associated, either via a glycosyl phosphatidylinositol (GPI) linkage or a
transmembrane domain. The receptors have been shown to fall into two classes,
those that bind to GPI-linked ligands and those that interact with the transmembrane
ones. Binding is promiscuous within these groups, but there is little cross talk
between them. It has also been determined that the transmembrane-type ligands are
capable of transducing signals into cells, such that bi-directional signalling is a result
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of transmembrane ligand-Eph receptor interaction (reviewed in Orioli and Klein,
1997).

The Eph family has been shown to be functionally involved in a variety of
processes during development. The best characterised of these is their role in axon
guidance. A number of members of the family have been demonstrated to mediate
repulsive axon guidance signals in a variety of locations throughout the embryo
(reviewed in Orioli and Klein, 1997). However, all Eph receptors and ephrins are
characterised by their widespread and dynamic expression patterns throughout
development (Gale et al., 1996b), which suggests their involvement in a number and
variety of other processes as well as axon guidance. These other functional roles of
the Eph family are starting to be elucidated, and receptors and ephrins have been
implicated in patterning the brain (Xu et al., 1995; Xu et al., 1996), neural crest
migration (Krull et al., 1997; Smith et al., 1997), angiogenesis (Pandey et al., 1995b;
Wang et al., 1998), and epithelial morphogenesis (George et al., 1998).

Within this section I will review what is known of Eph receptors and ephrins,
in terms of the molecular and biochemical details of how the receptors and ligands
interact and signal, as well as the functional roles that have been demonstrated for
members of the family in a variety of developmental processes.

1.IL1. Eph Family Nomenclature

The Eph receptors were named as such as the first one identified was isolated
from a erythropoietin-producing human hepatocellular carcinoma cell line (Hirai et
al., 1987). A vast number of Eph-related receptors and ligands have since been
cloned, which were not named following any particular scheme. This has resulted in
a confusing number and variety of names for these genes (Table 1.1). It was decided
by members of the scientific community working on the Eph family to devise a
unified nomenclature. The ligands are now called "ephrins", for Eph family receptor
interacting proteins, and also from the ancient Greek word e¢opoG (ephoros) which
means overseer or controller. The ephrins attached to the membrane via a GPI-
linkage are known as class A ephrins, whereas the transmembrane type ones are
called class B ephrins. The receptors are also classified into two groups EphA and
EphB according to which type of ligand they preferentially bind. The receptors and
ephrins are numbered sequentially according to their date of publication (Committee,
1997; Table 1.1). This nomenclature was devised for the higher vertebrate Eph
family members and how the Eph-related genes cloned in lower vertebrates, such as
Xenopus and zebrafish, fit into this scheme remains unclear at present. However,
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New Old
generic human mouse rat chicken
receptors
EphAl Eph
EphA2 Eck Myk2,Sek2
EphA3 Hek Mek4 Tyro4 Cek4
EphA4 Hek8 Sek1 Tyrol Cek8
EphAS Hek7 Bsk Ehk1, Rek7 Cek7
EphA6 Ehk2
EphA7 Hekl11 Mdk1, Ebk Ehk3
EphAS8 Eek Ptk4 Eek
EphB1 Net Elk Cek6
EphB2 Erk,Hek5,Drt  Nuk,Sek3 TyroS Cek5
EphB3 Hek2 Sek4,Mdk5 Tyro6 Cek10
EphB4 Htk Myk1,Mdk2
EphB5 Cek9
EphB6 Mep
ligands
ephrin-Al | Lerkl,B61
ephrin-A2 Elf1 Cek7-L
ephrin-A3 Lerk3 Ehk1-L
ephrin-A4 Lerk4
ephrin-A5 |  Lerk? All | RAGS
ephrin-B1 Lerk2 Elk-L CekS-L
ephrin-B2 | LerkS,Htk-L Elf-2
ephrin-B3 Nlerk2 Elk-L3

Table 1.1 Table of the new and old names of Eph receptors and ephrins




1.IL. Eph receptors and ephrins

work is underway to name all known Eph receptors and ligands using this generic

system.
1.IL2. Structure of Eph Receptors and Ephrins

Eph receptors are transmembrane molecules, the extracellular region of which
consists of four domains (Fig. 1.4). The most N-terminal region is referred to as the
globular domain (Labrador et al., 1997). It was originally proposed that this domain
showed weak homology to immunoglobulin (Ig)-like domains (Tessier-Lavigne and
Goodman, 1996), and secondary structure"\\ predictions have suggested that this region
consists exclusively of B-sheets separated by loops (Labrador et al., 1997) as is
characteristic of Ig-like domains. However in other proteins, extracellular globular
domains that are not Ig-like have been shown to have a similar secondary structure. It
seems most likely that this region of the Eph receptors is a globular domain rather
than an Ig-like domain, due to the lack of any significant homology apart from the
secondary structure. Adjacent to the globular domain is a cysteine rich region (Tuzi
and Gullick, 1994). The C-terminal half of the extracellular domain contains two
fibronectin type III (FNIII) repeats. These domains are found in a number of receptor
tyrosine kinases and neural cell adhesion molecules. Their function is unclear, but it
is possible that they are involved in cell-cell interactions (Tuzi and Gullick, 1994).
The intracellular domain of Eph receptors contains a single highly conserved tyrosine
kinase domain. Sequence identities of between 65% and 90% are found between
members of this family in the kinase domain, whereas they range between 30% and
70% for the extracellular region of the receptors. The C-terminal region of the
protein consists of a non-catalytic region of approximately 100 amino acids (Pandey
et al., 1995a).

The genomic structure of the Eph receptor genes has been determined, and
this is largely conserved between family members (Connor and Pasquale, 1995). The
genes consist of around sixteen exons, which relate to the domain structure of the
receptor proteins. | No intron/exon boundary exists at the C-terminal end of
the N-terminal extracellular domain. This is uncharacteristic of Ig-like domains, and
supports the idea that this region of the protein is a globular rather than an Ig-like
domain. The FNIII repeats are encoded by one or two exons, and the intracellular
catalytic domain consists of five exons (Connor and Pasquale, 1995). The
conservation of genomic structure of the Eph receptor genes demonstrates their close
evolutionary relationship.
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1.IL. Eph receptors and ephrins

All of the ephrins share a conserved core sequence of around 125 amino acids
that encompasses four invariant cysteine residues. This region shows between 30%
and 70% sequence identity between different ephrins. This is followed by the
membrane attachment domain, which consists of a GPI-linkage region for class A
ephrins and a transmembrane domain for B class ephrins. The intracellular domain of
class B ephrins is also highly conserved. It contains no recognisable catalytic motif
and is approximately 80 amino acids in length (Flanagan and Vanderhaeghen, 1998;
Fig. 1.4).

The genomic structure of the ephrin genes has also been determined. The first
three exons of these genes are highly conserved between species. Exon 1 contains the
5'UTR as well as approximately the first forty amino acids. This is separated from
the second exon by an intron of several kilobases. The second exon is the largest,
encoding around three hundred amino acids, whilst exon 3 encodes around 70 amino
acids. At this point the genomic structure of the ephrin genes diverges, with some
containing only one further exon, whilst others have two. The gene structure does not
seem to be determined by the class, A or B, of the ephrin, and suggests that both types
of molecules evolved from a common ancestor (Cerretti and Nelson, 1997).

1.IL.2.1. Variant forms of Eph receptors

A number of variant forms of Eph receptors have been identified, which due
to their structure are thought to function differently to full length versions of the
genes in vivo. These variants are the result of alternative splicing events. Amongst
these are truncated forms of EphA3 and EphB2, alternative polyadenylation resulting
in mRNAs encoding only the extracellular regions of these receptors, which are
predicted to produce soluble, secreted proteins (Sajjadi et al., 1991; Connor and
Pasquale, 1995). It is thought that these truncated receptors would be able to bind to
ephrins in vivo, and would therefore be capable of interfering with signalling. They
would either prevent full length receptors from interacting with ligands, or in the case
of EphB2, bind to class B ephrins without facilitating their clustering and therefore
interfere with ligand mediated signalling events. Other truncated versions of Eph
receptors have been identified that produce variants that are still membrane
associated. These include a variant of EphA7 that lacks the intracellular tyrosine
kinase domain (Valenzuela et al., 1995). This would be predicted to act as a
dominant negative-type receptor in vivo, interfering with signalling via full length
receptor molecules. Other Eph receptor variants contain insertions, such as the form
of EphB2 that has an insert in the juxtamembrane domain due to the use of alternative
splice sites. This insert contains potential phosphorylation sites, that could mediate

51



uryds g ssep)

urewlop
ojwse|dojfin

urewop
lejnjjeor.ixg

suriyds pue s103dad3a ydj Jo aanjonajs 3y} Jo weadeip spewaydsS 41 81

uLyda vy ssep)

abexull-IdD ~

urewop
Jejn|jaoeaixy

J103dadaa ydyg

urewop
aseun| auIsolA]

YIS IS SIS SIS,

mouw | edAy
unoauoiql4

jow ) 8dAy
uiosuolIqi4

uoibal
you-shn

ulewoq
1e|nqo|n



1.I1. Eph receptors and ephrins

the interaction between the receptor and novel signalling molecules (Connor and
Pasquale, 1995). The function and downstream signalling pathways of many Eph
receptors have yet to be determined, so the significance of such variant forms in vivo
remains unclear at present. However, their existence needs to be remembered when

considering the functions of Eph receptors and ephrins during development.
1.I1.3. Interaction Between Eph Receptors and Ephrins

Little detail is known about the interaction between Eph receptors and ephrins.
A number of binding studies have been carried out, but the results and interpretation

of these has proved controversial in some cases.

Eph receptors were found to bind to soluble, monomeric forms of ligands in
vitro, but such interactions did not induce receptor autophosphorylation or, therefore,
receptor activation. Clustering these soluble ephrins using antibodies produced
complexes that bound to receptors and also activated them. The receptors were also
activated when they were presented with membrane-bound ephrins (Davis et al.,
1994). Thus it was determined that activation of Eph receptors requires their
clustering. It has been suggested that the membrane-associated nature of the ligands
facilitates this clustering in vivo. Despite the necessity of clustering of receptor
molecules for their activation, it has been shown that Eph receptors and ephrins bind
one another with a stoichiometry of one to one (Lackmann et al., 1997). Further
studies have shown that Eph receptors can distinguish between dimeric and
multimeric forms of ephrins. Phosphorylation of receptors in vitro was induced by
the interaction of both dimeric and multimeric ephrin forms, whereas cellular
responses and the recruitment of particular intracellular proteins to receptor signalling
complexes resulted only from the interaction with multimeric ephrin clusters (Stein et
al., 1998b). This suggests that in vivo the amount of ephrin detected by an Eph
receptor-expressing cell determines the type of receptor signal transduced, and
therefore the response of the cell. It possibly explains how gradients of ligand can
direct migration and axon targeting in vivo (see for example Cheng et al., 1995;
Brennan et al., 1997, section 1.11.8.1.1.).

Large scale binding studies have shown that within the Eph family classes
binding is promiscuous. So far only EphA4 has been found to bind to ligands of the
"wrong" class (Gale et al., 1996b). However, controversy has arisen over the
variation of binding affinity between different receptor-ephrin pairs within the same
class, and the importance of this in vive. A number of studies have shown that
particular ephrins and receptors show higher binding affinities for one another than
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for other members of the same class, and it has been proposed that this is of
functional significance in vivo (Brambilla et al., 1996; Lackmann et al., 1997).
However, it is possible to determine different binding constants for the same receptor-
ligand pair if different methods and different forms of the ephrin are used (Lackmann
et al., 1997). Most classical binding studies require soluble versions of the ligands to
be used, and Eph binding studies have been carried out using both monomeric and
dimeric soluble forms of ephrins. It remains to be determined which of these
accurately reflect the dynamics of binding in vivo, where ephrins are membrane-
attached and interactions occur at the surfaces of opposing cells. Due to the
constrained nature of Eph receptor-ephrin binding in vivo it is possible that the
process is co-operative, which could mean that pairs that bind weakly in solution have
an interaction of much higher avidity in vivo. The co-localisation in adjacent cells of
an Eph receptor and ephrin in vivo is probably more important in predicting the
functional significance of their interaction, than the binding affinity determined in

solution.

It therefore seems that the functional significance of an Eph receptor-ephrin
interaction in vivo is most probably determined by their localisation in adjacent cells
and also their relative expression levels. This is in contrast to the action of a soluble
ligand, which is determined by its high and specific affinity for a particular receptor,
and is a reflection of the fact that Eph receptor-ephrin interactions are constrained to
the interfaces of opposing cells. This also suggests that the evolutionary drive for
expansion of this family does not come from the enhancement of binding affinities,

but from new distributions of the old binding affinities.

The molecular details of Eph receptor-ephrin interactions are unknown. It has
been determined that the ligand binding region is located within the N-terminal
globular domain of receptors, by domain-deletion experiments. This has also shown
that the adjacent cysteine-rich region plays a minor role in ligand binding, and that the
FNIII repeats are not required for this (Labrador et al., 1997). It remains unclear how
binding specificity is determined, and how receptors distinguish between ligands of
different classes.

1.I1.4. Downstream Signalling Pathways of Eph Receptors

The fact that ligands for the Eph receptors have only been cloned relatively
recently has meant that elucidation of the downstream signalling pathway of this
family is still in its early stages. However, a number of intracellular proteins have
now been determined that interact with activated receptors. The identification of
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these proteins provides clues as to the signalling cascades and intracellular systems

that Eph signalling activates and regulates.

Unlike other receptor tyrosine kinases, signalling via Eph receptors has been
shown to have no effect on cell proliferation or transformation(Lhotak and Pawson,
1993; Brambilla et al., 1995). Although activation has been shown to result in
autophosphorylation of the receptors, similar to the action of other receptor tyrosine
kinases. Phosphorylation occurs on conserved tyrosine residues in the
juxtamembrane domain, and mutation of these residues has shown their importance
for mediating downstream signalling events (Holland et al., 1997; Zisch et al., 1998).

The first molecule that activated Eph receptors were shown to associate with
was phosphatidylinositol 3-kinase (PI 3-kinase). This was found to
immunoprecipitate with ligand-activated EphA4, the interaction being mediated by
the C-terminal SH2 domain of the p85 regulatory subunit of PI 3-kinase. The
activation of EphA4 by ephrin-A1l was also found to stimulate PI 3-kinase activity
(Pandey et al., 1994). PI 3-kinase activity produces D-3 phosphorylated
phosphoinositides which have been implicated in regulating the cytoskeleton (Janmey
and Stossel, 1989). This enzyme has also been shown to function as part of the
platelet-derived growth factor (PDGF) stimulated cascade which results in membrane
ruffling (Wennstrom et al., 1994). The Eph family functions during axon guidance as
a repulsive signal that mediates growth cone collapse amongst other things (reviewed
in Orioli and Klein, 1997), and it has also been shown to function during epithelial
morphogenesis (George et al., 1998). Due to its ability to elicit morphological
changes, it was expected that Eph family signalling would directly regulate factors
that mediate cytoskeletal modifications. This is what is suggested by the interaction
between EphA4 and PI 3-kinase.

Other members of the Eph family have been implicated in the regulation of
the cytoskeleton through their interaction with other intracellular proteins. EphB2 has
been shown to bind to the Ras GTPase activating protein p120 Ras GAP, in a ligand-
dependent manner (Holland et al., 1997). It was also found that p120 Ras GAP
associated with p62dok, p190 Rho GAP and the SH2/SH3 domain containing adapter
protein Nck (Holland et al., 1997). The Ras family of GTPases has been shown to
influence cytoskeletal architecture (McGlade et al., 1993), and the Rho GTPases have
been found to regulate the actin cytoskeleton (reviewed in Ridley, 1996). Nck is a
homologue of the Drosophila proteins Drac and dock which have been determined to
play a role in axon guidance (Luo et al., 1994; Garrity et al., 1996). In vertebrate
systems Nck acts as an intermediary linking membrane receptors to the c-Jun kinase
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(JNK) pathway, which mediates cytoskeletal modifications. Another study has
shown that Nck directly associates with activated EphB1, via phosphorylated residue
Tyr394 (Stein et al., 1998a). It has also been shown that EphA4 interacts with the Src
family kinase Fyn (Ellis et al., 1996), and EphB2 has been found to associate with Src
itself via residue Tyr6!l (Zisch et al., 1998). Activity of Src kinases has been
implicated in changes in cytoskeletal organisation (Parsons and Parsons, 1997). Eph
receptors, when activated, appear to be able to regulate the cytoskeleton via a number

of different pathways.

Yeast two-hybrid screens have identified other proteins that interact with
activated Eph receptors. SLAP is a novel SH2/SH3 adapter protein that was found to
associate with EphA2 (Pandey et al., 1995c), and the adapter proteins Grb2 and
Grb10 have been found to bind to EphB1 (Stein et al., 1996). Grb2 has been shown
to be involved in a number of growth factor signalling cascades that lead to Ras
activation and cell proliferation (Van der Geer et al., 1994). Whereas Grb10 shows
homology to a C. elegans protein that has been implicated in axon guidance (Ooi et
al., 1995).

A significant amount of evidence now links the activity of Eph receptors
directly with modification of the cytoskeleton via a number of different pathways.
This explains how the Eph family could mediate some of its functional roles in vivo,
such as in axon guidance and epithelial morphogenesis. However, no evidence has
yet been determined as to whether or not Eph receptors can regulate transcriptional
events in the nucleus. All the other families of receptor tyrosine kinases that have
been identified have been demonstrated to activate intracellular cascades that
culminate in nuclear events, which would suggest that the same is case for the Eph
receptors. However, it remains to be determined whether or not this is the case in

vivo.
1.IL.5. Ephrin-Mediated Signalling Events

The fact that a class of the ephrins were found to be transmembrane molecules
raised the possibility that they were capable of transducing a signal into the cell
expressing them, in a similar manner to the way that transmembrane receptors
function. Also it is the intracellular domains of the B class ephrins that are the most
conserved regions of the molecules, with between 90% and 100% identity between
different species. Such a high degree of conservation suggests that these regions are
functionally important, which supported the idea that these molecules regulated
intracellular events.
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It has now been shown that class B ephrins were phosphorylated on the
presentation of clustered receptor extracellular domains, and when cells expressing
ephrin-B1 or ephrin-B2 were co-cultured with cells expressing EphB2, both the
receptor and the ligands were found to be phosphorylated (Holland ez al., 1996;
Bruckner et al., 1997). B class ephrins phosphorylated on their intracellular domains
have also been found in mouse embryos (Holland et al., 1996), which suggests that
phosphorylation of ephrins is a physiological event. Therefore B class ephrins
mediate intracellular signalling events on receptor binding and clustering, and bi-

directional signalling is a result of Eph receptor-transmembrane ligand interaction.

Ephrin signalling has been found to "cross-talk" with other receptor tyrosine
kinases. Phosphorylation of ephrin-B1 occurs as a result of stimulating cells with
PDGF. The dynamics of this phosphorylation event suggested that it was mediated
directly by the PDGF receptor itself, which contains a tyrosine kinase domain
(Bruckner et al., 1997). The role of such communication between different

signalling systems in vivo is unclear.

Genetic evidence has also been obtained as to the significance of ephrin
signalling in vivo. Analysis of mice carrying a null mutation in the EphB2 gene, has
shown that this receptor is required for the correct pathfinding of axons of the anterior
commissure in the developing brain. However, a phenotype was only seen in the
cases where the entire gene had been deleted, and not in those in which only the
intracellular tyrosine kinase domain had been removed by targeted mutation. Also
the axons affected in these mutants do not express EphB2, although they do express B
class ephrins (Henkemeyer et al., 1996). This suggests that the phenotype was a
result of the disruption of ephrin-mediated signalling events.

The downstream signalling pathway of class B ephrins has yet to be
determined. They contain no recognisable domains of catalytic activity within their
cytoplasmic domains, so they must be phosphorylated by other protein kinases on
activation. In vitro Src family kinases were able to phosphorylate ephrin-B1, but this
did not appear to be the case in vivo (Bruckner et al., 1997). It has been suggested
that class B ephrins interact with PDZ domain-containing proteins. The PDZ domain
is a ninety amino acid region that was identified in proteins that mediate the
clustering of ion channels in the membranes of neurons. They bind to C-terminal
motifs of the consensus sequence Glu-Ser/Thr-Asp-Val (reviewed in Sheng, 1996).
The C-terminal consensus motif of class B ephrins is Tyr-Tyr-Lys-Val, which would
not appear to be that close to the PDZ binding motif. However, further analysis of the
interaction of PDZ domains has revealed that the C-terminal residue and the residue
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in position -2 are the most important for binding. The C-terminal residue binds in a
hydrophobic pocket and is preferentially Val, although this can be substituted| by Ile.
In terms of the -2 residue two classes of PDZ domains have been found, those that
prefer Ser or Thr and those that favour Tyr. Much more variability is tolerated in the
-1 and -3 positions (Songyang et al., 1997). Therefore it is possible that class B
ephrins bind to PDZ domain proteins in vivo, although such an interaction has yet to
be demonstrated. How PDZ proteins function remains unclear, but it is thought that
they may form scaffolds supporting clusters of transmembrane molecules and their
downstream signalling partners (Sheng, 1996). In terms of ephrin signalling this is an
interesting possibility, as clustering of the ligands is necessary for their activation,
and due to their lack of catalytic activity, ephrins must form intracellular complexes
with protein tyrosine kinases as well as their downstream signalling partners.

It remains an intriguing possibility that the class A ephrins are also capable of
transducing signals on receptor binding. GPI-linked proteins have been shown to be
capable of signalling through protein tyrosine kinase pathways (Brown, 1993),
making class A ephrin signalling in vivo a distinct possibility.

1.IL.6. Two Different Modes of Activation of Eph Receptors

The expression patterns of Eph receptors and ephrins have been traditionally
viewed as being complementary (Gale et al., 1996b; Gale and Yancopoulos, 1997).
Due to the membrane-associated nature of both the ligand and receptor this restricts
the sites of activation to the interfaces of expression domains. Such activation at the
boundaries of expression domains is necessary for mediating the repulsive signals
characteristic of Eph receptor-ephrin interaction (Nakamoto et al., 1996; Wang and
Anderson, 1997), which are involved in axon guidance and neural crest migration
amongst other things.

However, as an increasing number of Eph receptors and ephrins have been
cloned it has become apparent that receptor and ephrin expression domains do overlap
in vivo (see for example Holash et al., 1997). It has also been found that there are
substantial levels of phosphorylation of Eph receptors during development (Soans et
al., 1996). It is thought that activation of receptors at the boundaries of expression
domains alone could not account for the phosphorylation levels seen, and that these in
fact result from interactions in areas where receptors and ephrins are co-localised
(Zisch and Pasquale, 1997). Such activation from co-localisation is thought to be
involved in different processes to the directional and repulsive cues that result from

interactions at boundaries. Over-expression of an activated form of Pagliaccio
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(EphA4) in Xenopus affected cell adhesion (Winning et al., 1996). It is possible that
interaction of Eph receptors and ephrins in areas where their expression overlaps,
affects events such as cell adhesion mediated via their connections with the

cytoskeleton.

It was mentioned previously how few details concerning the interaction
between ephrins and Eph receptors are known, and it is unclear whether receptors and
ligands expressed on the same cell are capable of binding to one another in a manner
which activates them. So it is unknown in regions of co-localisation of ephrin and
Eph receptor expression, how they interact with one another.

1.IL.7. Regulation of Expression of Eph Receptors and Ephrins

Little is known of the factors that induce and control the expression of Eph
receptors and ephrins during development. Due to their widespread and dynamic
expression patterns it would be imagined that a large number and variety of molecules

would be involved in these control processes.

The region that has been the best characterised in terms of the control of
expression of Eph family members, is part of the midbrain known as the optic tectum.
Two vertebrate homologues of the Drosophila segment-polarity gene engrailed, en-1
and en-2, are expressed in gradients in the tectum. Over-expression of en-1 and en-2
in chick embryos resulted in the ectopic expression of ephrin-A2 and ephrin-AS,
which are also normally expressed in the tectum (Friedmann and O'Leary, 1996;
Itasaki and Nakamura, 1996; Logan et al., 1996). This demonstrates that these
engrailed-like transcription factors activate expression of these Eph family members
in vivo. The signalling factors Wntl1 and FGF-8 have both been implicated in the
regulation of expression of engrailed-like genes in the optic tectum (Danielian and
McMahon, 1996; Reifers et al., 1998). This suggests that these signalling proteins
also function upstream of the Eph family genes, ephrin-A2 and ephrin-AS5.

A number of Eph receptors and ephrins are segmentally expressed in the
rhombomeres of the hindbrain. It has been determined that the transcription factor
Krox-20 directly regulates the expression of EphA4 in thombomeres 3 and 5 (Theil et
al., 1998), and that expression of EphA7 in rhombomere 3 requires Hoxa-2 (Taneja et
al., 1996).

It has also been found that the cytokine interleukin-f up-regulated the
expression of EphA3 in cultured neonatal rat cardiomyocytes. EphA3 is expressed in
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both embryonic and adult heart (You Li et al., 1998). Ephrin-Al has been shown to
be induced by another inflammatory cytokine, tumour necrosis factor-o. (TNF-o).
Ephrin-A1l has also been shown to promote angiogenesis, which is a symptom of
chronic inflammation (Pandey et al., 1995b). The regulation of this receptor and
ephrin by these two inflammatory cytokines could form part of the same

immunological response system in vivo.

How the expression of Eph receptors and ephrins are temporally and spatially
regulated remains poorly understood, little promoter analysis has so far been carried
out for these genes. It remains unclear whether the regulation of Eph expression
commonly involves particular signalling systems or families of transcription factors.

1.I1.8. Functional Roles of Eph Receptors and Ephrins

The widespread and dynamic expression patterns of Eph receptors and ephrins
during development suggests that they are functionally involved in a number and
variety of processes. Due to the relatively recent discovery of this family, in
particular the ligands, functional analysis of its members remains in early stages.
Some of the first demonstrated roles of Eph family proteins were in axon guidance
events, and since then different members of the family have been implicated in axon
guidance in a variety of systems and locations throughout the embryo. The role of
Eph receptors and ephrins in axon guidance will be considered first in this section,
and then the evidence showing the involvement of different receptors and ephrins in
other developmental processes will be discussed.

1.11.8.1. The Eph family and axon guidance

The development of neurons involves the growth of their axons to the region
of the body they need to make a connection with. Once within the correct target
region the axons then have to make their specific connections. This process relies on
the existence of cues along the pathway of the axon projection and within the target
region, that both attract and repel the axon growth cones. The interplay of these
signals results in the specific guidance of each growth cone to the correct target.

1.IL.8.1.1. Retinotectal topographic mapping

The first developmental system in which Eph receptors and ephrins were
demonstrated to function as axon guidance cues was the retinotectal projection .
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These are the connections between the retinal ganglion cells of the eyes and a region
of the midbrain called the optic tectum. The retinal axons form a topographic map
within the tectum, which means that the spatial pattern of connections they make
reflects their spatial arrangement in the eye. Anterior (nasal) axons project to the
posterior tectum and posterior (temporal) axons to the anterior tectum, whilst the
dorsal tectum is innervated by the ventral retinal axons and the ventral tectum by the
dorsal axons. This system has been well studied and characterised over the past fifty
years following the classic experiments of Sperry in the 1940s (reviewed in Holt and
Harris, 1993; Tessier-Lavigne, 1995).

Elegant in vitro studies from Friedrich Bonhoeffer's laboratory demonstrated
that posterior tectal membranes had an activity associated with them that was
inhibitory to temporal but not nasal axons. A molecule involved in this inhibition was
determined to be membrane associated via a GPI-linkage (Walter et al., 1987,
reviewed in Flanagan and Vanderhaeghen, 1998). A GPI-anchored molecule was
subsequently isolated from the posterior tectal membranes that was found to be
ephrin-A5. However, in vitro ephrin-AS was found to cause growth cone collapse of
both nasal and temporal axons (Drescher et al., 1995). Another class A ephrin,
ephrin-A2, was also cloned that was expressed in a posterior-to-anterior gradient in
the tectum (Cheng and Flanagan, 1994; Cheng et al., 1995). In vitro it was
determined that ephrin-A2 specifically repelled temporal but not nasal retinal axons.
Over-expression of ephrin-A2 in vivo was found to affect the topographic map, with
axons avoiding ectopic patches of ephrin-A2 expression (Nakamoto et al., 1996). In
the tectum it was determined that there were overlying gradients of ephrin-A5 and
ephrin-A2 expression (Monschau et al., 1997). It is thought that these function in
conjunction with one another to control the smooth and precise mapping of the retinal
axons (reviewed in Flanagan and Vanderhaeghen, 1998). The discovery that Eph
receptors can distinguish between dimeric and multimeric forms of ephrins, and that
these elicit different receptor signals (Stein et al., 1998b), suggests the mechanism by
which the Eph receptors biochemically interpret a gradient of ligand. It has also been
proposed that since ephrin-A5 caused collapse of both temporal and nasal axons in
vitro, and that it is expressed beyond the posterior limit of the tectum, that in vivo it
also functions as a stop signal to prevent retinal axons from invading the territory
caudal to the optic tectum (Brennan et al., 1997). Mice homozygous for a null
mutation in ephrin-A5 were subsequently determined to have an incorrect retinotectal
topographic map and retinal axons that had extended past the tectum (Frisen et al.,
1998). This suggests that the proposed model describes the situation in vivo.
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EphA3, EphA4, EphAS, and EphA8 are all expressed in the retinal ganglion
cell layer of the retina (Cheng et al., 1995; Monschau et al., 1997; Park et al., 1997).
Although all of these receptors are not expressed in a gradient in the eye, they are
thought to be involved in the mapping process. Class A Eph receptors have also been
found in the tectum (Gale et al., 1996b; Park et al., 1997), and A class ephrins are
expressed in the eyes (Marcus et al., 1996; Brennan et al., 1997; Monschau et al.,
1997). From analysis of mice homozygous for a null mutation in EphA8 it is thought
that these molecules are involved in the guidance of the efferent projections from the
tectum to the eyes (Park et al., 1997).

B class ephrins and Eph receptors are also expressed in the eyes and tectum.
EphB?2 is found in the eye in a ventral-to-dorsal gradient (Holash and Pasquale, 1995;
Kenny et al., 1995), whilst ephrin-B1 is expressed in a dorsal-to-ventral gradient
within the tectum (Braisted et al., 1997). It is thought that the B class Eph family
members could function in the dorsal-ventral patterning of the retinotectal projections
in an equivalent manner to that which has been determined for class A receptors and

ligands along the anterior-posterior axis.

1.11.8.1.2. Involvement of the Eph family in topographical mapping in other regions
of the Central Nervous System

Topographic maps are found throughout the vertebrate nervous system, not
just in the visual system. Another example of a topographic map in which the Eph
family appears to function during its establishment, is in the hippocampus. In the
adult, the hippocampus has important roles in memory and learning. The
hippocampus receives projections from the entorhinal cortex, and its own projections
target the septum. The medial hippocampal axons target the dorsal lateral septum,
whilst the neurons in the lateral hippocampus project to the ventral lateral septum,
thus forming a topographic map. It is thought that this may regulate different
behavioural patterns via the hypothalamus in the adult (reviewed in Zhou, 1997).

EphAS5 is expressed in a gradient from medial-to-lateral in the hippocampus
(Gao et al., 1996), whilst ephrin-A2, ephrin-A3 and ephrin-AS5 are all expressed in
the septum. Superimposing the expression patterns of these ligands on top of one
another shows that there is a gradient of class A ephrin from dorsomedial-to-
ventrolateral in the septum (Zhang et al., 1996). Ephrin-A2 was found to inhibit the
outgrowth of medial hippocampal neurons in vitro, but it had no effect on lateral
hippocampal axons (Gao et al., 1996). This suggests that these Eph receptors and
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ephrins are involved in the establishment of the topographical map of the
hippocampal projections, although this remains to be proved in vivo.

The hypothalamus receives projections from a number of regions of the brain
including the subiculum. Projections from the subiculum topographically map within
the hypothalamus, dorsal axons projecting to the posterior and ventral neurons
innervating the anterior region (reviewed in Zhou, 1997). Members of the Eph family
have been implicated in regulating mapping in this region. Ephrin-AS5 is expressed in
an anterior-to-posterior gradient in the hypothalamus (Zhang et al., 1996), whilst
EphAS is expressed in a dorsal-to-ventral gradient in the subiculum (Zhou et al.,
1994). Therefore this ligand-receptor pair are expressed in an appropriate manner to
be involved in topographic mapping in this region.

1.I1.8.1.3. Motor axon guidance

Motor and sensory connections between the spinal cord and the periphery
form a series of segmentally arranged spinal nerves that project through the anterior
halves of the sclerotome of somites (Keynes and Stern, 1984). The projection of
these nerves are regulated by the presence of an inhibitory signal in the posterior
sclerotome (Stern and Keynes, 1987). This is another system in which Eph receptors
and ephrins function in axon guidance.

EphB2 and EphB3 are expressed in spinal motor neurons (Henkemeyer et al.,
1994; Wang and Anderson, 1997), and B class ephrins have been found to be
expressed in the posterior sclerotome, which is the region avoided by the projecting
motor axons. It has been found that the actual ephrin expressed in the posterior
somite differs between species, in chick it is ephrin-B1 whereas in rat it is ephrin-B2.
In vitro both ephrin-B1 and ephrin-B2 induced growth cone collapse in spinal motor
neurons, and when presented with a choice of substrates motor axons preferentially
avoided growing on ephrin-B1 and ephrin-B2 (Wang and Anderson, 1997).
Therefore it would seem that in vivo spinal motor neurons are restricted to the anterior
somite due to the presence of class B ephrins within the posterior somite.

Mice homozygous for null mutations in EphB2, EphB3, ephrin-B2 and both
EphB2 and EphB3 have been generated, and none of these showed a defect in the
projection of their spinal motor axons (Henkemeyer et al., 1996; Orioli et al., 1996;
Wang et al., 1998). It is possible that other Eph receptors and ligands are expressed
in similar patterns to these, which functionally substitute for them in the mutants.
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Also other systems are thought to be involved in the restriction of the spinal neurons
from the posterior sclerotome in vivo. For example, T-cadherin and collagen IX were
found to inhibit spinal neuron growth in vitro (Fredette et al., 1996; Ring et al.,
1996). A number of systems appear to be involved in the inhibition of spinal neurons
from the posterior somite, this redundancy could account for the lack of phenotype in
the Eph mutant mice.

It has also been found that EphA4 is expressed in a subset of spinal motor
neurons that project to the limb muscle and not the body wall (Ohta et al., 1996).
Ephrin-A2 and ephrin-AS are expressed in the limb buds, and in vitro they were found
to inhibit the outgrowth of spinal motorneurons (Ohta et al., 1997). So Eph receptors
and ephrins appear to be involved in the guidance of spinal motor axons to their

correct target, as well as restricting their growth to the anterior somite.

1.11.8.1.4. Pathfinding in the Central Nervous System

Targeted mutations in a number of Eph receptor and ephrin genes has revealed
roles for different members in axon guidance within the Central Nervous System
(CNS). Mice in which EphB2 was disrupted showed a defect in the telencephalic
anterior commissure. The majority of the axons of the posterior tract were found to
aberrantly project to the floor of the brain. This defect was only seen in mice in
which the entire gene had been deleted, and not in cases where only the tyrosine
kinase domain of the receptor had been disrupted. The affected axons were also
found not to express EphB2, although they did express class B ephrins. It was
concluded that the defect was a result of the disruption of ligand-mediated signalling
events (Henkemeyer et al., 1996).

Loss of EphB3 function resulted in defects in the corpus callosum, a major
axon tract that connects the left and right cerebal hemispheres. The axons were found
to initially project correctly, but they failed to cross the midline. In some cases the
axons made abnormal anterior and posterior ipsilateral projections (Orioli et al.,
1996).

Mice homozygous for null mutations in both EphB2 and EphB3 have been
generated. These show defects in both the anterior commissure and corpus callosum
that are more severe than the abnormalities seen in the EphB2 and EphB3 single
mutants respectively. This demonstrates that these two genes act in a partially
redundant fashion in vivo. Defects in the fasciculation of the habenular-
interpeduncular tract and the formation of the palate were also seen in the double
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mutant which were not found in the single mutants (Orioli et al., 1996). Providing
further proof of the redundant function of these Eph receptors in vivo.

Mice in which EphA8 had been disrupted showed an abnormal projection
from the superior colliculus of the midbrain to the inferior colliculus. These axons
formed new ipsilateral spinal cord projections (Park et al., 1997).

Members of the Eph family appear to be involved in a number and variety of
axon guidance events throughout the CNS of developing embryo.

1.11.8.1.5. Eph-mediated growth cone collapse

The Eph family functions as an inhibitory axon guidance signal in a number of
systems. Members of the family are characterised by causing neuron growth cone
collapse in vitro. The shape and extension of growth cones is determined by their
cytoskeleton, rearrangements of their actin filaments and microtubules driving axon
elongation and steering in response to external cues. In culture, ephrin-AS caused the
collapse of cortical neuron growth cones. Prior to collapse ephrin-mediated re-
organisation of the actin cytoskeleton was seen, although the microtubules were not
affected (Meima et al., 1997a). Ephrin-B1 also caused cortical neuron growth cones
to collapse in vitro. However, this was preceded by a disruption of both the actin
filaments and microtubules (Meima et al., 1997b). It was discussed earlier how
activated Eph receptors associate with proteins from pathways that mediate
cytoskeletal reorganisation (section 1.IL.4.). This biochemical activity of the Eph
receptors mediates their functional roles in axon guidance, alterations of the
cytoskeleton affecting the elongation and direction of projecting axons. It also
appears that the A and B class receptors activate different intracellular signalling
pathways.

1.I1.8.1.6. Axon fasciculation

Projecting neurons tend to form bundles, and this process is known as axon
fasciculation. Eph receptors and ephrins have been implicated in this process as well
as in axon guidance. In vitro soluble ephrin-AS5 prevented the fasciculation of cortical
neurons. EphAS5 is expressed in the cortical neurons in vivo, whilst ephrin-A5 is
found in the associated astrocytes (Winslow et al., 1995). In culture it has been
shown that if a permeable membrane was placed between cortical neurons and
astrocytes no bundling of the axons was seen (Caras, 1997). Therefore cell contact is
required between the axons and the astrocytes to drive fasciculation, and EphAS and
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ephrin-AS are thought to be involved in this process. Cell adhesion molecules such as
fasciclin and L1 are also known to function during axon fasciculation (Rathjen and
Jessel, 1991). It is possible that the interaction between Eph receptor and ephrin
affects the expression or function of these adhesion molecules, and therefore
fasciculation. Alternatively this receptor-ligand interaction could produce a repulsive
signal that pushes the axons away from the astrocytes and thus together, resulting in
bundling.

1.11.8.2. The role of Eph receptors and ephrins in neural crest migration

Neural crest cells arise from the dorsolateral neuroepithelium along the length
of developing embryos. These cells migrate away from the neural tube, following
particular pathways to specific targets, in an analogous fashion to axon pathfinding.
They differentiate on arrival at their destination, giving rise to the peripheral nervous
system amongst other things (reviewed in Bronner-Fraser, 1993). Eph receptors and
ephrins have been implicated in the guidance of neural crest migration in two

locations within the embryo.

In the hindbrain the branchial neural crest migrates anteriorly following
delamination, in three major streams. Neural crest from rhombomeres (r) 1 and 2
enter the first branchial arch, crest from r4 migrates to the second arch, and crest from
r6 and more posterior regions is destined for the third and fourth branchial arches
(Lumsden et al., 1991). No mixing of cells is seen between the streams of neural
crest during their migration. In Xenopus EphA4 and EphB1 are expressed in the crest
of the third arch and third and fourth arches respectively, whereas ephrin-B2 is
expressed in the neural crest and mesoderm of the second arch. Disrupting Eph
signalling in Xenopus embryos by the over-expression of dominant negative receptors
and full length ligand, resulted in the disturbance of the migration of third arch crest.
These cells were seen in ectopic locations, both anterior and posterior to their usual
pathway (Smith et al., 1997). This suggests that Eph family members mediate
repulsive signals which normally restrict branchial neural crest cells into their

characteristic streams, and prevent their intermingling.

Eph receptors and ephrins have also been shown to be involved in the
regulation of neural crest migration in the trunk and tails of embryos. In these regions
neural crest migrating away from the neural tube is restricted to the anterior
sclerotome of the somite, as was described earlier for the spinal neurons (reviewed in
Bronner-Fraser, 1993). EphB2 and EphB3 are expressed in the trunk neural crest
cells, and B class ephrins are found in the posterior somites. Ephrin-B1 is expressed
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in the posterior sclerotome in chick, and ephrin-B2 is found in the equivalent location
in rat embryos (Henkemeyer et al., 1994; Wang and Anderson, 1997; Krull et al.,
1997). In vitro neural crest cells avoided migrating on substrates expressing ephrin-
B1 or ephrin-B2 (Krull et al., 1997; Wang and Anderson, 1997). The addition of
soluble ephrin-B1 to trunk explants disrupted the segmental migration of the neural
crest (Krull et al., 1997). These Eph receptors and ephrins are functioning in the
regulation of neural crest migration in this region of the embryo, by mediating

repulsive signals.

Similar to its roles in axon guidance, the Eph family inhibits neural crest
migration through repulsive interactions. Time lapse studies of neural crest cells have
shown that contact between a neural crest cell and a cell carrying a repulsive signal
resulted in the collapse of the neural crest;ﬁlopodium, in a similar manner to collapse
of axon growth cones (Jesuthasan, 1996). This suggests that the Eph family mediates
its roles in axon guidance and neural crest migration in the same way, through
modification of the cytoskeleton. The functions of Eph receptors and ephrins in both
axon guidance and neural crest migration do not appear to require nuclear signalling.

1.IL8.3. The Eph family is involved in patterning the neural tube

Segmentation is a mechanism used as an efficient way of organising
development. It allows the same developmental processes and molecules to be used
repeatedly in each segment. In the neural tube the hindbrain is the only region that is
overtly segmented during development. A series of bulges, known as rhombomeres
are seen in embryos. Cell movement is restricted between the rhombomeres, and
gene expression is segmentally patterned in this region (reviewed in Lumsden and
Krumlauf, 1996).

A number of Eph receptors and ephrins are expressed in a segmental pattern in
the hindbrain (reviewed in Flanagan and Vanderhaeghen, 1998). Over-expression of
a dominant negative form of EphA4 in Xenopus and zebrafish resulted in cells from
13 and r5 invading other territories. The cells did not scatter throughout the
hindbrain, but formed bulges or streams from r3 and r5 (Xu et al., 1995). This
suggests that the Eph family usually functions to prevent cell mixing between
rhombomeres in the hindbrain. This could be due to repulsive signals similar to those
that function during axon guidance and neural crest migration. It is also possible that
Eph signalling is required for the establishment, as well as maintenance, of
boundaries in the hindbrain.
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There is also evidence that more anterior regions of the brain are segmentally
patterned during development. However, pattern formation in the forebrain is not
well understood (Rubenstein et al., 1994; Lumsden and Krumlauf, 1996). A fk)umber
of Eph receptors and ephrins are expressed in discrete regions of the forebrain. Some
of these molecules have been shown to be involved in axon guidance events in this
area (section 1.I1.8.1.), but they could also function during pattern formation. Over-
expression of a dominant negative form of EphA4 in zebrafish resulted in the
expansion of the retinal territory into the diencephalon (Xu et al., 1996). The
mechanism underlying this result is unclear, and could be due to an effect on cell
differentiation, proliferation or migration. However, members of the Eph family are
obviously involved in patterning the forebrain.

1.11.8.4. Involvement of Eph receptors and ephrins in angiogenesis

The development of the vasculature consists of two main processes,
vasculogenesis and angiogenesis. Vasculogenesis involves the assembly of
endothelial cells into a network of vessels that are all similarly sized. This network
extends throughout the embryo and yolk and is called the primary capillary plexus.
Angiogenesis involves a significant remodelling of the primary capillary plexus, in
which vessels fuse, split and branch, and also the recruitment of a variety of
supporting cells. This results in the development of the vasculature characteristic of
the adult (reviewed in Risau, 1997).

The involvement of the Eph family in angiogenesis was first demonstrated
when ephrin-Al was shown to act as an angiogenic factor in vivo and a
chemoattractant for endothelial cells in vitro. The expression of ephrin-Al was also
shown to be regulated by the angiogenic inducer TNF-a (Pandey et al., 1995b). It
has since been found that ephrin-B2 is expressed in future arterial endothelial cells ,
and EphB4 is reciprocally expressed in future venous endothelial cells. Targeted
disruption of ephrin-B2 resulted in a disruption of angiogenesis. The primary
capillary plexus formed, but no remodelling of either the arteries or veins were seen
(Wang et al., 1998). It is thought that ephrin-B2 and EphB4 could be functioning to
maintain the arterial and venous endothelial cells as distinct populations, and possibly
also play a role in the fusion and interconnection of vessels during remodelling
(Yancopoulos et al., 1998).

Members of the Eph family are not the only mediators of axon repulsion that
are also involved in angiogenesis. Recently neuropilin-1 was determined to play a

role as a co-receptor of vascular endothelial growth factor. Mice homozygous for a
 *(reviewed in Flanagan and Vanderhaeghen, 1998)
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null mutation in neuropilin-1 had an abnormal vasculature (Soker et al., 1998). This
suggests that similar cellular events are involved in axon guidance and angiogenesis.
The extensive morphogenetic processes of angiogenesis must involve movement of
cells and changes in their shape, and therefore modification of their cytoskeleton.
The Eph family has been strongly implicated in being able to affect cytoskeletal
reorganisation, and this could explain the involvement of members of this family in

processes of angiogenesis.
1.11.8.5. The Eph family and cell adhesion

The over-expression of an epidermal growth factor (EGF) receptor-EphA4
chimera in Xenopus resulted in the dissociation of the embryos following activation
of the chimeric receptor (Winning et al., 1996). It has also been shown that over-
expression of ephrin-B1 in Xenopus embryos resulted in their dissociation. Basic
FGF was able to rescue this dissociation in animal cap experiments (Jones et al.,
1998). These experiments suggest that Eph receptors and ephrins are involved in the
regulation of cell adhesion. Cell adhesion is determined in part by the cytoskeleton,
so due to the links between Eph signalling and regulation of the cytoskeleton it is not
surprising that Eph molecules can also affect cell adhesion.

The Eph family has, unusually for receptor tyrosine kinases, been
demonstrated to have no mitogenic or transforming activity (Lhotak and Pawson,
1993; Brambilla et al., 1995). However, it has recently been demonstrated that
ephrin-B2 is over-expressed in a number of metastatic melanoma cell lines (Vogt et
al., 1998). Metastasis is the process during which cancer cells leave tumour masses
and migrate through the body and eventually invade other tissues. Such processes
require alterations in the adhesive behaviour of the tumour cells, and it is possible that

Eph family signalling is involved in the regulation of this.
1.11.8.6. The role of the Eph family in epithelial morphogenesis

A C. elegans mutant was identified that showed defects in the co-ordinated
movement of cells during two periods of embryogenesis, during closure of the ventral
gastrulation cleft and also during ventral enclosure by the epidermis. The cloning of
this gene, VAB-1, identified it as an Eph receptor (George et al., 1998). Therefore the
Eph family functions during epithelial morphogenesis, a process which requires the
modulation of cell shape and cell adhesion. The interactions between Eph receptors
and the cytoskeleton enable them to regulate and modify the shape and adhesion of

cells.
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1.IL9. Summary

The relatively recent identification of the Eph family of receptor tyrosine
kinases, and especially their ligands the ephrins, means that the analysis of their
function, both biochemically and in terms of their developmental roles, is preliminary
in many respects at present. Both the ligands and receptors are membrane-associated
molecules, which has made receptor-ligand binding studies difficult, since these are
usually carried out in solution. Values calculated from such experiments do not
necessarily accurately reflect the situation in vivo where interactions are restricted to
the surfaces of opposing cells Also clustering of receptors is required for their
activation, so binding in vivo could also involve an element of co-operativity.
However, binding within the two classes of Eph molecules appears very promiscuous,
and the functional relevance of interactions in vivo is determined primarily by the
expression patterns of ligands and receptors. The class B ephrins, as well as the
receptors, have been shown to be able to activate intracellular signalling pathways.
This means that in vivo bi-directional signalling is a result of B class receptor-ephrin
interaction. The downstream signalling pathways of both ligand and receptor are
starting to be elucidated. So far, the receptors have been found to associate with
proteins that interact with pathways that mediate modification of the cytoskeleton, but
not with any cascades that culminate in nuclear events. This is unusual for receptor
tyrosine kinases. No downstream signalling partners of the ephrins have been
identified yet, although PDZ-domain proteins seem to be good candidates. Functional
roles for both receptors and ephrins are also starting to be determined. A number of
Eph receptors and ephrins act as repulsive axon guidance signals in a variety of
locations throughout the embryo. The signalling of receptors to the cytoskeleton can
mediate growth cone collapse, and therefore inhibition of axon growth. Some Eph
receptors and ephrins are also involved in the regulation of neural crest migration,
supplying repulsive signals similar to those involved in axon guidance. Members of
the Eph family also have roles during angiogenesis, although these are not well
characterised at present. Expression of Eph receptors and ephrins has been reported
in a number of other regions of embryos and their functions in other developmental
processes have yet to be studied. Analysis of these roles and the determination of
more of the biochemical details of Eph-mediated signalling, will increase our
understanding of how this family functions in vivo.
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1.2. The Project

The aim of this project is to understand the role of the Eph family during
somitogenesis in the zebrafish. Several receptors and ephrins have been reported to
be expressed in the presomitic mesoderm and somites, including the transmembrane
ligands ephrin-Bl and ephrin-B2 (Fletcher et al., 1994; Bergemann et al., 1995), but
their function in this region has not been studied. Initially I cloned two class B
ephrins from the zebrafish, which, following sequencing and characterisation, were
determined to be zebrafish ephrin-B2 and a ligand of uncertain homology called
ephrin-B-L6. Both of these ligands are segmentally expressed in the presomitic
mesoderm and somites. The roles of these molecules, and the receptor EphA4 which
has a similar segmental expression pattern, during somitogenesis were investigated by
the over-expression of forms of Eph molecules that should interfere with signalling in
vivo. The functions of these molecules in somite formation and patterning were
further analysed by the examination of their expression patterns in a number of
zebrafish mutants that show defects in somite formation. Finally I attempted to
position these, and other, Eph family genes onto the zebrafish genomic map, to
determine if they showed linkage to any developmental mutants, which would allow
further analysis of their function. This work hasincreased our understanding of the role
of the Eph family in patterning of the presomitic mesoderm and somite formation.
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CHAPTER 2
Materials and Methods
2.1. Maintenance of Zebrafish

A breeding colony of zebrafish (Danio rerio) were maintained at 28.5°C on a
14 hour light/10 hour dark cycle (Westerfield, 1993). Embryos were collected by
natural spawning and staged according to Kimmel et al. (1995). Non pigmented
embryos were generated by raising in 0.2 mM phenylthioarbamide (Vischer, 1989) at
28.5°C.

Normal embryos were generated from the wild-type lines kcwt, uwt, *AB,
Tiibingen and Tup Longfin. The single recessive lethal mutant whitetail’@52b, (wir)
(Jiang et al., 1996; van Eeden et al., 1996a) was used, as well as the adult viable
recessive mutants after eight'™?23 (aei), beamter'™98 (bea), deadly seven'239 (des),
and fused somites'¢314a (fss) (van Eeden et al., 1996a).

2.2. Observation of Live Embryos

Embryos were observed in fish tank water, and manually dechorionated with
#5 watchmaker's forceps. Where required, embryos were anaesthetised with 0.02%
tricaine (3-amino benzoic acidethylester) and mounted for viewing in 3% methyl

cellulose in fish tank water.
2.3. Molecular Biology Techniques

Standard molecular biology techniques were carried out according to
Sambrook et al. (1989). For large scale DNA preparations, plasmids were
transformed into E. coli (either XLI Blue or JM109 strains) and cultured in 100 ml
LB medium and ampicillin (70 pg/ml). DNA was purified using a Qiagen Midi prep
column (Qiagen).

Restriction enzyme digests were carried out in 20-100 pl using an appropriate
1x enzyme buffer and 2-5 units of enzyme (Promega) per 1 ug DNA. Digests were
carried out at 37°C and checked on 0.8-1.2% agarose TBE gel by electrophoresis.
Purification of DNA was carried out by 1x phenol extraction, 2x phenol:chloroform
extraction and 1x chloroform extraction followed by precipitation. DNA was
precipitated with either 0.1 volume 3 M NaAc and 2.5 volumes 100% ethanol at
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-20°C for 30 minutes, or 0.25 volume 10 M NH4Ac and 1 volume 100% iso-propanol
at room temperature for 10 minutes. Precipitated DNA was microfuged for 10
minutes, the pellet was washed in 70% ethanol, air dried and resuspended in TE
buffer (10 mM Tris-HCI, pH 8.0, 1 mM EDTA).

2.3.1. ¢cDNA cloning of zebrafish class B ephrins
2.3.1.1. Cloning of zebrafish ephrin-B2

Degenerate primers were designed to conserved regions (FTIKFQE and
YYIVQEM) within the transmembrane ligands ephrin-B2 (Bergemann et al., 1995)
and ephrin-B1 (Fletcher et al., 1994). These primers were used for polymerase chain
reaction (PCR) amplification of a zebrafish neurula stage oligo-dT primed cDNA
library (provided by Dr. David Grunwald). 150 pmols of each degenerate primer, and
5 pl of amplified cDNA library were used in PCR reaction mixtures of 50 pl volume.
40 amplification cycles (94°C for 30 seconds; 45°C for 1 minute: 72°C for 1 minute)
were carried out. The 700 base pair PCR fragment was cloned into pKS bluescript,
sequenced (section 2.3.2.) and found to share homology with class B ephrins.

The PCR product was used to screen between 5.0-10 x 109 recombinant phage
from the same neurula stage cDNA library. Pre-hybridisation was in 50% formamide,
5x Denhardts, 6x SSC, 0.1% SDS, 0.1 mg/ml yeast RNA, 5 mM NaPO, pH 6.8, at
42°C for at least 1 hour. Hybridisation was at 42°C overnight. Low stringency post-
hybridisation washes were performed in 2x SSC, 0.1% SDS at 50°C for 6x 30
minutes, then 1x 1 hour. From a tertiary screen 9 positive Bluescript phagemids were
rescued from AZAP II which contained a 3.4 Kb insert, which contained the whole of
the coding sequence and non-coding flanking sequences of a zebrafish ephrin-B2

homologue.
2.3.1.2. Cloning of a further zebrafish class B ephrin

The full length coding region of zebrafish ephrin-B2 was used to screen an
oligo-dT primed 3-24 hour zebrafish cDNA library (provided by Dr. José Campos-
Ortega). Between 5.0-10 x 105 recombinant phage were screened at low stringency,
as described above. From a tertiary screen 1 positive Bluescript phagemid was
rescued which contained a 2.5 Kb insert, that on sequencing showed homology to
class B ephrins but was not the previously isolated zebrafish ephrin-B2.
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The isolated clone contained only the most 3' 480 bp of coding sequence, and
around 2.0 Kb of 3' UTR. The coding region fragment was used to screen the original
cDNA library used, to try and find a full length clone. Between 5.0-10 x 105
recombinant phage were screened at high stringency (post-hybridisation washes were
in 0.5x SSC, 0.1% SDS at 65°C). From a tertiary screen 1 positive Bluescript
phagemid was rescued which contained a 3.0 Kb insert, that contained 740 bp of 3'
coding sequence of the new class B ephrin, and around 2.2 Kb of 3' UTR.

2.3.1.3. Nomenclature

A new nomenclature has recently been agreed upon for the Eph receptor and
ligand family (Committee, 1997). This nomenclature involves all of the family
members for amniote vertebrates but has not, to date, incorporated those genes
identified in Xenopus, zebrafish or any invertebrates. It has been decided to refer to
zebrafish genes using the new nomenclature where homology is unambiguous based
on sequence, expression, binding characteristics and functional studies. The zebrafish
homologue of ephrin-B2 (Bergemann et al., 1995; Smith et al., 1997, Wang and
Anderson, 1997) is unambiguously the orthologue of the higher vertebrate
counterpart, so I refer to it as such. However, in cases were homology is not obvious
based on the criteria above, I have decided to use the original zebrafish names for the
genes prefixed with the generic Eph name and class of the molecule. So the partial
clone of a transmembrane ligand described above is referred to as ephrin-B-L6.

2.3.2. Sequencing class B ephrin cDNAs

Both strands of ephrin-B2 and ephrin-B-L6 were sequenced by the
dideoxychaintermination protocol using the Sequenase Version 2.0 kit (United States
Biochemical) and synthetic oligonucleotide primers. The double stranded template
was alkali denatured using 0.1 volumes 2N NaOH, 20 mM EDTA for 30 minutes at
37°C. The DNA was precipitated and resuspended in water. For primer annealing 1
png of DNA, 0.5 pmol oligonucleotide primer and 1x reaction buffer (40 mM Tris-
HCl, pH 7.5, 20 mM MgCl,, 50 mM NaCl) were mixed in a volume of 10 pl, heated
to 65°C for 2 minutes and allowed to cool to below 30°C. Added to this was 10 mM
dithiothreitol (DTT), labelling mix (3.75 uM dGTP, 3.75 uM dCTP, 3.75 uM dTTP),
5 pCi [a-35S] dATP, 3.25 units of Sequenase Version 2.0 T7 DNA polymerase
(diluted 1 in 4 in enzyme dilution buffer, 10 mM Tris-HCI, pH 7.5, 5 mM DTT, 0.5
mg/ml BSA), and 0.5 units Klenow enzyme. This was incubated for 5 minutes at
20°C, before aliquoting out 3.5 ul to each 2.5 ul of dideoxynucleotide (ddGTP,
ddATP, ddTTP, ddCTP) termination mix (80 uM dGTP, 80 uM dATP, 80 uM dCTP,
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80 uM dTTP, 8 uM ddNTP, 50 mM NaCl). This was incubated for 20 minutes at
37°C. The reaction was stopped by adding 4 pl of sequence stop solution (95%
formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol FF).

Samples were heated to 80°C for 2 minutes before loading 2 pl on a
denaturing polyacrylamide gel. The sequence data was visualised
autoradiographically and analysed using the GCG computer package (Devereux et al.,
1984).

2.4. In Situ Hybridisation

2.4.1. Synthesis of antisense RNA probes for in situ hybridisation

Templates for synthesis of antisense RNA probes were generated by
linearising the clone at the 5' end with an appropriate restriction enzyme. Following
phenol:chloroform extraction and precipitation (section 2.3.) the DNA was
resuspended in low TE buffer (10 mM Tris-HCI, pH 8.0, 0.1 mM EDTA). 1 pug 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 pl
reaction was set up in 1x transcription buffer (200 mM Tris-HCI, pH 7.5, 30 mM
MgCl;, 10 mM spermidine, 50 mM NaCl), 10 mM DTT, NTP-
digoxigenin/fluorescein mix (1 mM ATP, CTP, GTP, 0.65 mM UTP, 0.35 mM UTP-
digoxigenin/fluorescein), 40 units RNasin, 10 units T3/T7/SP6 RNA polymerase.
The transcription mix was incubated at 37°C for 2 hours before 1 unit of DNase was
added to remove the template. The DNase reaction was stopped after 15 minutes at
37°C by the addition of 1 ul 0.5 M EDTA, pH 8.0. The RNA was precipitated with
0.5 volumes 7.5 M NHyAc, 2.5 volumes 100% ethanol at -20°C for 30 minutes,
washed in 70% ethanol and air dried. The RNA pellet was resuspended in 20 ul
water and made up to 100 pl with prehybridisation mix (50% formamide, 5x SSC, 50
pg/ml heparin, 500 pg/ml torula RNA, 9.2 mM citric acid, 0.1% Tween-20), and
standardly used at a dilution of 1 in 200.

2.4.2. Single whole-mount in situ hybridisation
Single whole-mount in situ hybridisation protocol was based on that of Thisse
et al. (1993). Embryos were fixed in 4% paraformaldehyde in PBS, pH 7.4 (4%

PFA), overnight at 4°C or for 3 hours at room temperature. Embryos younger than 20
hours post fertilisation (hpf) were dechorionated following fixation, and older
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embryos were dechorionated prior to fixation. 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 5 minute washes of 75% methanol:25% PBS,
50% methanol:50% PBS, 25% methanol:75% PBS, followed by 4 washes in PBT,
before prehybridisation at 65°C for 2 hours in prehybridisation mix. Embryos older
than 100% epiboly (10 hpf) were treated with 10 pg/ml proteinase K at 20°C for 10-
20 minutes depending on age, rinsed twice in PBT and refixed in 4% PFA for 20
minutes at room temperature. After refixation embryos were washed 5x 5 minutes in
PBT before prehybridisation. 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 minute washes with 75% prehybridisation mix:25%
2x SSC, 50% prehybridisation mix:50% 2x SSC, 25% prehybridisation mix:75% 2x
SSC, 100% 2x SSC. This was followed by 2x 30 minute washes in 0.2x SSC.

Embryos were washed into antibody block at room temperature. 5 minute
washes in 75% 0.2x SSC:25% MAB (0.1 M Maleic Acid, 0.15 M NaCl, pH 7.4), 50%
0.2x SSC:50% MAB, 25% 0.2x SSC:75% MAB, and 100% MAB. Embryos were
blocked in 2% Boehringer block (Boehringer Mannheim) in MAB for 2 hours. The
embryos were incubated in the appropriate antibody, either anti-digoxigenin-alkaline
phosphatase F,p fragments (1 in 5000) or pre-absorbed anti-fluorescein-alkaline
phosphatase F,p, fragments (1 in 2000) overnight at 4°C.

The antibody was washed off 8x 15 minutes in MAB at room temperature.
The embryos were equilibrated 3x 5 minutes in developing buffer (0.1 M Tris, pH
9.5, 50 mM MgCl,, 0.1 M NaCl, 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.

2.4.3. Double whole-mount in situ hybridisation

Double whole-mount in situ hybridisation was carried out following the
method of Hauptmann and Gerster (1994). The methodology was the same as for the
single whole-mount in situ hybridisation unless stated. Two RNA probes were used
in the hybridisation mix, one labelled with fluorescein-11-UTP and the other with
digoxigenin-11-UTP.
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Anti-fluorescein-alkaline phosphatase F,p fragments (1 in 2000) was
incubated first, and washed as previously described. The embryos were equilibrated
3x 5 minutes in the developing buffer (0.1 M Tris-HCI, pH 8.2, 0.1% Tween-20).
The first RNA probe was stained in 1 Fast Red tablet (Boehringer Mannheim) per 2
ml of developing buffer.

After the first colour reaction was complete the embryos were washed 3x in
MAB before inactivating the first antibody with 4x 5 minute washes in 0.1 M glycine-
HCI, pH 2.2, 0.1% Tween-20. The embryos were washed 5x 5 minutes in MAB,
blocked for at least 5 minutes before incubation in anti-digoxigenin-alkaline
phosphatase Fyp, fragments (1 in 5000). Embryos were washed and the second colour
(purple) was developed as for single whole-mount in situ hybridisation. Embryos
were washed, refixed and photographed in 70% glycerol in PBS.

The colour reactions were also carried out the other way around, i.e. the first
antibody was detected using BM Purple substrate and the second with Fast Red
tablets. The remainder of the protocol was performed as described above.

2.4.4. ¢cDNAs used for in situ hybridisation

The following zebrafish cDNA clones were used as templates to synthesise
RNA probes for expression analysis: EphA4 (Xu et al., 1994), ephrin-A-LI (Durbin et
al., 1998), krox-20 (Oxtoby and Jowett, 1993), pax-2 (Krauss et al., 1992), dix-2
(Akimenko et al., 1994), ntl (Schulte-Merker et al., 1992), sna-1 (Thisse et al., 1993),
her-1 (Muller et al., 1996), MyoD (Weinberg et al., 1996), delta D (Dornseifer et al.,
1997), FGF-8 (Furthauer et al., 1997), par! (Shanmugalingam and Wilson, 1998) and
ze7 (M. Gerring and T. Green, unpublished).

2.5. Injection of mRNA into Early Stage Embryos

2.5.1. Cloning of ephrin-B2 constructs into expression vectors

For the synthesis of RNA for micro injection ephrin-B2 constructs were
cloned into BUT?2 a derivative of pBluescript which flanks the cloned sequence with
the untranslated regions of the 3-globin gene taken from pSP64T. The ephrin-B2
sequences were produced by PCR using specific primers, and subsequently cloned
into the vector using unique restriction sites. Ephrin-B2-WT contains the entire open
reading frame of the gene; "ephrin-B2 minus signal sequence" lacks the first 27
amino acids, and the product of this construct should not be secreted; ephrin-B2-Tru
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has a stop codon inserted after the first 218 amino acids, producing a soluble, secreted
protein; and ephrin-B2-Ic has a stop codon inserted after amino acid 256, resulting in
a membrane-anchored form of the ligand which lacks the intracellular domain.

2.5.2. Other templates used for RNA synthesis

The constructs used for RNA synthesis were; Xenopus full length and
dominant negative EphA4 (Xu et al., 1995); EphB-rtk8 full length and dominant
negative (Durbin et al., 1998); and ephrin-A-LI constructs (Durbin et al., 1998).

2.5.3. In vitro transcription of mRNA for injection

In vitro transcriptions were carried out using the Ambion Megascript Kit
(Ambion). In a total reaction volume of 20 pl, 1 pg linear DNA template, 1x
transcription buffer, 5 mM ATP, 5 mM CTP, 5 mM UTP, 1.5 mM GTP, 6 mM
TmG(5") ppp(5')G sodium salt (capGTP), and 2 pl SP6 or T3 RNA polymerase
enzyme mix were used. Transcription reactions were incubated for 2 hours at 37°C
for ligand constructs and 3 hours for receptor constructs. The DNA template was
removed by a 15 minute incubation with DNase.

The reaction was stopped by the addition of 115 pl dH,O and 15 pul 3 M
NaAc. The RNA was extracted twice with phenol:chloroform and then twice with
chloroform. The RNA was precipitated by the addition of 375 pl 100% ethanol, and
incubation for at least 30 minutes at -20°C. The RNA was microfuged for 15 minutes
at 4°C, washed in 70% ethanol, and resuspended in 20 ul dH5O.

RNA was cleaned and concentrated using a microconcentrator (microcon 100,
Amicon), microfuging at 4°C. RNA concentration was determined spectrophoto-
metrically.

2.5.4. Injection of mRNA into early stage embryos

Embryos, still in their chorions, were aligned in a plastic trough. RNA was
injected in a volume of approximately 200 pl into one cell of a 1-4 cell stage embryo,
using a glass capillary needle attached to a Picospritzer. The injected embryos were
left to develop in fish tank water at 28.5°C, and unfertilised embryos were discarded
during blastula stages. The number of remaining embryos were noted.
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The amount of RNA injected was, for the ephrin constructs 60-100 ng/ul, for
the dominant negative receptor constructs 300-400 ng/pl, and for the full length
receptor constructs 150-200 ng/ul.

The distribution of injected RNA in vivo was determined by co-injecting with
RNA encoding [-galactosidase (80-120 ng/jil was co-injected). The two species of
RNA co-injected broadly segregate together during development (Griffin et al.,
1995), and the distribution of [-galactosidase can subsequently be determined by
staining for enzyme activity (section 2.6.).

2.6. Analysis of -galactosidase Activity

The activity of P-galactosidase injected RNA was determined in vivo.
Embryos were fixed for 20 minutes at room temperature followed by 5x 5 minute
washes in PBT. Embryos were incubated for 5 minutes at room temperature in buffer
A (0.1 mM MgCl,, 15 mM K3Fe(CN)g, 12 mM K4FeCN)g), then at 37°C in buffer A
including X-Gal at 800 pg/ml until the colour had developed. The embryos were
washed 3x in PBT prior to refixation.

2.7. Cytoskeleton Staining

Phalloidin staining was performed as described previously (Whitfield et al.,
1996). Embryos were fixed overnight in 4% PFA at 4°C, washed 4x 5 minutes with
PBS, 2% triton (PBTr) and then incubated in fluorescein-phalloidin stain (2.5 pg/ml
in PBS) for 2 hours at room temperature in the dark. The embryos were then washed

8x 15 minutes with PBS and mounted in glycerol for confocal microscope imaging.

2.8. Whole-Mount and Cell Alkaline Phosphatase Binding Studies

2.8.1. Production of ephrin-B2-alkaline phosphatase fusion protein

To produce an ephrin-B2-alkaline phosphatase (AP) fusion protein the
extracellular domain of ephrin-B2 was cloned into the APtagl vector (Flanagan and
Leder, 1990) upstream of and in frame with the AP sequence. The ephrin-B2
fragment was produced by PCR using specific primers, and cloned into unique
restriction sites. Transfection of cells, and production and harvesting of ephrin-B2-
AP was performed as described in (Cheng and Flanagan, 1994).
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2.8.2. Whole-mount alkaline phosphatase fusion protein binding studies

Whole mount alkaline phosphatase fusion protein binding studies were
performed as described previously (Brennan et al., 1997; Cheng and Flanagan, 1994).
Embryos were fixed for 1 hour at room temperature in 4% PFA, washed 3x in PBTr,
before being incubated in AP fusion protein medium overnight. They were then
washed 6x 3 minutes in HBHA (Hanks buffered saline plus 0.5 mg/ml BSA, 0.1%
NaNj3, 20 mM Hepes, pH 7.0), treated for 3 minutes with acetone-formaldehyde
fixative (60% acetone, 3% formaldehyde, 20 mM Hepes, pH 7.0), washed 3x with
HBS (150 mM NaCl, 20 mM Hepes, pH 7.0), and then heated to 65°C for 20 minutes
to inactivate endogenous phosphatases. After rinsing in AP reaction buffer (100 mM
Tris-HCI pH 9.5, 100 mM NacCl, 5 mM MgCl,), the embryos were stained in the
same buffer containing 0.17 mg/ml BCIP (5-Bromo-4-chloro-3-indolyl-phosphate)
and 0.33 mg/ml NBT (4-Nitro blue tetrazolium chloride). The embryos were fixed
following the completion of the colour reaction and photographed in 70% glycerol in
PBS.

2.8.3. Cultured-cell alkaline phosphatase fusion protein binding studies

For AP fusion protein binding studies on cultured cells, cos 7 cells were
transfected using calcium phosphate with plasmid DNA encoding full length coding
regions of EphB-rtk8 (Durbin et al., 1998), EphA4 (Xu et al., 1995) or B-
galactosidase as a negative control. After 2 days in culture these cells were washed
three times with PBS then incubated with medium containing equal concentrations of
either ephrin-B2-AP or ephrin-A-L1-AP (Durbin et al., 1998) for 90 minutes. The
cells were then washed 3x 3 minutes with HBA (Hanks buffered saline, 20 mM
Hepes, pH 7, 0.5 mg/ml BSA) and fixed for 3 minutes with acetone-formaldehyde fix.
Following washing 3x 3 minutes with HBS endogenous alkaline phosphatases were
inactivated by heating to 65°C for 20 minutes. The cells were rinsed with alkaline
phosphatase reaction buffer and stained in the same buffer containing 0.17 mg/ml
BCIP and 0.33 mg/ml NBT.

2.8.4. Quantitative assay for Eph-AP fusion protein binding to embryos

To quantitate the amount of ectopic protein made following the injection of
RNA encoding Eph family proteins the amount of AP fusion protein bound to the
embryos was determined using the colourimetric method of Berger et al. (1988).
Following injection, uninjected control and injected embryos were allowed to develop
for 10 hours to approximately bud stage. The embryos were then treated as for the
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whole-mount AP binding studies up to and including the incubation at 65°C. The
embryos (10 or 20 per tube) were then washed 3x with HBS, homogenised in 100 ml
HBA and assayed for alkaline phosphatase activity by measuring the ODy4q5 after
incubating with 1M diethanolamine, pH 9.8, 0.5 mM MgCl,, 10 mM l-homoarginine
and 12p-nitrophenyl phosphate (Sigma) over a 40 minute period according to the
method of Berger et al. (1988) (see also Flanagan and Leder, 1990). The amount
bound was determined in mU, where one mU is the amount of AP which will
hydrolyse 1.0 pmol of p-nitrophenyl phosphate per minute which equals an increase
of 0.04 A4gs units per min at 37°C (Berger et al., 1988). The specific activity for AP
has previously been determined as approximately 2000 U/mg (Berger et al., 1988;
Flanagan and Leder, 1990), thus mU AP activity was used to determine the amount of
AP fusion protein bound to the embryos in ng AP bound/embryo. As there is a one to
one ratio of binding between Eph receptors and their ligands (Lackmann et al., 1997)

this gave a measure of the concentration of ectopic protein per embryo.
2.9. Genetic Mapping of the Zebrafish Eph Family Genes
2.9.1. Map cross families

The map cross families (R1-3) were founded from a cross (Pg) between a Wik
strain female and a Tiibingen strain male. One pair of F; generation fish were used to
establish the F; generation, of which 30 fish were used for mapping purposes.

2.9.2. Making Py and F; filters

2 ug of Pg or F» genomic DNA was digested with 2 ul of restriction enzyme
in 40 pl, overnight at 37°C. 8 ul of loading dye was added to the digest, and it was
run out on a 0.8% agarose TBE gel at 35 V for approximately 8 hours.

Prior to blotting the gel was incubated in 0.25 N HCI until the blue marker
turned yellow, and then for an extra 5-10 minutes. It was then washed in denaturing
buffer (1.5 M NaCl, 0.5 M NaOH) until the marker turned blue again. The gel was
incubated for a further 20 minutes in fresh denaturing buffer.

The gel was placed on two pieces of 3 mm Whatman paper soaked in
denaturing buffer, sitting on some saran wrap. The saran wrap was folded around the
edges of the gel so that there was no leakage of buffer. A piece of Hybond N+
membrane that had been soaked in denaturing buffer was carefully placed on top of
the gel, and any air bubbles removed. Two further pieces of soaked 3 mm Whatman
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paper were placed on the membrane, and then a 5-10 cm pile of paper towels. A
weight was put on top of the stack and it was left to blot for at least 12 hours.

Following blotting, the filter was taken and neutralised in 50 mM NaPOy4 (350
mM Na;HPO4, 650 mM NaH,PO,), pH 6.6. The filter was air dried for 5 minutes,
and then baked for 20 minutes at 80°C, before being UV crosslinked. The filters were

stored at room temperature.

2.9.3. Hybridising Py and F; filters with gene specific probes

Radioactively labelled probes were made using a Megaprime kit (Boehringer
Mannhein). Around 20 ng of gene specific DNA was made up to 28 pl with dH,0,
and 5 pl of primer solution was added. This was heated at 100°C for 5 minutes. The
mixture was put on ice before 10 ul of labelling buffer, 5 pl o32P-dCTP, and 2 pl of
enzyme were added. This was incubated for 15-60 minutes at 37°C. The probe was

purified over a G50 column.

The filters were prehybridised for at least 4 hours at 65°C in church buffer
(300 mM NaPQy, pH 6.6, 10 mM EDTA, 7% SDS). The probe was denatured by
heating at 100°C for 5 minutes, before being added to 10-25 ml preheated church
buffer. The filters were hybridised overnight at 65°C. The filters were washed at
least 3x 30 minutes in wash solution (40 mM NaPOQOy, pH 6.6, 1% SDS) at 65°C, and
for longer if the filters were still very "hot". The filters were sealed in plastic before
being exposed to film at -80°C.

2.9.4. Scoring RFLP patterns from F) filters

RFLPs were identified for each gene on the Py filters, and the restriction
fragment pattern shown by each of the two Pg fish were classified as the two
homozygous patterns. When the segregation pattern of the polymorphism was
examined on the F; filters of the same map cross, some of these 30 fish would show
each of the homozygous patterns, whereas the others would show the heterozygous
restriction fragment pattern. The homozygous patterns were scored as 1 and 2, and
the heterozygous as 3. These scores, for the 30 F; fish, were entered into the
database, and from this linkage to any markers was calculated using the
MAPMAKER software (Lander et al., 1987).
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CHAPTER 3

Characterisation of two zebrafish class B ephrins suggests a role for the Eph
family in segmentation

3.1. Introduction

The receptor EphA4 and its ligand ephrin-B2 have been reported to be
expressed in the presomitic mesoderm and somites of higher vertebrates (Nieto et al.,
1992; Hirano et al., 1998; Bergemann et al., 1995), suggesting a role for these
molecules in somitogenesis. A zebrafish homologue of EphA4 had been cloned
previously, which is segmentally expressed in the forming somites (Xu et al., 1994).
So it was decided to attempt to clone zebrafish class B ephrins, as the first step
towards investigating the function of the Eph family during somitogenesis.

Here I report the cloning of two zebrafish class B ephrins, ephrin-B2 and
ephrin-B-L6. The expression patterns of these two genes during early zebrafish
development are described.

3.2. Results

3.2.1. Cloning of zebrafish ephrin-B2

In order to isolate class B ephrins from the zebrafish degenerate primers were
designed to conserved regions of ephrin-BI (Fletcher et al., 1994) and ephrin-B2
(Bergemann et al., 1995). These were used for PCR amplification of a neurula stage
cDNA library. The resulting 700 bp PCR fragment was used to screen the same
library, and cDNAs encompassing the entire open reading frame of a zebrafish

ephrin-B2 homologue (Fig. 3.1) were isolated.

The isolated clones contained a 3.4 Kb insert which encompass the 999 bp
coding sequence of the gene, around 150 bp of 5' UTR and around 2.2 Kb of 3' UTR.
The predicted start codon opens a 333 amino acid open reading frame, and is
preceded by three stop codons and a consensus kozak sequence (A at -3 and G at +4;
Kozak, 1987). The encoded protein is similar in size to other class B ephrins, and
contains the four conserved cysteine residues in the putative receptor binding region

common to all family members, and a transmembrane domain (Fig 3.1).
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It was decided to name this gene zebrafish ephrin-B2 due to the similarities it
shows in sequence and expression pattern to the higher vertebrate orthologues
(sections 3.2.3. and 3.2.4.).

3.2.2. Cloning of a zebrafish class B ephrin of uncertain homology

To try and isolate further class B ephrins from the zebrafish the entire coding
sequence of the zebrafish ephrin-B2 homologue described above was used to screen a
3-24 hour zebrafish cDNA library at low stringency. One clone was isolated that
showed sequence homology to class B ephrins, but was not the previously isolated
ephrin-B2 homologue. The isolated clone had a 2.5 Kb insert that contained only the
most 3' 480 bp coding sequence of the gene (Fig 3.2).

The coding region of this new zebrafish class B ephrin was used to screen the
neurula stage library at high stringency, in order to try and isolate a full length clone.
A clone was isolated that had a 3.0 Kb insert containing 740 bp of open reading
frame, which codes for the most 3' 247 amino acids of this gene. This encompasses
three of the four conserved cysteine residues characteristic of all ephrins, and the
transmembrane domain (Fig 3.2). A full length clone of this gene remains to be
found.

It was decided to name this gene zebrafish ephrin-B-L6 since it is ambiguous
at present which, if any, of the higher vertebrate class B ephrins are the orthologue of

this gene.

3.2.3. The zebrafish class B ephrins are related to those of higher vertebrate

species

The sequencing of the isolated zebrafish class B ephrins allowed their
relationship to the class B ephrins identified in other species to be examined (Fig.
3.3). All ephrins show significant homology to one another, between 30% and 70%
identity at the amino acid level. Comparing the sequences of zebrafish ephrin-B2 and
ephrin-B-L6 to those of the higher vertebrate ephrins showed that they were both
most closely related to mouse ephrin-B2 (Fig. 3.3B). In fact, zebrafish ephrin-B2 is
65% identical to and 83% similar to mouse ephrin-B2 at the amino acid level,
whereas zebrafish ephrin-B-L6 is 58% identical and 74% similar to mouse ephrin-B2
at the amino acid level. Over the same region zebrafish ephrin-B2 is 70% identical to
mouse ephrin-B2 (Fig. 3.3A). This is one of the reasons why zebrafish ephrin-B2
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Fig. 3.1 Sequence analysis of zebrafish ephrin-B2.

cDNA sequence of a full length clone of zebrafish ephrin-B2. The predicted
translation product of the major open reading frame is shown, the start and stop
codons of this are in bold. The transmembrane domain is underlined, and the four
conserved cysteine residues characteristic of all ephrins are marked with a star.

TGGTTCATTTCTAACCGGGCTCCTATTCAGCATTTTTTATACTTTCTCTCCAGGAACGGG 60
GATATTGAGTTTGGATTGTCACAGCCAGCACTCCACAAGACTTTTTTTTCAAATTAGAAA 120
TTCCCGCGAAACGGAATTTGACCGTAACGGTCGTGACGGACCATGGGCGACTCTTTGTGG 180
M G D S L W 6
AGATATTACTTTGGAGTTTTAGTGATCGCGTGCAAGGTGAACCTGTCCCGCGCGCTCATC 240
R 'Yy ¥ F G VL V I A C K V N L S R A L I 26
CTGGACTCCATATACTGGAACACCACGAACACCAAGTTTGTGCCGGGACAGGGTCTGGTG 300
L DS I ¥ WNTTNT K VF V P G Q G L V 46
CTGTATCCGCAGATTGGGGATAAGATGGACATAGTTTGCCCACGTGTGGAAGGTGGTTCA 360
L Y P Q I GD KMDTIVC*P R V E G G S 66
ATGGAAGGAGTGGAGTATTATAAACTCTATATGGTTCCTCTGGAACAGCTAAAGTCCTGT 420
M E GV E Y Y KL Yy M V P L E Q@ L K s cC* 86
CAGGTCACAAAAGCAGACACGCCTCTACTCAACTGCGTCAAGCCAGACCAGGACGTCAAA 480
Q v T K A DT UPULLNC*V K P D Q D V K 106
TTCACCCTCAAATTTCAGGAGTTCAGCCCAAACCTTTGGGGCCTGGAGTTCTTCAGAGGG 540
F T L K F Q E F S P N L W G L E F F R G 126
AAGGACTACTACATTATCTCTACATCTAATGGAACAATGGAGGGGCTGGATAATCAGGAA 600
K DYy ¥y I I s T S NG T M E G L D N Q E 146
GGAGGGGTGTGTAAAACCAAGTCGATGAAAATCATCATGAAGGTTGGACAAAACCCCTCT 660
G GV ¢C*K T K S M K I I M KV G Q N P S 166
GATCCCATTTCCCCCAAAGACTACCCTACCAGTTACCCTCCCAAACACCCTGACTTAGGG 720
D P I S P K DY P T S Y P P K H P DL G 186
GGCAAGGACAGCAAATCGAATGAAGTACTTAAGCCAGATGCATCTCCTCATGGGGAAGAT 780
G K DS K S NEV L K P DA S P H G E D 206
AAGGGAGATGGAAATAAATCCTCATCAGTCATTGGCTCAGAGGTGGCCCTGTTTGCCTGC 840
K G b G N K S S SV I G S E V A L F A C 226
ATCGCCTCAGCAAGCGTCATCGTCATCATCATAATCATCATGCTAGTTTTCCTTCTCCTG 900
I A S A S VvV I v I T 1 I I M L V F L L L 246
AAGTATCGACGACGTCATCGCAAACACTCTCCTCAACACGCCACCACGTTGTCACTCAGC 960
K ¥ R R R HRIKUHS P Q HA T TUL S L S 266
ACATTAGCCACGCCCAAGAGGGGCGGCAGCGGCGGCAACAACAACGGCTCAGAGCCGAGC 1020
T L. A T P K R G G S GG N DNNG S E P S 286
GACATCATCATCCCACTGCGGACTGCTGACAGCGTCTTCTGCCCGCATTACGAGAAAGTG 1080
b I 1 1 P L R T A DS V F C P H Y E K V 306
AGCGGCGATTACGGACACCCTGTTTACATCGTACAGGAAATGCCGCCACAGAGCCCAGCA 1140

s G bYy GH P VY I V Q EMP P Q S P A 326



3. Characterisation of ephrin-B2 and ephrin-B-L6

AACATCTATTACAAGGTGTGAAAATGGACACGCTATTTTTTCCCGGACATTTTAACTCTA 1200
N I Y Y K Vv * 333

ACCCCTCACATGCACCTCGATGAACCCCCAGTTGGCGGCATCGATGCCTGAGCTCACCCT 1260
CGTTCTGCCCCCTCTTATTTTATTTTGTTGTTCTTGTTTATTTTACATTATTACTCTCAG 1320

TATAGATGTGCTGATGGTGGAGTAACACTCT 1351



3. Characterisation of ephrin-B2 and ephrin-B-L6

Fig. 3.2 Sequence analysis of zebrafish ephrin-B-L6.

cDNA sequence of the longest zebrafish ephrin-B-L6 clone isolated. The 5' end of
the shorter clone is marked with an arrow head. The predicted translation product is
shown, the stop codon of this is in bold. The transmembrane domain is underlined,

and the conserved cysteine residues contained within this clone are marked with a

star.

TGCCATGTTACTAAAAGCGACATGTTACTGCTCAACTGTGACAAGCCGGACCAGGACGTC 60
¢c*H v T K §s b M L L L NC*D K P D Q D V 20
AAATTCACCTTCAAGTTTCAAGAGTTCAGCCCCAACCTGTGGGGCCTGGAGTTCTTAAGA 120
K F T F K F Q E F S P N L W G L E F L R 40
GGGAAGGACTATCACATCATCTCCACCTCTAACAGCACTTTTGAAGGACTGGACAACCAC 180
G K DY H I I S TS N S T F E G L D N H 60

CATGGTGGCGTTTGCAGGAGCAAATCCATGAAGCTGGTTTTGCGGGTTGGCCAGAGTCCT 240

H G G V C*R S K S M K L VvV LR V G Q S P 80

ACAGATTCATTCTCAGCGAAAAACCATCCCACAAGAAATCCTCCAAAATACCCTGAAAAT 300
T b S F S A K N H P TR N P P K Y P E N 100
AAGGACCAAAATACCTTCAGCAAAGAAAATGATGTCAGTCAGATTGACTCCATGCAGAAC 360
K D Q N T F S K ENUDV S Q I D S M Q N 120

GGAGAATCCGGAGGGAGAGTGGCGAGTCTGTGGGATCTGCTGGGTTCTGATGTGGCCCTG 420
G E S GG R V A S L W DUL L G S D V_ A L 140

TTTGCGGGCGTCGCATCCGGGGCTGTGATCTTTATCCTCATCATCATCGCACTTGTAGCA 480

F A G V A S G A Vv T ¥ T L I T T A L V A 160
CTTCTGCATCGGCGTCATCAGAAGCACTCGGCGCAGTGCTCCGGACAGCTGCCCTTAAAC 540
L L H R RHOQI KHS A Q C S G QL P L N 180
ACGCTGCCCAAACGTGGCAGTGGCGCCAGCGGCGGCAGCAACAACAACGGCTCCGAGCCC 600
T L. p K R G S G A S G G S N NNG S E P 200
AGCGACATCATCTTTCCTATCCGGACCTCAGGAAGCATGTACTGCCCGCATTACGAGAAG 660
s b1 I  F P I R T S G S M Y C P H Y E K 220

GTTAGCGGAGACTACGGACACCCCGTGTACATCGTTCAAGAAATGCCACCGCAGAATCCG 720
v S G b Y GH PV Y I V Q EMUP P Q N P 240

GCAAATATTTACTACAAGGTTTGACGGAACCGTGGACAGTNAACCACCGGACACTTGAAA 780
AN I Y Y K VvV * 247

ACCCATTAGANGCTGCTCCAAATGATGGGACATTCAGTGTTTTTGATGCCCCTGGAAAAT 840
CCTTTGGTCTGGTTCTTCTGGTGGCCT 867



3. Characterisation of ephrin-B2 and ephrin-B-L6

Fig. 3.3 Relationship between ephrin-B2 and ephrin-B-L6 and the higher
vertebrate ephrins.

A Alignment of deduced amino acid sequences of zebrafish ephrin-B2 and ephrin-B-
L6 with class B ephrins identified in other species. Sequences of class B ephrins
were obtained from Genbank, accession numbers are as follows: h ephrin-Bl,
HSU09304; m ephrin-B1, MLERKS; c ephrin-B1, GGU72394; x ephrin-B1,
XLU31427; h ephrin-B2, HUMHTK; m ephrin-B2, MMU30244; h ephrin-B3,
HSU62775; m ephrin-B3, AF025288.

B Phylogenetic tree showing the evolutionary relationship between zebrafish ephrin-
B2 and ephrin-B-L6 and the higher vertebrate ephrins. Sequences of ephrins were
obtained from Genbank, accession numbers are as follows: m ephrin-Al,
MMU90622; m ephrin-A2, MMU14941; ¢ ephrin-A2, CHKELFI1LIG; zf ephrin-A2,
DRTKLELFI; h ephrin-A3, HSU14187; m ephrin-A4, MMU90663; m ephrin-AS,
MMU90665; zf ephrin-A5, DRTKRALI.

(c, chicken; h, human; m, mouse; x, Xenopus; zf, zebrafish)
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m ephrin-A2
c ephrin-A2
zf ephrin-A2
m ephrin-A1
h ephrin-A3
m ephrin-A4




3. Characterisation of ephrin-B2 and ephrin-B-L6

was named as such. It remains unclear whether ephrin-B-L6 is the orthologue of any
of the higher vertebrate class B ephrins that have been identified so far.

3.2.4. Expression of zebrafish ephrin-B2 during early development

3.2.4.1. Expression of ephrin-B2 during gastrulation

Expression of ephrin-B2 is initiated at 30% epiboly in a ring of cells around
the edge of the advancing blastoderm. The ephrin-B2 expression domain constitutes
a subset of the cells expressing ntl (data not shown; Schulte-Merker et al., 1994), and
so are fated to become mesendoderm. Following the start of gastrulation the cells
expressing ephrin-B2 can be seen to involute and enter the hypoblast. Stronger
expression is seen on the dorsal side of the embryo (Fig. 3.4A). At 80% epiboly a
weak stripe of expression is switched on in presumptive r4 in the hindbrain. By 95%
epiboly a more posterior stripe of expression is also seen in the presomitic mesoderm
(Fig. 3.4B). By bud stage, at the completion of gastrulation, expression of ephrin-B2
can also be seen in the anterior neural plate and the posterior notochord. The
expression in the presomitic mesoderm has also resolved into three distinct stripes
(Fig. 34C).

3.2.4.2. Ephrin-B2 is segmentally expressed in the somites and presomitic mesoderm

throughout somitogenesis

Ephrin-B2 expression in the presomitic mesoderm is initiated at 95% epiboly
(Fig. 3.4B), and by bud stage it can be seen to be segmentally restricted (Fig. 3.4C)
although no somites have formed as yet. Once somites have started to be formed
ephrin-B2 can be seen to be expressed within these, as well as segmentally in the
presomitic mesoderm (Fig. 3.4D). By six somites ephrin-B2 is expressed in the
posterior region of the most recently formed somites, and in two or three stripes in the
anterior presomitic mesoderm. These presomitic expression domains correspond to
posterior regions within the most rostral presumptive somites (Fig. 3.4F). As the
somites differentiate the anterior-posterior restriction of ephrin-B2 expression is lost,
and ephrin-B2 is found in a lateral domain (Fig. 3.4F). From sixteen somites ephrin-
B2 expression is further restricted to dorsal and ventral lateral regions within the most
anterior somites. From the twenty somite stage ephrin-B2 expression is lost in an
anterior to posterior wave (Fig. 3.4I). By prim-5 (24 hpf) following the completion of
somitogenesis, only the most posterior (i.e. the most immature) somites in the tail still
express ephrin-B2 (Fig. 3.5B).
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3. Characterisation of ephrin-B2 and ephrin-B-L6

Fig. 3.4 Expression of ephrin-B2 during gastrulation and somitogenesis.
Embryos were hybridised with digoxigenin- and fluorescein-labelled antisense RNA
probes. Dorsal views (except I and J which are lateral views, and E), anterior to the
left (except A and B where the animal pole is to the top, and E). Unless stated
otherwise, description is of ephrin-B2 expression.

A 60% epiboly. Transcripts are detected round the germ ring, more strongly in the
dorsal region. B 95% epiboly. Expression is seen in presumptive rhombomere 4, in
the presomitic mesoderm (arrow), and around the germ ring. C Bud stage.
Transcripts are detected in rhombomere 4, in 3 stripes in the presomitic mesoderm
(arrows), and in the posterior notochord. D 2 somites. Ephrin-B2 is expressed
throughout the anterior neural plate, in rhombomeres 1, 4 and 7, in the formed
somites (lines mark somite boundaries), and in the two most anterior presumptive
somites (arrows). E Transverse section through the hindbrain of a 12 somite embryo
at the level of rhombomere 4. Expression is seen in the neural crest migrating from
rhombomere 4, and in the dorsal region of the neural tube. F 6 somites. Transcripts
are detected in a posterior domain of the two most anterior presumptive somites
(arrows), and in the newly formed somites. Ephrin-B2 spreads anteriorly through the
somites as they mature, and is restricted to a lateral domain (lines mark somite
boundaries). Expression is also seen in the lateral plate mesoderm in the ICM (star).
G 10 somites. Ephrin-B2 expression is in blue and krox-20 expression is in red.
Ephrin-B2 expression is found in a dorsal-lateral region of the eyes, in the forebrain
anterior to the zona limitans (arrow head), in the midbrain, in the cerebellum, in
rhombomeres 1, 4 and 7 as shown by krox-20 expression in rhombomeres 3 and 5,
and in the second arch neural crest. H 11 somites. Ephrin-B2 expression is in blue
and pax-2 expression is in red. The expression pattern of ephrin-B2 is similar to that
described in G. Ephrin-B2 expression is seen to abut the pax-2 expression domain at
the midbrain-hindbrain boundary (arrow). I 20 somites. Ephrin-B2 is expressed in
the posterior telencephalon and anterior diencephalon, in the pituitary and
hypothalamus in the ventral forebrain (star), midbrain, cerebellum, rhombomeres 1, 4
and 7, and the second arch neural crest. Transcripts are detected in a posterior
domain of the two most anterior presumptive somites (arrows). Expression of ephrin-
B2 in the somites is seen to become restricted to dorsal and ventral lateral domains as
they mature. J 20 somites. Transcripts are detected ventral to the notochord in the
forming aorta (arrow).

(c, cerebellum; m, midbrain; nc, neural crest; r, rhombomere; scale bars 100 pm,
except E and J 50 pm)
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3. Characterisation of ephrin-B2 and ephrin-B-L6
3.2.4.3. Segmental expression of ephrin-B2 in the hindbrain and neural crest -

Segmental expression of ephrin-B2 initiates in the hindbrain during
gastrulation when a stripe of expression is seen in presumptive r4 (Fig. 3.4B). By two
somites two further stripes of expression can be seen in the hindbrain, one anterior
and one posterior to the r4 stripe (Fig. 3.4D). Double in situ hybridisations with krox-
20, a transcription factor expressed in r3 and r5 (Oxtoby and Jowett, 1993), show that
these ephrin-B2 stripes correspond to rl and 7 (Fig. 3.4G). Following neural keel
formation transverse sections cut through the hindbrain show the expression in rl, 4
and 7 is dorsally restricted (Fig. 3.4E).

By ten somites the expression in the anterior hindbrain has spread rostrally,
and ephrin-B2 is now expressed in the cerebellum as well as r1 (Fig. 3.4G). Pax-2 is
a transcription factor which is expressed in the posterior midbrain adjacent to the
midbrain-hindbrain boundary (Krauss et al., 1992). Double in situ hybridisation with
ephrin-B2 and pax-2 shows that ephrin-B2 expression abuts pax-2 expression at the
midbrain-hindbrain border, but does not overlap it (Fig. 3.4H).

Expression of ephrin-B2 in the cerebellum, r1, 4 and 7 persists to prim-5 (24
hpf) (Fig. 3.5A,C) but is lost soon after this time.

From six somites ephrin-B2 expression can be seen, not only in the hindbrain,
but also in a stream of cells migrating away from r4, which appears to be neural crest
(Fig. 3.4G,H). Dix-2 is a transcription factor expressed in cranial neural crest cells
prior to and during migration (Akimenko et al., 1994). Double in situ hybridisations
with dix-2 and ephrin-B2 show that ephrin-B2 is expressed in the same cells as dix-2
in this region (data not shown). So ephrin-B2 is expressed in the second stream of
hindbrain neural crest, which derives from r4 and 5, and which migrates to populate
the second pharyngeal (hyoid) arch (reviewed in Schilling, 1997). Ephrin-B2
expression is maintained in these neural crest cells as they migrate anteriorly (Fig.
3.41 and 3.5A,C). By 48 hpf neural crest cells start to line up and differentiate within
the pharyngeal arches. Ephrin-B2 is expressed in the hyoid arch at 48 hpf (Fig.
3.5E,G). It is also expressed in the more posterior pharyngeal arches (branchial
arches) at this stage (Fig. 3.5E,G). Expression of ephrin-B2 is not seen in the third
stream of hindbrain neural crest during its migration, these cells being the ones that
populate the branchial arches. The fact that expression is switched on within the
branchial arches around the time that they become populated with neural crest cells
and start to differentiate, suggests that the ligand is playing a different role in this

region than it does in the neural crest cells of the hyoid arch.
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3. Characterisation of ephrin-B2 and ephrin-B-L6

3.2.4.4. Expression of ephrin-B2 in the anterior brain and eyes

Ephrin-B2 expression in the anterior neural plate is seen from bud stage (Fig.
3.4C). Attwo somites expression is seen throughout the forebrain and eye fields (Fig.
3.4D). By ten somites this broad expression domain has been restricted. Ephrin-B2
is expressed in the posterior telencephalon and anterior diencephalon, and in the eyes
expression has been restricted to a posterior and lateral domain. A weak stripe of
expression is also seen in the anterior midbrain (Fig. 3.4G,H). By twenty somites this
expression pattern is broadly the same. The midbrain expression is in a dorsal
anterior domain. Ephrin-B2 is also expressed in the ventral anterior forebrain in the
pituitary and hypothalamus (Fig. 3.4I). By prim-5 (24 hpf) expression of ephrin-B2
has been restricted to the dorsal temporal quadrant of the retina and the lens.
Expression throughout the rest of the forebrain and midbrain is maintained (Fig. 3.5A,
C). By 48 hpf ephrin-B2 is still strongly expressed in the dorsal telencephalon, but
expression is no longer seen in the anterior diencephalon (Fig. 3.5E,H). Expression in
the eye has been restricted to the lens epithelium, and a small patch of dorsal retina
adjacent to the lens (Fig. 3.5F). Ephrin-B2 expression in the midbrain is in the roof of
the tectum (Fig. 3.5H).

3.2.4.5. Ephrin-B2 is expressed in the forming aorta

From early somite stages ephrin-B2 expression is seen in bilateral stripes in
the lateral plate mesoderm in what is thought to be the intermediate cell mass (ICM)
(Fig. 3.4F). The ICM gives rise to haematopoietic cells and vasculature (Al-Adhami
and Kunz, 1977). It forms during gastrulation from two bilateral stripes of paraxial
mesoderm that subsequently converge at the midline in the trunk and tail at around 20
hpf, in a position between the notochord and endoderm (Detrich et al., 1995). At 20
somites ephrin-B2 is expressed ventral to the notochord in the ICM (Fig. 3.4J).
Expression is maintained in this position until prim-5 (24 hpf) when ephrin-B2

expression is found in the forming aorta (Fig. 3.5D).
3.2.4.6. Expression of ephrin-B2 in the pectoral fin buds
Ephrin-B2 is expressed in the pectoral fin buds from prim-12 (28 hpf) in the

proximal mesenchyme. By 48 hpf expression is seen in the mesenchyme around the
circumference of the fin bud (Fig. 3.5E).
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3. Characterisation of ephrin-B2 and ephrin-B-L6

Fig. 3.5 Expression of ephrin-B2 between 24 and 48 hpf.

Embryos were hybridised with digoxigenin-labelled antisense RNA probes. Lateral
views (except A and E which are dorsal views), anterior is to the left.

A 24 hpf. Ephrin-B2 expression is seen in the posterior telencephalon, dorsal
temporal quadrant of the retina and lens (star), midbrain and migrating second arch
neural crest. B 24 hpf. Transcripts are detected in the most immature somites in the
tail. C 24 hpf. Expression is seen in the posterior telencephalon, dorsal temporal
quadrant of the retina and lens (star), dorsal midbrain, cerebellum, rhombomeres 1, 4
and 7, and migrating second arch neural crest. D 24 hpf. Ephrin-B2 is expressed in
the aorta (arrow). E 48 hpf. Transcripts are detected in the posterior telencephalon,
midbrain, branchial arches and pectoral fin buds. F 48 hpf. In the eye ephrin-B2 is
expressed in the lens epithelium and a small region of dorsal retina. G 48 hpf.
Ephrin-B2 is expressed in the hyoid arch (arrow) and the branchial arches. H 48 hpf.
Ephrin-B2 expression in the midbrain is in the roof of the tectum.

(ba, branchial arches; c, cerebellum; f, pectoral fin bud; m, midbrain; nc, neural crest;
r, thombomere; t, telencephalon; scale bars 50 pm)
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3.2.5. Expression of zebrafish ephrin-B-L6 during early development

3.2.5.1. Expression of ephrin-B-L6 during gastrulation

Ephrin-B-L6 expression is initiated at 30% epiboly in a ring of cells around
the edge of the advancing blastoderm. Following the start of gastrulation the cells
expressing ephrin-B-L6 involute and enter the hypoblast. Expression is stronger on
the dorsal side of the embryo (Fig. 3.6A). Throughout gastrulation ephrin-B-L6
expression is maintained in the hypoblast and more strongly dorsally (Fig. 3.6B). By
the end of gastrulation ephrin-B-L6 is expressed throughout the anterior neural plate,
in two stripes further posterior in the presumptive midbrain/hindbrain region, and
weakly in the midline down the length of the neural plate. Expression is also seen in
the presomitic mesoderm around the tail bud (Fig. 3.6C).

3.2.5.2. Ephrin-B-L6 is segmentally expressed in the presomitic mesoderm and newly
formed somites

Ephrin-B-L6 is expressed throughout the presomitic mesoderm, but not in the
tailbud, from the end of gastrulation. At the start of somitogenesis two or three
stronger stripes of expression are seen in the anterior presomitic mesoderm in the
region where somites are forming (Fig. 3.6C). These stripes correspond to an anterior
domain within the most rostral presumptive somites, and expression is maintained in
the two or three most newly formed somites as somitogenesis proceeds (Fig. 3.6D).
This pattern of expression is maintained in the posterior somites and anterior
presomitic mesoderm throughout somitogenesis (Fig. 3.6F), and mesodermal
expression of ephrin-B-L6 is lost following the completion of this.

3.2.5.3. Expression of ephrin-B-L6 in the brain and eyes

Expression of ephrin-B-L6 is switched on throughout the anterior neural plate
and in two stripes further posterior following the completion of gastrulation (Fig.
3.6C). By six somites expression has been lost from the developing eyes, but remains
throughout the forebrain (Fig. 3.6D). Double in situ hybridisations with pax-2
(Krauss et al., 1992) show the more anterior of the two ephrin-B-L6 stripes lies at the
midbrain-hindbrain boundary. Ephrin-B-L6 expression overlaps with that of pax-2 in
the midbrain, but also extends more posteriorly into the anterior hindbrain (Fig. 3.6E).
The more posterior of the stripes of expression is in r4, shown from double in situ
hybridisations with krox-20 (Fig. 3.6D; Oxtoby and Jowett, 1993).
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3. Characterisation of ephrin-B2 and ephrin-B-L6

Fig. 3.6 Expression of ephrin-B-L6.

Embryos were hybridised with digoxigenin- and fluorescein-labelled antisense RNA
probes. Dorsal views (except B, F and I which are lateral views), anterior is to the
left (except A and B where the animal pole is to the top). Ephrin-B-L6 expression is
described unless stated otherwise.

A 60% epiboly. Transcripts are detected around the germ ring, more strongly in the
dorsal region. B 80% epiboly. Ephrin-B-L6 is expressed in the hypoblast, more
strongly in the dorsal region (arrow). C 1 somite. Expression is seen throughout the
anterior neural plate, at the midbrain-hindbrain boundary, in rhombomere 4, in stripes
in the anterior presomitic mesoderm (arrows), and more weakly throughout the
posterior presomitic mesoderm. D 8 somites. Ephrin-B-L6 is in blue and krox-20 is
in red. Ephrin-B-L6 is expressed throughout the forebrain, at the midbrain-hindbrain
boundary, in rhombomere 4 as shown by krox-20 expression in rhombomeres 3 and 5,
in an anterior domain of newly formed somites (lines mark boundaries of posterior
somites), in an anterior domain of the two most anterior presumptive somites
(arrows), and throughout the posterior presomitic mesoderm. E 10 somites. Ephrin-
B-L6 is in blue and pax-2 is in red. Expression of ephrin-B-L6 is seen to overlap with
pax-2 expression at the midbrain-hindbrain boundary (arrow). F 20 somites.
Transcripts are detected in the dorsal forebrain, at the midbrain-hindbrain border,
weakly in the dorsal hindbrain, in an anterior domain of newly formed and anterior
presumptive somites (arrows), and in the posterior presomitic mesoderm. G 15
somites. Ephrin-B-L6 is expressed throughout the forebrain and at the midbrain-
hindbrain boundary. H 24 hpf. Expression is seen in the anterior diencephalon and
in the anterior hindbrain. I 24 hpf. Ephrin-B-L6 is expressed in the anterior
diencephalon, in two spots in the telencephalon (arrows), and in the dorsal anterior
hindbrain.

(d, diencephalon; h, hindbrain; mh, midbrain-hindbrain boundary; r, rhombomere;
scale bars 100 pm)
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By fifteen somites ephrin-B-L6 expression has been lost from r4, but remains
at the midbrain-hindbrain border and throughout the dorsal forebrain up to the zona
limitans (Fig. 3.6F). By twenty somites the expression at the midbrain-hindbrain
boundary is fading, but ephrin-B-L6 is still strongly expressed through the dorsal
anterior forebrain (Fig. 3.6G). By prim-5 (24 hpf) expression in the forebrain has
been restricted to the dorsal anterior diencephalon and two spots within the
telencephalon. Ephrin-B-L6 is also expressed in the dorsal anterior hindbrain (Fig.
3.6H,I).

3.3. Discussion

Both ephrin-B2 and ephrin-B-L6 have dynamic and widespread expression
patterns throughout early zebrafish development. This suggests that the molecules
have roles in a number of varied developmental processes, ranging from gastrulation
to patterning of the brain. One common process which both ephrin-B2 and ephrin-B-
L6 would appear to be involved in is segmentation, both in the hindbrain and during

somitogenesis.

3.3.1. Evolutionary relationship between ephrin-B2, ephrin-B-L6 and higher
vertebrate class B ephrins

It was mentioned earlier that the decision to name zebrafish ephrin-B2 as such
was taken due to the similarities between both the sequence and expression patterns
of the zebrafish and higher vertebrate orthologues. The phylogenetic tree (Fig. 3.3B)
shows that zebrafish ephrin-B2 is more closely related to the higher vertebrate ephrin-
B2 species than ephrin-B1 or ephrin-B3. Zebrafish ephrin-B2 is in fact 65% identical
to and 83% similar to mouse ephrin-B2 at the amino acid level. In terms of a
comparison between expression patterns, mouse ephrin-B2 is expressed in the region
of the forming somites, in three stripes in the hindbrain, in the branchial arches, in
restricted regions of the forebrain (Bergemann et al., 1995), and in the developing
aorta and arteries (Wang et al., 1998). This is broadly similar to the expression
pattern described above for zebrafish ephrin-B2, although there are some subtle
differences which will be discussed below.

In terms of ephrin-B-L6 the situation is more confusing. The phylogenetic
tree (Fig. 3.3B) shows that ephrin-B-L6 is more closely related to the higher
vertebrate ephrin-B2 species than it is to either ephrin-B1 or ephrin-B3. However it is
not as closely related to these as zebrafish ephrin-B2 is, being only 58% identical to
and 74% similar to mouse ephrin-B2 at the amino acid level. Over the same region
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zebrafish ephrin-B2 is 70% identical to mouse ephrin-B2. When comparing the
expression patterns of the mouse class B ephrins with that of ephrin-B-L6 the
situation does not become any clearer. Mouse ephrin-Bl is expressed in the
forebrain, dorsal spinal cord, trigeminal ganglia, limbs and developing kidneys
(Bouillet et al., 1995). Whereas mouse ephrin-B3 is expressed in r2 and r4 in the
hindbrain, the roofplate and floorplate of the spinal cord, the tectum and the ventral
forebrain (Gale et al., 1996a). Neither of these expression patterns is particularly
similar to the expression pattern of ephrin-B-L6 described above. In fact the
expression pattern of ephrin-B-L6 is most similar to that of mouse ephrin-B2, which
raises the question whether ephrin-B-L6 is actually another zebrafish ephrin-B2
homologue? Recently evidence has been put forward that there has been a genome
duplication event in the evolution of zebrafish, and possibly some or all teleosts. Hox
genes have been cloned that map outside of the 4 clusters common to tetrapod
vertebrates (Prince et al., 1998; Postlethwait ez al., 1998), and additional members of
other gene families have also been isolated in zebrafish, such as the DIx genes (Stock
et al., 1996). Therefore it is possible that both zebrafish ephrin-B2 and ephrin-B-L6
are orthologues of the higher vertebrate ephrin-B2. For both genes to have been kept
within the genome over the course of evolution it would be expected that their
expression patterns and functions would have become significantly diverged, such
that both are required for normal development. It could be argued that this is the case
for zebrafish ephrin-B2 and ephrin-B-L6, and also that their expression patterns when
combined are very similar to that of mouse ephrin-B2. Alternatively, ephrin-B-L6 is
a novel class B ephrin. However, the relationship shown in the phylogenetic tree
(Fig. 3.3B) and the expression patterns of ephrin-B2 and ephrin-B-L6 suggest that
they are in fact both orthologues of the higher vertebrate ephrin-B2.

3.3.2. Questions raised about the development of segmentation in the hindbrain by
the expression pattern of ephrin-B2

I mentioned earlier that although broadly the same, there are some subtle yet
important differences between the expression patterns of zebrafish and mouse ephrin-
B2. The most obvious of which is that zebrafish ephrin-B2 is expressed inrl, 4 and 7
in the hindbrain (Fig. 3.4G), whereas mouse ephrin-B2 is expressed in rl, 2, 4 and 6
(Bergemann et al., 1995). Experiments in the chick have shown that cells from odd
and even numbered rhombomeres have different identities and adhesive properties
(Guthrie and Lumsden, 1991). Such differences between odd and even rhombomeres
have been thought to be involved in the establishment and/or maintenance of
segmentation and boundaries in this region. A number of members of the Eph family

have been reported to be expressed in alternate rhombomeres, including ephrin-B2, in
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both mouse (Bergemann et al., 1995) and Xenopus (Smith et al., 1997), and also
EphA4 (Irving et al., 1996). The over-expression of a dominant negative form of
EphA4 has been shown to affect segmental gene expression patterns in the hindbrain
of zebrafish and Xenopus (Xu et al., 1995). This in conjunction with the properties of
Eph family members as cell surface signalling proteins, has made this family good
candidates to be involved in the establishment and/or maintenance of segmentation in
the hindbrain. However in zebrafish, at least, it does not seem as if hindbrain
segmentation is such a simple process as the establishment of odd and even
rhombomere identity, since ephrin-B2 is expressed in rl, 4 and 7. The idea that
adjacent rhombomeres may function as important developmental units is not so novel.
A zebrafish mutant called valentino has been described in which rhombomere
boundaries caudal to the r4/5 border do not form, and r5 and 6 fail to develop
normally. A single "protosegment" is found instead of r5 and 6, and it is suggested
that this gives rise to r5 and 6 during normal hindbrain development (Moens et al.,
1996). It is not only in zebrafish that there appears to be a two-segment periodicity in
the hindbrain. Cloning the valentino gene revealed it to be the zebrafish homologue
of the mouse kreisler gene. These transcription factors are both expressed in r5 and 6
in their respective organism (Cordes and Barsh, 1994; Moens et al., 1998). Mice that
are homozygous for a null mutation in kreisler were found to lack visible
segmentation posterior to the r3/4 border (Deol, 1964), and had lost r5 and 6
territories (McKay et al., 1994). This is very similar to the phenotype described in
the zebrafish valentino mutants, and suggests that the genetic control of hindbrain
segmentation is comparable between zebrafish and mouse. An Eph receptor, Eph-B-
rtk3, has been cloned from the zebrafish which is expressed in r5 and 6 (Cooke et al.,
1997). This suggests that Eph family members are still good candidates to be
involved in the events of hindbrain segmentation, even though it appears that this
process is more complex than just the establishment of odd and even identity to
rhombomeres.

3.3.3. Zebrafish ephrin-B2 appears to function in similar ways to orthologues in
other species

Functional roles have been demonstrated for ephrin-B2 in angiogenesis in the
mouse (Wang et al., 1998), and neural crest migration in Xenopus (Smith et al.,
1997). The expression pattern of ephrin-B2 in zebrafish embryos suggests that it
could function in equivalent roles in this organism.

Ephrin-B2 has been found to be a molecular marker of arterial vessels from an

early stage of vasculature development. Targeted disruptions in this gene resulted in
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a failure of the correct remodelling and assembly of the blood vessels in mouse
embryos (Wang et al., 1998). Zebrafish ephrin-B2 is expressed in the ICM from
early somite stages (Fig. 3.4F), and eventually labels the forming aorta (Fig. 3.4J and
3.5D). This suggests that ephrin-B2 is an early marker of arterial vessels in the
zebrafish as well as the mouse.

Over-expression of ephrin-B2 in Xenopus embryos resulted in a disruption of
cranial neural crest migration (Smith et al., 1997). Eph receptors and ephrins are
expressed in distinct streams of hindbrain neural crest in Xenopus, and repulsive
interactions between these are proposed to keep the migrating cells in discrete
populations. Ephrin-B2 is expressed in the second arch neural crest in the zebrafish
(Fig. 3.4G). It has been previously reported that a B class receptor, EphB-rtk5, is
expressed in the third arch crest (Cooke et al., 1997). This suggests that ephrin-B2 is

involved in mediating neural crest migration in the zebrafish as in Xenopus embryos.
3.3.4. Ephrin-B2 and ephrin-B-L6 are candidates for a role in somitogenesis

Both ephrin-B2 and ephrin-B-L6 are expressed in the anterior presomitic
mesoderm in a segmental pattern. Ephrin-B2 is found in a posterior domain of the
most rostral presumptive somites, whereas ephrin-B-L6 is found in a complementary
anterior region. This makes these genes good candidates to be involved in the
processes of somite formation. Ephrin-B2 and ephrin-B-L6 would appear to be acting
downstream of the genes involved in the establishment of a segmental pattern in the
presomitic mesoderm, and their expression patterns indicate that mesodermal
segments are patterned along the anterior-posterior axis prior to somite boundary
formation. Eph receptors have been shown to interact, following activation, with
proteins that influence cytoskeletal architecture (section 1.I1.4.) suggesting that this
family are good candidates to be involved in the processes of somite boundary
formation, which involves cell shape changes as the border cells become epithelial in

nature.
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CHAPTER 4

Eph signalling is required for somite formation and differentiation

4.1. Introduction

The cloning of ephrin-B2 and ephrin-B-L6 (Chapter 3) resulted in the
identification of Eph ligands that are segmentally expressed in the presomitic mesoderm
and somites in zebrafish. In order to investigate the functions of these, and other Eph
family members that are also expressed in the presomitic mesoderm and somites,
EphA4 (Xu et al., 1994) and ephrin-A-L1 (Durbin et al., 1998), it was decided to over-

express truncated versions of receptor and ligand molecules in zebrafish embryos.

Inhibition of receptor tyrosine kinase signalling by the co-expression of
dominant negative (truncated or kinase-deleted) forms of the receptor is well
documented (reviewed in Van der Geer ef al., 1994). It is assumed that inhibition
results from the formation of a heterodimer between an intact endogenous receptor and
a truncated exogenous receptor. Using injections of RNA encoding full length or
truncated forms of EphA4 into zebrafish eggs, a role for the Eph family in hindbrain
segmentation and forebrain patterning has been demonstrated (Xu et al., 1995; Xu et
al., 1996). A similar approach has been used to demonstrate a role for the Eph family
in neural crest migration in Xenopus (Smith et al., 1997). As binding is promiscuous
between different Eph family members of the same subclass, high level ectopic
expression of a dominant negative form of a class A member of this family would be
expected to interfere with signalling via all class A type receptors. This could be
achieved by the ability of the dominant negative receptor to bind to the endogenous type
A ligands, preventing them from binding to the endogenous receptor, or by
heterodimerisation. As soluble forms of ephrins can bind receptors but do not cause
activation, these act as receptor antagonists (Krull et al., 1997). When in excess,
soluble ephrins would also be expected to prevent activation of receptors by
endogenous membrane bound ligands. Thus injection of RNA coding for dominant
negative forms of a class A and class B receptor and a soluble class A and class B
ephrin will give an indication of the role of the Eph family in any particular

developmental process.

RNA encoding soluble forms of ephrin-B2 and ephrin-A-L1, and dominant
negative forms of EphA4 and a class B receptor of uncertain homology EphB-rtk8
(Cooke et al., 1997; Durbin et al., 1998), was injected into early stage zebrafish
embryos to investigate the role of the Eph family in the development of the somites.
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The disruption of Eph signalling achieved by this, resulted in the abnormal formation of
somite boundaries and reduced or absent MyoD expression in the myotome. The
paraxial mesoderm underwent gastrulation normally in affected embryos, and a
segmental pattern was correctly established in the presomitic mesoderm. However,
herl expression was not regulated correctly in the anterior presomitic mesoderm. It is
proposed that Eph signalling is required for the normal down regulation of herl
expression, and that disruption of Eph signalling prevents presomitic cells from
participating in normal somite boundary formation and differentiation events. The Eph
family appear to be functioning during the translation of the segmental prepattern into
somites.

This work was done in collaboration with Dr. Caroline Brennan who carried out
the Eph-AP fusion protein binding studies. Dr. Julie Cooke helped with the ephrin-A-
L1 injections and Dr. Kensuke Shiomi with the EphB-rtk8 injections. Arantza Barrios
helped with the phalloidin staining and confocal microscopy.

4.2. Results

4.2.1. Members of the Eph family expressed in the somites as they
form

Zebrafish ephrin-B2 and ephrin-B-L6 are expressed in the anterior presomitic
mesoderm and newly formed somites throughout somitogenesis (Chapter 3). In order
to determine which family members they may interact with in this region of the embryo,
the expression of four other ephrins (ephrin-A-Ll, -L2, -L3 and -1L4 ) (Brennan et al.,
1997; Macdonald et al., 1997) and nine receptors (Eph-rtk 1-8, and EphA-Zdk)
(Cooke et al., 1997; Taneja et al., 1996; Xu et al., 1994) during gastrula and somite
stages were determined by in sifu hybridisation. Expression of the receptors EphA-rtk4
and -rtk7, and EphB-rtk5, and the ligands ephrin-A-L2, -L3 and -14 are not detected in
the somites or presomitic mesoderm at any stage. EphA-rtk6 and EphA-Zdk transcripts
are detected in the adaxial cells throughout somitogenesis as has been previously shown
(Cooke et al., 1997; Taneja et al., 1996). EphB-rtk3 is expressed in the tailbud and
throughout the unsegmented paraxial mesoderm from the end of gastrulation to the end
of somitogenesis, and EphA-rtk2 is expressed in the ventral, anterior somite during the
later stages of somitogenesis (Xu et al., 1994). EphB-rtk8 is expressed in the tailbud
throughout somitogenesis, and in the most posterior somites in the tail (Cooke et al.,
1997; Durbin et al., 1998). Of the Eph family members examined only ephrin-A-LI
and EphA4 expression are detected in the presomitic mesoderm and forming somites

throughout somitogenesis.
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Expression of ephrin-A-LI is first seen at 60-70% epiboly in the epibolising
margin and in the hypoblast. This expression is higher on the ventral side of the
embryo (Fig. 4.1A). At 90-100% epiboly ephrin-A-L1 is still detected around the
epibolising margin with stronger expression on the dorsal side in a position which
corresponds to the presumptive tailbud, and weak expression is seen in cells on either
side of the presumptive notochord (Fig. 4.1B). Between the one and five somite stages
transcripts for ephrin-A-LI are detected in the tailbud and adaxial cells, and weakly in
stripes in the somitic mesoderm and throughout the most rostral presomitic mesoderm
(Fig. 4.1C). During these stages ephrin-A-LI expression is also detected in individual
paired cells in the neural tube and around the pillow. From the six somite stage ephrin-
A-L1 is more strongly expressed in the medial region of the formed somites (Fig.
4.1D). Following the completion of somitogenesis (24 hpf) ephrin-A-L1 expression is
progressively lost in an anterior to posterior wave.

EphA4 expression is first detected in the region of the somites in one somite
stage embryos. At this stage a stripe of expression in a position which corresponds to
that of the somite boundary is seen (Fig. 4.1E). In three somite embryos four or five
stripes of EphA4 expression can be detected in the presomitic and somitic mesoderm.
The most posterior one or two of these expression domains corresponds to anterior
domains within the most anterior presumptive somites (Fig. 4.2F). The other stripes of
expression correspond to domains in the anterior of the somites which have already
formed, immediately adjacent to the somite boundary. EphA4 is strongly expressed in
the adaxial cells down the length of the embryo during early somite stages. A low level
of EphA4 expression is also detected throughout the posterior paraxial mesoderm.

Of the nine receptors and six ligands studied only ephrin-A-L1, ephrin-B2,
ephrin-B-L6 and EphA4 were detected in a segmental pattern in the presomitic
mesoderm. The spatially restricted expression of these genes within the presomitic
mesoderm is suggestive of a role for them in the formation of the somites.
Furthermore, the expression of ephrin-B2, EphA4 and ephrin-B-L6 in the presegmental
somitic mesoderm is indicative of an anterior-posterior prepattern within the

presumptive somite.

4.2.2. Ephrin-B2 binds to EphB-rtk8 and EphA4, whereas ephrin-A-LI
binds to EphA4 but not EphB-rtk8

As a necessary prelude to the interpretation of functional studies the binding
characteristics of ephrin-A-L1, ephrin-B2 and EphA4 were assessed. EphB-rtk8 was
used as a representative class B receptor. Fusions of Eph family members with alkaline
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Fig. 4.1 Expression of ephrin-A-LI and EphA4 .

Embryos were hybridised with digoxigenin-labelled antisense RNA probes. Dorsal
views (except A lateral view), anterior is to the left (except A and B where anterior is
to the top).

Ephrin-A-L1 expression. A 70% epiboly. Transcripts are detected in the epibolising
margin and the hypoblast, expression is stronger on the ventral side of the embryo
(arrowheads mark the edges of the expression domain). B 90% epiboly. Expression
is seen in the epibolising margin, more strongly around the tailbud, and in cells on
either side of the presumptive notochord. C 1 somite. Transcripts are detected in the
tailbud, adaxial cells (arrowhead), and in three weak stripes in the formed somite and
anterior presomitic mesoderm (arrows). D 6 somites. Expression is seen in the
tailbud and adaxial cells (arrowhead). Ephrin-A-L1 is expressed throughout the
somites and anterior presomitic mesoderm, more strongly in the posterior region of
each segment (lines mark the somite boundaries). Transcripts are also detected in
individual paired cells in the neural tube (white arrow).

EphA4 expression. E 1 somite. Transcripts are detected in the notochord and
adaxial cells, and in one stripe in the formed somite (arrow). F 3 somites.
Expression is seen in the notochord and adaxial cells (arrowhead), and in an anterior
domain of the somites and most anterior presumptive somites (lines mark the somite
boundaries).

(D, dorsal; nc, notochord; pn, presumptive notochord; r, rhombomere; tb, tailbud; V,
ventral; scale bars 100um)
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phosphatase (AP) were used to investigate the binding preferences of these proteins in
vitro in cell culture and in embryos. Ephrin-A-L1-AP fusion proteins bound to Cos
cells transfected with EphA4, but did not bind to cells transfected with EphB-rtk8 (Fig.
4.2A,B). Ephrin-B2-AP fusion proteins bound to cells transfected with either EphB-
rtk8 or EphA4 (Fig. 4.2C,D), a result consistent with the binding characteristics of
mouse EphA4 which has previously been shown to bind to B class as well as A class
ephrins (Gale et al., 1996b). Thus the zebrafish Eph proteins interact with one another
in a similar way to that reported for higher vertebrate family members. In terms of
examining events during somite formation and patterning, both EphA4 and EphB-rtk8
are capable of binding to ephrin-B2 which is strongly expressed in the presumptive
somites from as early as 100% epiboly. Over expression of dominant negative
constructs of either of these genes would be expected to interfere with ephrin-B2
function in this area of the embryo. EphA4, but not EphB-rtk8, is capable of binding
to ephrin-A-L1 and dominant negative forms of EphA4 would also interfere with
signalling mediated via this ligand.

It is not possible to determine the binding characteristics of ephrin-B-L6 since
only a partial cDNA, which does not encompass the entire extracellular domain, was
cloned. It is predicted, due to the promiscuity of binding of Eph family members, that
ephrin-B-L6 binds to EphB-rtk8. However, whether it interacts with EphA4 is harder
to predict. EphA4 has been shown to bind to ephrin-B2 (Gale et al., 1996b) and
ephrin-B3 (Gale et al., 1996a), but not to ephrin-B1 (Gale et al., 1996b). Ephrin-B-L6
1s most similar to ephrin-B2, and on that basis one would predict that it would therefore
bind to EphA4. However, little is known of the molecular details of how Eph receptors
and ephrins interact, or which residues are important in determining specificity of
binding. So it remains difficult, if not impossible, to predict whether ephrin-B-L6
binds to EphA4.

4.2.3. Interference of Eph family signalling affects somite formation
and differentiation

To study the roles of EphA4, ephrin-A-L1 and ephrin-B2 in somitogenesis,
truncated and wild type forms of these genes and of EphB-rtk8 were over-expressed by
injecting capped RNA into one cell of 1-4 cell stage zebrafish embryos. Truncated
EphA4 (EphA4DN), that lacks the intracellular tyrosine kinase domain has been used
previously to study the role of EphA4 in forebrain and hindbrain development (Xu et
al., 1995; Xu et al., 1996). Truncated EphB-rtk8 (EphB-rtk§DN) was constructed in a
similar manner (Durbin et al., 1998). Soluble forms of ephrin-A-L1 (ephrin-A-L1-Tru)
(Durbin et al., 1998) and ephrin-B2 (ephrin-B2-Tru) were also constructed. Soluble
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Fig. 4.2 Analysis of the binding characteristics of Eph family proteins in vitro
using alkaline phosphatase fusion proteins.

A and B show the in vitro binding characteristics of ephrin-A-L1, and C and D show
this for ephrin-B2. Ephrin-B2-AP and ephrin-A-L1-AP were put on cos cells that had
been transfected with EphA4 (A, C) or EphB-rtk8 (B, D). Staining of cells indicates
that the ligand binds to the expressed receptor. Both ephrin-A-L1 and ephrin-B2 can
bind to EphA4 (A, C), but only ephrin-B2 can bind to EphB-rtk8 (B, D).
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