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Abstract.

Eph receptor tyrosine kinases and their ligands, the ephrins, are essential regulators of 

cell migration in many developmental processes. They are distinct from most guidance 

cues in that both the Eph receptors and ephrins are membrane-attached and thus they 

interact with one another only at sites of cell-cell contact. The particular family member 

I have studied is EphB4 which, along with its ligand, the transmembrane protein ephrin- 

B2, plays a specific role in mammalian angiogenesis. Using cultured fibroblast and 

endothelial cells I have explored how EphB4 regulates the actin cytoskeleton via the 

Rho family of GTPases.

I have demonstrated that activation of EphB4 with either soluble ephrin-B2 

ectodomains, or ephrin-B2 expressed on neighbouring cells, stimulates Cdc42 and Rac 

regulated protrusive actin structures, filopodia and lamellipodia. Activation of EphB4 

with soluble ephrin-B2 ectodomains also causes a loss of cell-matrix adhesion and cell 

retraction that is mediated by Rho signalling. The formation of the protrusive actin 

structures is inhibited by pre-clustering the ephrin-B2-Fc.

Activation of EphB4 by ephrin-B2 expressed on an adjacent cell causes the receptor and 

ligand expressing cells to separate. The separation is concomitant with endocytosis of 

activated Eph receptors and their bound, full-length ephrinB ligands. Both the 

internalisation of the receptor-ligand complexes and the subsequent cell retraction 

events require Cdc42 and Rac-dependent actin polymerization within the receptor- 

expressing cells. Similar results are seen in cultured endothelial cells expressing 

endogenous EphB4, where expression of ephrin-B2 in isolated cells triggers Rac- 

dependent cell retraction and internalisation of activated Eph receptors into late 

endosomal compartments.

My work suggests a novel mechanism for EphB/ephrinB mediated cell repulsion, in 

which the contact between cells is destabilised by the localised phagocytosis of the 

ephrin-expressing cell plasma membrane by the Eph receptor-expressing cell leading to 

cell-cell separation.
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Chapter 1. Introduction.

Precise cell movements and cell reorganisations are required for the eorrect 

development and health of multi-cellular organisms. A wide range of extraeellular 

guidance cues, whieh can be soluble factors or cell- or matrix-attaehed, act on cells to 

ensure that these movements and reorganisations occur correctly. To understand how 

any multi-eellular organism forms, from the least eomplicated slime mould to the most 

advaneed primates, it is imperative to discern the molecular nature of these 

extracellular guidance cues and to understand the cellular mechanisms that underlie 

guided cell movements regulated by them.

Cell-surfaee receptors play a key role in the cellular response to these guidance 

molecules. These reeeptors, located at the plasma membrane of cells, bind guidance 

molecules and transduee signals across the membrane triggering cellular responses. 

Cell-surfaee receptors colleetively take up a substantial fraction of the human genome 

(>3% Ben-Shlomo et al., 2003) with many different classes of proteins, one of which is 

the family of receptor tyrosine kinases (RTKs). In general, RTKs are single-pass 

transmembrane proteins with cytoplasmic tails containing a tyrosine kinase domain 

(Van der Geer et al., 1994). Binding of the cognate ligand to the extracellular domain of 

the receptor up-regulates the tyrosine kinase activity of the reeeptor, usually through 

dimérisation and auto-phosphorylation of the receptor. The activated RTK then triggers 

intracellular signalling either by recruitment of further signalling molecules to the 

reeeptor, and/or phosphorylation of intracellular proteins (Schlessinger, 2000). These 

intracellular signalling events then aet to regulate diverse cellular events from gene 

regulation to cell migration.
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One family of receptor tyrosine kinases known to play a role in a wide range of cell 

migrations in development is the Eph receptor family. The first Eph (Erythropoietin 

Producing Hepatoma) receptor was isolated as a gene up-regulated in a selection of 

epithelial tumours (Hirai et al., 1987), with subsequent Eph receptors identified in 

searches for tyrosyl-phosphorylated proteins and tyrosine kinase domain containing 

proteins (Letwin et al., 1988; Pasquale and Singer, 1989; Lindberg and Hunter, 1990; 

reviewed in Wilkinson, 2000). There are currently 14 different mammalian Eph 

receptors and Eph receptors have been found in a wide range of species including 

zebrafish (Xu et al., 1994), Caenorhabditis elegans (George et al., 1998), Drosophila 

melanogaster (Scully et al., 1999) and even the amphioxus, Branchiostoma belcheri 

(Suga et al., 1999), an ancient notochord containing invertebrate.

Eph receptors are implicated in regulation of cell movement during development 

through their expression patterns. Many Eph receptors were shown to have a dynamic 

expression pattern throughout the development of several vertebrate species (Nieto et 

al., 1992; Becker et al., 1994; Xu et al., 1994), and Eph receptor expression often 

coincided with developmental processes, such as gastrulation (Xu et al., 1994) or 

axonogenesis (Pasquale et al., 1991; Pasquale et al., 1992), which are known to be 

driven by cellular movements. One particularly interesting Eph receptor expression 

pattern was that of the segmental expression of 3 family members, EphB2, EphBS, and 

EphA4, in the mouse hindbrain. These Eph receptors were expressed in alternate 

segments (Gilardi-Hebenstreit et al., 1992; Nieto et al., 1992; Becker et al., 1994) and it 

was theorised that the Eph receptor family could be playing a role in setting up and 

maintaining segment boundaries by restricting cell movements across segment 

boundaries.
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Until the ligand for the Eph receptors was isolated however, it was impossible to 

definitively assign a function to Eph receptors, or to analyse the cellular responses 

triggered by receptor activation. Seven years after the initial cloning of Eph receptors a 

previously isolated protein called B61, with unknown function (Holzman et ah, 1990), 

was identified as the first of a family of ligands (Bartley et ah, 1994), now known as the 

ephrins. The first ephrin identified contained a glycosyl-phosphatidy 1-inositol (GPI) 

anchorage to the plasma membrane, which was unusual for a ligand for an RTK 

(Bartley et ah, 1994). Over the next few years several more ephrins were identified 

(Beckmann et ah, 1994; Cheng and Flanagan, 1994; Fletcher et ah, 1994; Shao et ah, 

1994) and it is now apparent that, like the Eph receptor family, which is the largest 

family of receptor tyrosine kinases, there are similarly large numbers of ephrins. The 

ephrin family can be divided into two sub-families, the ephrin-As, which contain a GPI 

linkage, and the ephrin-Bs, which have an integral transmembrane domain (Beckmann 

et ah, 1994). This membrane attachment suggests that Eph receptor/ephrin interaction 

occurs only when an Eph receptor-expressing cell comes into contact with an ephrin- 

expressing cell.

Intriguingly the GPI-linked ephrins bind to different Eph receptors from the 

transmembrane containing ephrins (Gale et ah, 1996a), probably due to the positioning 

of hydrophobic or hydrophilic residues in the Eph receptor binding domains of the 

ephrins (Himanen et ah, 2001). This has led to the classification of the Eph receptors 

into two sub-families: the EphA receptors bind to the ephrin-As, while the EphB 

receptors bind the ephrin-Bs (Gale et ah, 1996a). EphA4 is the lone exception to this 

rule and binds to both ephrin-As and Bs.

With the identification of both the Eph receptors and their ligands, the ephrins, it
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became possible to start to examine where cells expressing Eph receptors come into 

contact with cells expressing ephrins and the effect of this interaction on cell behaviour.

1.1. Eph receptors and ephrins: Interaction and activation.

Ephrin membrane-attachment serves several purposes. As well as localising the 

interaction of Eph receptors and ephrins to sites of intimate cell-cell contact, the ephrin 

membrane attachment plays an important role in presenting the ephrins in a suitable 

conformation or state of oligomerisation for Eph receptor activation. If ephrin 

ectodomains are presented as soluble monomers then, although capable of binding Eph 

receptors, they are unable to cause activation as measured by Eph receptor 

phosphorylation (Davis et al., 1994). To stimulate Eph receptor activation soluble 

ephrins need either to be artificially clustered, or to be presented bound to membrane 

fragments (Davis et al., 1994). This may be because ephrin ectodomains form weak 

homo dimers in solution (Toth et al., 2001) and RTKs require dimérisation to become 

activated. Furthermore there is evidence that ephrins must be presented to the Eph 

receptor as higher order clusters in order to fully activate the cellular responses (Gale 

and Yancopoulos, 1997; Stein et al., 1998a).

The Eph receptor extracellular domain consists of two fibronectin type III domains, a 

cysteine rich domain, and a large globular domain (see Fig. 1-1). Binding occurs 

between this globular domain and the ephrin ectodomain, initially forming a dimer. 

These dimers then rapidly dimerise themselves to form a tetrameric complex consisting 

of two Eph receptors and two ephrins (Himanen et al., 2001). The close proximity of 

two Eph receptors within this complex allows trans-phosphorylation of tyrosines on the 

cytoplasmic tail of the receptors. Phosphorylation of tyrosines in the kinase domain 

directly potentiates tyrosine-kinase activity, thus increasing the trans- and auto-
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phosphorylation activities o f  the bound Eph 

receptors (Lhotak and Pawson, 1993). The 

tyrosine kinase activity o f  the receptors is 

further increased by the phosphorylation of 

two tyrosines in the juxtamembrane domain. 

This causes a conformational change within 

the cytoplasmic tail o f  the Eph receptor, 

relieving auto-inhibition caused by the folding 

o f  the juxtamembrane region over the kinase

•i Ephrin

B

Eph R e c e p to r  

G lobular d om ain

C y s te in e  rich d om ain  

Q  F ibronectin  ty p e  III d om ain

Q  F ibronectin  ty p e  III d o m a in

i T ryosin e  k in a se  d om ain

b SAM  d om ain

Figure 1-1. Structure of Eph 

receptors and ephrins.
domain (Binns et a f ,  2000; Zisch et al , 2000,

Wybenga-Groot et al., 2001). Once the Eph receptor is phosphorylated in these 

regulatory positions then other tyrosines on the cytoplasmic tail become phosphorylated 

(Kalo and Pasquale, 1999, Kalo et a f ,  2001) allowing recruitment o f  SH2 domain 

containing proteins as well as the phosphorylation of  other tyrosine containing proteins 

in the locale The initial Eph receptor and ephrin tetramers may subsequently form 

larger clusters through lower affinity binding sites on the outside face o f  the tetramer 

(see Fig. 1-2). It is thought that these aggregates form large signalling complexes 

(Himanen et a f ,  2001), In addition, homophilic interactions between adjacent Eph 

receptor SAM domains may also be involved in the formation o f  these larger activated 

Eph receptor clusters as isolated Eph receptor SAM domains have been shown to 

dimerise (Stapleton et a f ,  1999; Thanos et a f ,  1999).

The formation o f  the stable Eph/ephrin tetramer disrupts a weak ephrin homo-dimer 

( Himanen et a f ,  2001, Toth et a f ,  2001). It has been hypothesised that this may cause a 

conformational change in the ephrin and thus induce ephrin-downstream signalling.
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n

Figure 1-2. Eph/ephrin clustering.

Two Eph receptors (red) form a heteroletramer with a pair 

o f  ephrins (blue) expressed on a neighbouring cell (above 

plane o f  page). This fom is a stable com plex (in green 

ellipse) initiating bi-direetional signalling. These 

tetramers can then fonn larger com plexes through 

homodim erisation between Eph reeeptors or ephrins 

(\e llow  ellipse). (Himanen et a f , 2001)

also known as reverse signalling (Himanen et al., 2001). In the case of  the B-class 

ephrins, this conformational change may alter the accessibility o f  tyrosine residues on 

the ephrinB cytoplasmic tail, which have been shown to be phosphorylated by several 

cytoplasmic tyrosine kinases upon Eph receptor binding (Holland et al., 1996, Bruckner 

et al., 1997; Kalo et a f ,  2001). Furthermore, ephrinB phosphorylation induces a further 

conformational change in the cytoplasmic tail, changing it from a closed to an open 

confirmation, thus allowing access to downstream signalling molecules (Song et al.,

2002). The tyrosine kinases involved and downstream signalling from both A and B 

class ephrins will be discussed later (see Section 1.5).

1.2. Eph receptors and ephrins: Control o f cell movements during 

embryonic development.

1.2.1. Regulation o f cell m igrations and tissue segm entation.

1.2.1.1. The vertebrate hindbrain.

One o f  the earliest clues that Eph receptors may play a role in cell movements came
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from studies of the development of the vertebrate hindbrain. The hindbrain starts as a 

section of the neural plate, which becomes segmented into discrete structures called 

rhombomeres (numbered rl to r6) during development (Lumsden and Krumlauf, 1996). 

Before segmentation occurs there is substantial migration of the cells throughout the 

hindbrain as assayed using cell-lineage markers that follow the migration of individual 

cells. However, after segmentation cells become constrained to individual rhombomeres 

(Fraser et al., 1990). Experiments where dye-labelled chick rhombomeres were grafted 

into various rhombomeres of chick hosts demonstrated that transplanted cells from 

either r3 or r5 would disperse and mix with the host when transplanted into r3 or r5 host 

rhombomeres. However when the odd-numbered rhombomeres were transplanted into 

even-numbered host rhombomeres they failed to disperse and in several cases a 

boundary formed around the transplanted tissue, similar to that seen between 

rhombomeres (Guthrie et al., 1993). The converse was seen with transplantation of 

even-numbered rhombomeres, with transplanted even-numbered rhombomeres only 

mixing with even-numbered and not odd-numbered host rhombomeres. These 

observations suggested that there was an alternating cellular property that restricted cell 

migration.
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The segmental expression pattern of Eph receptors and ephrins made them ideal 

candidates. EphB2, EphB3 and EphA4 are expressed in rhombomeres 3 and 5 (Nieto et 

al., 1992; Becker et al., 1994; Henkemeyer et al., 1994), probably under the control of 

transcriptional regulators such as Krox-20 that set up the segmentation pattern (Irving et 

al., 1996; Theil et al., 1998). Ephrins Bl, B2, and B3 are expressed in rhombomeres 2, 

4 and 6 (Bergemann et al., 1995; Flenniken et al., 1996; Gale et al., 1996b). Thus Eph 

receptors and ephrins come into contact at rhombomere boundaries making them 

ideally placed to prevent cell mingling.

Evidence that the Eph receptors and ephrins may be regulating cell movement during 

hindbrain development initially came from experiments in zebrafish. Ubiquitous 

expression of ephrin-B2 or a truncated EphA4, after injection of mRNA at the one or 

two cell stage, led to disruption of the segmentation of the hindbrain (Xu et al., 1995). 

Instead of discrete boundaries between the rhombomeres there was mixing of cells from 

different rhombomeres and even a merging of rhombomeres 3 and 5, which should not 

have been in contact. Further evidence that Eph receptors and ephrins were regulating 

cell-migrations in the developing hindbrain came from mosaic analysis of exogenously 

expressed ephrin-B2 (Xu et al., 1999). Control RNA injected at the 8-cell stage leads to 

a random pattern of descendant cells across the hindbrain region. However when RNA 

for ephrin-B2 was injected at this stage all the descendant cells sort to rhombomeres 3 

and 5 implying that ephrin expression is sufficient to induce sorting of these cells within 

the alternating pattern of Eph receptor and ephrin at the time of segmentation (Xu et al.,

1999).

Experiments using zebrafish animal caps expressing EphB2 or ephrin-B2 have 

demonstrated that bi-directional signalling is essential for the prevention of cell mixing
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Figure 1-3. Bidirectional signalling is required to prevent cell mixing.

When two fish balls, one expressing EphB2 (red) and one expressing ephrin-B2 (green), are 

placed next to each other there is no cell mixing (centre). If however the ephrin-B2 (left) or the 

EphB2 (right) is truncated then cell mixing can occur.

(Mellitzer et al., 1999). When two animal caps are brought into contact there is 

substantial intermingling of  the two cell populations. However expression o f  EphB2 in 

one animal cap and ephrin-B2 in the other led to an inhibition o f  cell intermingling. 

Truncation o f  either EphB2 or ephrin-B2 allowed mixing o f  cells from the two animal 

caps implying that complete inhibition o f  cell mixing required signalling from both Eph 

receptors and ephrins ( Mellitzer et a f ,  1999; see Fig. 1-3)

1.2 .1.2. Somite development.

The other main region o f  segmentation in mammalian development occurs during 

somite formation. As with rhombomeres, the somites are repeating units of  cells. The 

segmentation is required for the correct differentiation of  the somites into muscle and 

bone in adult tissue. Like rhombomeres, somites have alternating patterns o f  Eph 

receptor and ephrin expression with EphB receptors expressed in the anterior half of 

each somite and the ephrin-Bs expressed in the posterior half o f  the somites (Bergman 

et a f ,  1995; Scales et a f ,  1995; Flenniken et a f ,  1996, Gale et a f ,  1996a). Expression
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of truncated Eph receptors, which act as dominant negatives, in zebrafish embryos led 

to abnormal somite boundary formation demonstrating that Eph receptor signalling is 

required for normal development of the somites (Durbin et a l, 1998). Furthermore, in 

zebrafish mutants in which the somites have become fused, the segmentation can be 

rescued by re-expressing EphA4 and ephrinB ligands in an alternating pattern (Barrios 

et al., 2003).

I.2.I.3. Neural crest cell migration.

Interestingly the segmented expression pattern of ephrins in the somites functions as a 

boundary to the subsequent migration of other cells through the somite tissue. Neural 

crest cells de-laminate from the neuro-epithelia of the neural tube and migrate through 

the somites to their peripheral targets where they differentiate into various neural and 

other fates. It had been noted that these cells migrate through the somites in streams 

avoiding the posterior of the somites (Rickmann et al., 1985). Using differing 

techniques three groups demonstrated that EphB receptor expressing neural crest cells 

are guided by ephrinB proteins. One technique was the stripe assay, which consists of 

material laid down in stripes on matrix to visualise decision making behaviour in 

migrating cells or axonal projections in response to surface or membrane bound 

molecules. Two groups used this stripe assay to show that neural crest cells will migrate 

out of dissected neural tubes and avoid ephrinB coated substrates (Wang and Anderson, 

1997; Krull et al., 1997). It was also demonstrated that soluble ephrin proteins, which 

block Eph receptor-ephrin interaction, caused erroneous migration of neural crest cells 

through the posterior somite in avian and rodent whole trunk explants (Krull et al., 

1997; Koblar et al., 2000). Intriguing recent data (Santiago and Erickson, 2002) has 

demonstrated that a later migrating neural crest cell population, the melanoblasts.
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which go on to pigment the skin, migrate through the idermomyotome, where ephrin-Bs 

are expressed, even though their complement of Eph receptors appear to be the same as 

the earlier migrating neural crest cells. Why this population of neural crest cells 

migrates differently from earlier neural crest cell populations and whether it is cell- 

intrinsic or if there is an additional extra-cellular cue has yet to be elucidated. One 

difference between the two cell populations may lie in the cell-matrix adhesion. The 

earlier migrating neural crest cells lose adhesion to fibronectin in response to an ephrin- 

coated matrix whereas the melanoblasts remain well attached (Santiago and Erickson, 

2002).

I.2.I.4. Partitioning of adult gut epithelia.

As well as regulating the described developmental cell migrations, Eph receptors are 

expressed in many adult tissues and have been shown to have functions post

development. A recent study has demonstrated that Eph receptors retain the ability to 

prevent cell mixing in the adult. EphB2 and EphB3 are expressed by epithelial cells in 

the crypts of the small intestine (Batlle et al., 2003). These crypts contain the epithelial 

progenitor cells, which are stem cells that maintain a proliferative population in the 

epithelia. As the progenitor cells divide those cells that are destined to differentiate into 

enterocytes lose EphB2 and EphB3 expression and instead up-regulate ephrin-B 1 and 

ephrin-B2 expression. As they lose EphB receptor expression these cells migrate up out 

of the crypts to populate the villae. Eph receptor expression was shown to be positively 

regulated by the transcription factor TCP. In the absence of TCF-mediated Eph receptor 

expression the stem cells, normally constrained to the crypts, migrate out and up the 

villae. It is hypothesised that the role of the Eph receptors is to restrict the proliferative 

population of stem cells in the crypts (Batlle et al., 2003). Due to the wide expression of

22



Eph receptors and ephrins in the adult it seems likely that other sites of Eph 

receptor/ephrin interaction will be shown to play further essential roles in the adult.

1.2.2. Development of the vasculature.

Development of the mammalian vasculature requires the correct organisation of blood 

vessels into a highly structured network. The initial step in this process is 

vasculogenesis, in which the endothelial cell precursor population undergoes VEGF 

dependent expansion, differentiation and recruitment to the primary vascular plexus 

(reviewed in Weinstein, 1999). This plexus consists of a few major blood vessels, such 

as the dorsal aorta, but at this stage the vasculature is very basic, lacking the fine 

capillary networks. Vasculogenesis is followed by angiogenesis during which the 

primary vascular plexus undergoes remodelling to form the mature vascular network 

seen in the adult. Angiogenesis involves the branching and sprouting of new blood 

vessels from existing vessels as well as the pruning of unwanted projections (reviewed 

in Risau, 1997; Gale and Yancopoulos, 1999) and therefore requires careful regulation 

of endothelial cell migration.

I.2.2.I. Venous EphB4 and arterial ephrin-B2 expression during vascular 

development.

Several studies have demonstrated EphB receptors and ephrinB ligands are essential for 

angiogenesis (Wang et al., 1998; Adams et al., 1999; Gerety et al., 1999). Examination 

of trans-genic mice expressing a LacZ-ephrin-B2 reporter gene demonstrated that 

ephrin-B2 is highly expressed in arterial endothelial cells and the perivascular 

mesenchyme (Wang et al., 1998; Adams et al., 1999). These studies show that mice 

homozygous null for ephrin-B2 fail to undergo angiogenesis with the embryonic 

vasculature failing to develop beyond the primary vascular plexus (Wang et al., 1998;
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Adams et a l, 1999). This phenotype is demonstrated when ephrin-B2 is knocked out 

specifically in the vasculature (Gerety et a l, 2001) and interestingly it appears that 

ephrin-B2 signalling is required as mice expressing ephrin-B2 lacking the cytoplasmic 

tail in an ephrin-B2 null background still exhibit the angiogenic defects. It would appear 

that forward signalling through EphB receptors is still functioning as the truncated 

ephrin-B2 rescues the neural crest cell defects seen in ephrin-B2 null mice (Adams et 

a l, 2001).

EphB4 has been shown to be predominantly expressed in embryonic arterial endothelial 

cells (Wang et a l, 1998) and EphB4 null mice show exactly the same phenotype as 

ephrin-B2 null mice (Gerety et a l, 1999), implying that EphB4 and ephrin-B2 are acting 

as a receptor-ligand pair during angiogenesis. EphB4 and ephrin-B2 expression in 

venous and arterial endothelial cells, respectively, has shown that arterial and venous 

identity are maintained into the fine capillary beds (Wang et a l, 1998) where EphB4 

and ephrin-B2 interact at the interface between artery and vein. The fact that the 

specific deletion of endothelial ephrin-B2 expression caused the same angiogenic defect 

as deletion of ephrin-B2 and EphB4, with the vasculature failing to undergo angiogenic 

remodelling implies that the specific interaction between EphB4 and ephrin-B2 

expressing endothelial cells may be an essential part of this remodelling.

1.2.2.2. Other Eph/ephrin interactions in the developing vasculature.

As well as the EphB4/ephrin-B2 interaction at the arterial/venous interface there is 

evidence that other EphB/ephrinB receptor-ligand pairs may be important during 

angiogenesis. EphB2 and EphBS are both expressed in endothelial cells as well as the 

perivascular mesenchyme (Adams et a l, 1999), and mice null for both EphB2 and 

EphBS demonstrate a S0% penetrant phenotype resembling the ephrin-B2 null mouse.
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although not as severe (Adams et ah, 1999). Ephrin-B2 expression in surrounding 

mesenchyme tissue may be important for guiding sprouting angiogenesis. As stated 

earlier, ephrin-B2 is expressed in the somites, where it plays an important role in somite 

formation and in directing neural crest cell migrations. In wild-type mice intersomitic 

veins pass between the somites, avoiding the somitic tissue, but in ephrin-B2 null mice 

there is aberrant sprouting of blood vessels into somitic tissue in certain mouse strains 

(Adams et ah, 1999). Aberrant sprouting is also seen when ephrin-B2 is ectopically 

expressed (Oike et ah, 2002), presumably due to masking of inhibitory guidance cues. 

Additional evidence for a role of ephrin-B2 in directing angiogenic sprouting comes 

from Xenopus development. EphB4 expressed on intersomitic blood vessels comes into 

contact with ephrin-B2 expressing somites (Helbling et ah, 1999). Disruption of EphB4 

signalling by expression of a truncated EphB4 caused the intersomitic blood vessels to 

abnormally grow into the somitic tissue (Helbling et ah, 2000). Taken together these 

studies demonstrate a role for somitic ephrin-B2 expression in inhibiting angiogenic 

sprouting through activation of EphB4 expressed in blood vessels.

The expression patterns of EphA receptors and ephrin-As imply that they may also have 

a role in angiogenesis. Ephrin-Al was shown to be expressed in endothelial cells, and in 

sprouting blood vessels (Flenniken et ah, 1996; McBride and Ruiz, 1998). However, as 

yet, there are no reported angiogenic defects in any of the EphA receptor null mice. 

This may be due to functional redundancy between multiple receptors or it may be that 

ephrin-Al expression in these tissues are involved in an alternative process.

I.2.2.3. Eph receptors and ephrins in neo-vascularisaton and tumorigenesis in the 

adult.

Two recent studies have demonstrated that endothelial expression of EphB receptors
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and ephrin-Bs is maintained into the adult (Gale et al., 2001; Shin et al., 2001). 

Examination of the vasculature in several organs, including the lung and kidney, 

demonstrates that venous EphB4 expression and arterial ephrin-B2 expression is 

maintained in adult capillary beds. Additionally ephrin-B2 is further expressed in the 

smooth muscle tissue surrounding the arteries. Furthermore examination of sites ofneo- 

vascularisation in the adult demonstrate that ephrin-B2 is enriched in new arterioles at 

these sites. This occurs in both normal and pathogenic neo-vascularisation sites such as 

wounds and tumours (Gale et al., 2001; Shin et al., 2001), as well as during mammary 

morphogenesis (Nikolova et al., 2001).

EphA receptors may also play important roles in tumour angiogenesis. Soluble EphA 

receptor ectodomains inhibit tumour growth and neo-vascularisation in a number of 

tumour models (Brantley et al., 2002) as does reducing EphA2 levels using RNAi 

(Cheng et al., 2002). Together these studies demonstrate that Eph receptors and ephrins 

are likely to play important roles in both normal and pathogenic sites of adult neo- 

vascularisation.

I.2.2.4. Endothelial cell migration and regulation of angiogenic sprouting.

Several studies have looked at how Eph receptor and ephrin signalling regulates 

endothelial cell migration and in vitro angiogenic sprouting. However these studies 

offer conflicting results since they suggest that Eph receptors can behave as both 

positive and negative regulators of cell migration and angiogenesis. Soluble ephrin-B2- 

Fc was shown to be chemo-attractive to endothelial cells using a trans-well assay 

(Steinle et al., 2002; Maekawa et al., 2003) and a separate study demonstrated that pre

clustering the ephrin potentiated this cell migration (Huynh-Do et al., 1999). However 

two other studies provided evidence that either soluble ephrin-B2-Fc (Fuller et al..
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2003) or surface bound ephrin-B2 (Hamada et al., 2003) inhibited endothelial cell 

migration, possibly by reducing cell-matrix adhesion. Similar mixed results were seen 

in angiogenic sprouting assays where some groups show that ephrin-B2 (Stein et al., 

1998a; Adams et al., 1999; Maekawa et al., 2003) and ephrin-Al (Pandey et al., 1995; 

Daniel et al., 1996; Ogawa et al., 2000) trigger sprouting angiogenesis and new 

capillary formation, whereas another group shows that ephrin-B2 can inhibit VEGF- 

induced capillary formation (Fuller et al., 2003). Interpretation of these results is 

complicated by the fact that these studies all use different endothelial cell lines, which 

are likely to have varying complements of Eph receptors and other important signalling 

components. Additionally the experimental conditions vary, for example in some cases 

endothelial cells are cultured in the presence of serum, while in others the cells are 

serum starved. Until regulation of the Eph receptors and their downstream signalling is 

better understood it is unlikely that these incongruities will be fully clarified.

The role of the reverse ephrin signalling in angiogenesis is no clearer. Some studies 

have shown that stimulating ephrin-B2 expressing cells with EphB receptor 

ectodomains stimulates both cell migration (Fuller et al., 2003; Steinle et al., 2003) and 

sprouting angiogenesis (Adams et al., 2001; Huynh-do et al., 2002), whereas another 

study has demonstrated that growing ephrin-B2 expressing cells on EphB4 expressing 

cells inhibits sprouting angiogenesis (Zhang et al., 2001). As with Eph receptors more 

research is required into ephrin signalling and its regulation before its role in 

angiogenesis can be full elucidated.

1.3. Axon guidance.

As well as regulating the migration and movement of numerous cell types throughout 

development, Eph receptors are also important for guiding axonal projections. This is

27



the process whereby neurons send out fine axonal projections to their synaptic targets, 

which can be very distant. There are many positive and negative regulators of axon 

guidance (reviewed in Huber et al., 2003). Eph receptors and ephrins can regulate axon 

guidance either through their graded expression, which serves to stop growth cone 

movement at a specific point or through block expression where they act as a barrier for 

growth cone migration.

1.3.1. Graded Repulsion.

1.3.1.1. EphA receptors in the anterior-posterior retinotopic map.

The best studied example of graded repulsion to ephrins is in the formation of the 

retino-tectal map in the chick and analogous events in the mouse. Chick retinal 

ganglion cells (RGCs) project their axons from the back of the retina to the tectum and 

form a topographic map whereby neighbouring RGCs project to neighbouring sites in 

the tectum. Temporal axons project only to the anterior of the tectum whereas nasal 

RGCs project their axons past this point to the posterior tectum (reviewed Thanos and 

May, 2001). Using the stripe assay described above it was demonstrated that temporal 

neurons preferentially avoid posterior tectal membranes (Walter et al., 1987a, Walter et 

al., 1987b) and that this preference was attributable to a GPI anchored protein (Walter 

et al., 1990). A screen of tectally expressed GPI proteins isolated ephrin-A5 and this 

was shown to be expressed in an ascending anterior to posterior gradient in the tectum 

(Drescher et al., 1995). Another ligand, ephrin-A2, was isolated in a screen for ligands 

for Eph receptors (Cheng and Flanagan, 1994) and it was noted that it was expressed in 

a similar graded pattern (Cheng et al., 1995). It was demonstrated that ephrin-A2 is a 

specific inhibitor of temporal, but not nasal, axon outgrowth in vitro and in vivo 

(Nakamoto et al., 1996; Ciossek et al., 1998; Yamada et al., 2001) and that ephrin-A5
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inhibited both temporal and nasal outgrowth although the temporal axons were more 

sensitive (Monshcau et al., 1997).

Complementary to the ephrin-A2 and ephrin-A5 gradients in the tectum, EphA3 is 

expressed in the retina in an ascending nasal to temporal gradient (Cheng et al., 1995) 

and it was postulated that differential activation of EphA3 on the RGCs by ephrin-A5 

and ephrin-A2 could organise the topographic map along the anterior-posterior axis. 

Similar expression patterns were also found in other vertebrate organisms. Ephrin-A2 

and A5 are found in a graded expression in the zebrafish tectum (Brennan et al., 1997) 

and in the equivalent structure, the superior colliculus, in the mouse (Feldheim et al., 

1998; Frisen et al., 1998), while EphA5 rather than EphA3 is expressed in an ascending 

nasal to temporal gradient in mice RGCs.

However simple repulsion of EphA3 expressing RGCs by ephrins A2 and A5 expressed 

in the tectum is not the whole story. As well as EphA3, at least four other EphA 

receptors are expressed in RGCs albeit at a uniform level across the retina (Conner et 

a l, 1998; Homberger et a l, 1999). In addition, ephrin-A3 and ephrin-A6 are expressed 

in the retina in a descending nasal to temporal gradient (Marcus et a l, 1996; Menzel et 

a l, 2001). These are both high affinity ligands for EphA4 and it has been shown that 

EphA4 is phosphorylated in nasal RGC axons. It is thought that phosphorylation of 

EphA4 might be caused by cis-activation of EphA4 by ephrin- A5/6 expressed in these 

RGCs and that this may desensitise the nasal RGCs to tectally expressed ephrin-A 

ligands (Conner et a l, 1998; Homberger et a l, 1999; Menzel et a l, 2001). Therefore 

EphA4 also acts in a gradient to complement the EphA3 gradient allowing the nasal 

RGCs to migrate further into the tectum. Further evidence for this came from work that 

demonstrated that the RGC response to ephrin-A3 required EphA4 (Walkenhorst et al.
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2000) and that over expression of ephrin ligands in RGCs led to mis-targeting of the 

ephrin expressing RGCs (Dutting et ah, 2000).

Although in vitro assays have demonstrated that Eph receptor expressing RGCs grow up 

ephrin-A gradients and stop at a specific level of ephrin-As (Rosentreter et al., 1998) 

there is evidence from genetic studies in mice that this picture of graded repulsion may 

not be complete. Investigation of ephrin-A5 or ephrin-A2 knock-out mice has 

demonstrated that ephrin-A2 is important for temporal axon pathflnding (Feldheim et 

ah, 2000) while ephrin-A5 is more important for nasal axon guidance (Frisen et ah,

1998). However, although the topographic mapping along the anterior-posterior axis 

was lost in the double ephrin-A2 and A5 null mouse , the RGCs still terminate in the SC 

(Feldheim et ah, 2000). This would imply that the effect of Eph receptor activation may 

be to organise the RGC projection length relative to each other rather than give an 

absolute signal. Additional evidence for this comes from experiments where EphA3 

was randomly expressed in the mouse RGCs. Expression of EphA3 led to a shift of the 

EphA3-expressing neurons anteriorly and a shift of the non-EphA3 expressing neurons 

posteriorly. Indeed the two populations formed two discrete topographic maps (Brown 

et ah, 2000). Therefore it is possible that the graded EphA receptor expression in RGCs 

acts to bias competition between RGC projections rather than regulate absolute axonal 

projection length.

In addition to regulating axonal projection it is possible that ephrins have a role in 

regulating the branching and arborisation of the RGCs. Rat RGCs grown on alternating 

stripes of membranes from different regions of the superior colliculus only branch on 

membranes from the correct target regions (Roskies and O'Leary, 1994). Furthermore in 

chick there is topographic specific branching of RGC axons, which is prevented by
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inhibiting EphA/ephrin-A interactions (Yates et al,, 2001; Sakuria et al., 2002). 

Therefore it seems likely that the effects of ephrins on the formation of the topographic 

map are due to a combination of axon guidance and regulation of branching and 

arborisation.

1.3.1.2. Graded repulsion of hippocampal projections.

Hippocampal neurons project to the septum and, as with the RGC projections, there is 

topographic projection of hippocampal neurons. Medial hippocampal neurons project 

their axons to the dorsal septum, while lateral axons project to the ventral septum. 

Similarly to the tectum there is graded expression of ephrin-As with the ventral septum 

expressing high levels of ephrins A2, A3, and A5 compared to the dorsal septum (Zhang 

et al., 1996b). The medial hippocampal neurons, which extend no further than the 

dorsal septum, express high levels of EphA5, -A3, -A6, and -A7 compared to the lateral 

hippocampal neurons (Gao et al., 1996; Yue et al., 2002). This may be because the 

medial neurons are more sensitive to membrane attached ephrinAs than the lateral 

neurons (Brownlee et al., 2000). Expressing a truncated EphA5 leads to mis-targeting of 

the medial hippocampal neurons (Yue et al., 2002), implying that like the retinotectal 

system there may be graded repulsion of hippocampal neurons.

However, as with the retinotopic map, regulation of hippocampal projections seems 

likely to be more complicated than this simple picture. Co-culture experiments have 

demonstrated that ephrins exert a two phase effect on EphA5 expressing hippocampal 

neurons, whereby they initially induce outgrowth and branching of the axon but then 

cause the axon to degenerate and fragment (Gao et al., 1999). Interestingly ephrin-A3 

may be also be required for Entorhino-Hippocampal neurons to find their correct target 

in the hippocampus (Stein et al., 1999).
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1.3.1.3. EphB receptors and ephrins in the dorsal-ventral retinotopic map.

As well as graded EphA receptor expression along the anterior-posterior axis of the 

retina there is also graded EphB receptor and ephrinB expression along the dorso- 

ventral axis. EphB2 and B3 are highly expressed in ventral RGC (Holash and Pasquale, 

1995; Kenny et al., 1995; Marcus et al., 1996), while the ligand ephrin-Bl is highly 

expressed in the medial tectum (Braisted et al., 1997). However, rather than being 

repulsed, the high EphB expressing ventral RGCs branch and arborise specifically in 

the high ephrin-B-expressing medial tectum. This requires Eph receptor signalling as 

expression of a truncated EphB2 in the retina lead to errors in the lateral-medial 

topographic mapping (Hindges et al., 2002). However, it is not a purely attractive 

response between EphB2/3 and ephrin-Bl as very high levels of ephrin-Bl inhibit 

growth of interstitial branches (McLaughlin et al., 2003) and in vitro experiments on 

motor neurons have shown that ephrin-Bs can inhibit the outgrowth of EphB expressing 

neurons (Wang and Anderson, 1997). These studies imply that ephrin-Bl may act as an 

attractant to EphB2/3 expressing neurons to guide them to their correct target, and then 

be repulsive to branching of those those neurons that overshoot.

Ephrin-Bl and B2 are expressed in dorsal RGCs (Marcus et al., 1996; Braisted et al.,

1997), which appear to be attracted to EphBl expressed in the lateral tectum. In 

Xenopus, increasing ephrin-B2 levels in ventral RGCs causes a lateral shift of the 

axonal projection to tectal positions where higher levels of EphBl are expressed (Mann 

et al., 2002a). Furthermore expressing a truncated ephrin-B2 in dorsal RGCs caused a 

medial shift implying that axon guidance requires ephrinB signalling (Mann et al., 

2002a). However care must be taken in the interpretation of these experiments as it is 

possible that cis-activation and desensitisation of EphBs and or ephrin-Bs, such as seen
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for EphA4 in the retina (Dutting et al., 1999) may affect these experiments. EphB 

ectodomains have been shown to cause collapse of ephrinB expressing neurons 

(Birgbauer et al., 2001; Mann et al., 2003) and negative regulation of ephrinB 

expressing neurons by Eph receptors may be important for fasciculation of axons as 

they project to the optic disc (Birgbauer et al., 2000).

It would appear that EphA and EphB receptors have different effects on retinotectal 

projections during topographic mapping. EphA receptor-expressing RGCs are repulsed 

by the gradient of ephrin-As in the tectum whereas there is evidence suggesting that 

EphB receptor-expressing neurons may have a biphasic response to ephrin-Bs in the 

tectum: while high levels of ephrinB also cause a repulsive response, lower levels 

appear to be attractive. Why similar populations of retinal ganglion cells respond 

differently to EphA and EphB receptor activation is little understood. It is likely that the 

RGC population has a uniform expression of signalling components and there is high 

sequence similarity between the EphA and EphB receptor cytoplasmic tails. Therefore 

it might be expected that EphA and EphB receptors would have similar effects. It may 

be that regulation of the Eph receptor/ephrin interaction at the point of cell contact by 

the two different classes of ephrin will turn out to be an important part of Eph/ephrin 

topographic mapping.

1.3.2. Eph receptors and ephrins as barriers in axon guidance.

1.3.2.1. Thalamocortical projection and cortical layer development.

Expression of ephrins in gradients is important for topographic mapping of Eph 

receptor expressing neurons. However ephrins can also act as barriers to exclude axonal 

projections. Thalamocortical neurons project from the thalamus to the cortex. Neurons 

in the medial, limbic thalamus express EphAB and A5 (Gao et al., 1998;
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Mackarehtschian et a l, 1999) and projections from these neurons are excluded from the 

sensorimotor cortex by ephrin-A5. In vitro, limbic neurons fail to grow out on ephrin- 

A5 expressing cells (Gao et a l, 1998) and ephrin-A5 null mice show aberrant 

projections from limbic thalamus into the sensory cortex (Uziel et ah, 2002). 

Intriguingly, although ephrin-A5 was inhibitory to outgrowth of thalamic neurons, it 

increased their branching (Mann et ah, 2002b). Another set of thalamocortical 

projections from the lateral, visual/motor thalamus express EphA4 (Greferath et ah,

2002) and axonal projections from these neurons are inhibited from the limbic regions 

of the cortex by ephrin-B3 (Takemoto et ah, 2002).

The cerebral cortex is further divided into layers containing different populations of 

neurons. At the time of intrinsic circuit wiring between these layers by intemeurons, 

EphA receptors and ephrin-As have complementary expression. EphA5 is expressed by 

neurons in layers 2/3, and ephrin-A5, expressed in layer 4, inhibits branching of the 

neurons from layers 2/3 (Castellani et ah, 1998). Ephrin-A5 has been shown to cause 

growth cone collapse in cortical neurons (Meima et ah, 1997; Castellani et ah, 1998) 

and it is thought that the correct wiring requires ephrin-A5 repulsion of layer 2/3 

neurons in layer 4. However the role of Eph receptors in intrinsic circuit wiring of the 

cortex is likely to be more complicated than this simple picture of repulsion by ephrins 

expressed in different layers. Examination of the barrel cortex, which is part of the 

cerebral cortex, demonstrates that ephrin-A5 expression is not uniform throughout layer 

4 and that in ephrin-A5 null mice the layer 2/3 neurons still avoided layer 4 (Yabuta et 

ah, 2000). It may be that there is another repulsive mechanism at work here or there 

may be compensation by other ephrins. Additionally there is intriguing evidence that 

suggests that ephrin-A5 expressed in layer 4 actually increases branching in layer 6
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neurons, although these neurons have yet to be shown to express EphA reeeptors 

(Castellani et al., 1998).

Further evidence for the role of ephrin-A5 in both thalamocortical projection and 

cortical layer development comes from ephrin-A5 null mice. These mice have defects 

in the functional organisation of the somatosensory cortex, in both thalamic inputs and 

internal cortical organisation (Prakash et al, 2000).

1.3.2.2. Midline crossings in the forebrain and spinal cord.

Cortico-spinal axons cross over the midline to the contralateral side and then extend 

from the cortex down the spinal cord in axon tracts parallel to the midline. They express 

EphA4 and have been shown to collapse in response to ephrin-Bs (Dottori et a l, 1998; 

Imondi et a l, 2000; Greferath et a l, 2002). Ephrin-B3 is expressed at the midline and 

acts to prevent cortico-spinal axons from re-crossing the midline as they descend the 

spinal cord (Kullander et a l, 2001; Yokoyama et a l, 2001). In EphA4 null mice the 

cortico-spinal axons keep crossing the midline. Additionally these repulsive signals 

from midline ephrin-Bs also prevent re-crossing of commissural spinal axons. These 

axons cross once at the ventral midline and then up-regulate EphBl expression. 

Interaction of EphB 1 with midline ephrinBs expressed in the floor plate then prevents 

recrossing of the midline (Imondi et a l, 2000; Imondi and Kaprielian 2001). 

Interestingly spinal motor axons also express EphA4 (Soans et a l, 1994; Ohta et al, 

1996; Helmbacher et a l, 2000) and EphAB (Iwammasa et a l, 1999), and they collapse 

in response to ephrin-A2 and A5. These ligands are expressed in the developing limb 

buds (Ohta et a l, 1997; Eberhart et a l, 2000) and are thought act to guide the 

innervating motor axons their correct muscle targets (Helmbacher et a l, 2000). In light 

of the roles for Eph receptors in the mammalian spinal cord it is interesting to note that
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the Drosophila ephrin (Dephrin) is required to prevent aberrant exit of intemeurons 

form the Drosophila ventral nerve cord (Bossing and Brand, 2002).

In the forebrain reverse signalling through ephrinB activation may be important for 

axon pathflnding. Commissural axons express ephrin-Bs and are repulsed by EphB2 

and B3 expressed in the ventral forebrain (Henkemeyer et al., 1996; Orioli et al., 1996). 

Commissural defects in EphB2 null mice can be rescued by knocking back in a 

tmncated EphB2 with no kinase activity implying that the EphB receptors may be 

acting as guidance cues (Henkemeyer et al., 1996). EphB2 and ephrin-Bs are also 

important for commissural axonal projections that synapse with the vestibular system 

(Cowan et al., 2000).

It is now apparent that Eph receptors and ephrins play essential roles in many different 

processes throughout development and adulthood where they are important regulators 

of cell migrations. Eph receptors and ephrins are capable of acting as simple barriers to 

cell movements as seen in the rhombomeres but are also capable of regulating much 

more complex migrations such as those required to organise the topographic mapping in 

the visual system and the development of the vasculature. In addition there is intriguing 

evidence from neural crest cell migrations and dorsal-ventral patterning in the visual 

system that Eph receptors and ephrins may be capable of triggering positive attractive 

migrations as well as acting as inhibitory guidance cues and thus it is important to 

understand how Eph receptors are signalling to the cellular machinery to regulate these 

cell movements.

36



1.4. Eph receptor signalling.

1.4.1. The actin cytoskeleton.

The actin cytoskeleton is important for many cellular processes including cell motility 

(reviewed in Pollard and Borisy, 2003) and the movement of intracellular vesicles 

(reviewed in Qualmann and Kessels, 2002). Actin binding proteins allow the cell to 

regulate the polymerisation state of actin (reviewed in dos Remedies et ah, 2003) while 

the myosin family of motor proteins moves cargo along actin filaments and also drives 

the contraction, or shortening, of actin cables (reviewed in Berg et ah, 2001). Together 

actin polymerisation and actin-myosin contraction drive cell movement. Increased 

polymerisation of actin at the leading edge of cells drives the formation of structures 

such as lamellae, which push the the cell membrane forward, and there is corresponding 

actin depolymerisation at the rear of the cell (Pollard and Borisy, 2003). Actin-myosin 

contractile bundles, known as stress fibres, attach to the matrix at the front of the cell 

via focal adhesions and pull the cell body along by shortening (Cramer, 1999). 

Therefore regulation of actin structures, such as lamellae and stress fibres is important 

for cell movement.

1.4.1.1. The Rho family of GTPases.

The Rho family of small GTPases are important regulators of the actin cytoskeleton. As 

their name suggests they are small (21kDa) proteins that catalyse the hydrolysis ofGTP 

to GDP. As this hydrolysis is slow they stably exist in two states, GTP-bound and GDP- 

bound, with a conformational change occurring during the switch between the two 

states. The GTP-bound protein is the active protein and binds to and activates 

downstream signalling molecules. Hydrolysis of the GTP to GDP induces a 

conformational change causing release of the effector protein and inhibition of
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Figure 1-4. Rho GTPase cycle. 
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signalling. Therefore regulation of  nucleotide binding allows these proteins to act as 

molecular switches.

Two families o f  proteins regulate the GTP/GDP binding of  the Rho GTPases. The 

Guanine Nucleotide Exchange Factors (GEFs) contain characteristic DH/PH domains 

(Dbl homology/Pleckstrin homology). They trigger release o f  GDP allowing GTP 

binding and thus they activate downstream signalling (Schmidt and Hall, 2002). The 

GTPase Activating Proteins (GAPs) catalyse hydrolysis o f  GTP to GDP and thus down- 

regulate signalling (Moon and Zheng, 2003) as shown in Fig. 1-4.

Rho family proteins regulate a wide range o f  actin structures. Activation o f  Rho itself 

triggers the formation o f  actin-myosin stress fibres, which are important for cell 

contractility. The formation o f  these stress fibres occurs through the Rho effector, Rlio-



associated kinase (ROCK), which phosphorylates myosin light chain phosphatase and 

myosin light chain and activates the myosin ATPase (reviewed in Riento and Ridley, 

2003). Regulation of cell contractility through ROCK is important for cell migration in 

certain cell types as it is required for trailing edge retraction (Alblas et a l, 2001; 

Worthylake et al., 2003) and the movement of the cell body of a migrating cell (Allen et 

al., 1997). However, regulation of cell contractility by Rho/ROCK signalling has also 

been demonstrated to play an important role in inhibiting cell movements by limiting 

membrane protrusions. Inhibition of ROCK leads to an increase in membrane ruffles 

and also to an increase in cell matrix adhesion at the cell periphery (Worthylake et al., 

2003). Thus although Rho is essential for the movement of the cell body, localised 

activation of Rho has an important role in the inhibition of migration and has been 

shown to act downstream of molecules inhibitory to migration such as LPA and Nogo 

(Jalink et al., 1994, Niederost et al., 2002).

Other Rho family members regulate the protrusive structures, lamellae and filopodia, at 

the leading edge of migrating cells. Lamellae are regulated by Rac (Nobes and Hall,

1999) and filopodia are regulated by Cdc42 (Nobes and Hall, 1999) or Rif (Ellis et al.,

2000). It is thought that Rac and Cdc42 are antagonistic with respect to Rho functions, 

particularly in the response of cells to guidance molecules, with Rac and Cdc42 

regulating cell responses to attractive guidance cues such as PDGF and CC chemokines, 

respectively, while Rho is important for response to inhibitory/repulsive guidance cues. 

Therefore localised activation of the Rho family GTPases by Eph receptors provide a 

powerful mechanism for Eph/ephrin regulated cell motility.

I.4.I.2. Eph receptors and Rho.

Eph receptors have been shown to inhibit cell intermingling and migration and
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therefore Rho was an ideal candidate to be acting downstream of Eph receptors. Indeed 

several groups have demonstrated Rho activation after treatment of EphA expressing 

cells with ephrin-As (Wahl et al., 2000; Lawrenson et al., 2002; Sharfe et al., 2002). 

Treatment of EphA receptor expressing retinal ganglion cells with ephrin-A5 triggered 

Rho activation as measured using the Rho pull down technique (Wahl et al., 2000). This 

involves precipitating Rho-GTP with the Rho binding domain (RED) of Rhotekin, 

which has a higher binding affinity for Rho-GTP than Rho-GDP (Reid et al., 1996). 

Additionally ephrin-A triggered growth cone collapse is inhibited by treating the 

neurons with C3-transferase (Wahl et al., 2000; Gallo et al., 2002), which ADP- 

ribosylates and down-regulates Rho activity, or with Y27632 (Wahl et al., 2000), a 

chemical inhibitor of Rho’s downstream effector, ROCK (Uehata et al., 1997). 

Therefore Rho is an essential mediator of EphA/ephrinA triggered growth cone 

collapse.

EphA3 expressing melanoma cells undergo rounding and loss of attachment after 

ephrin-A5 treatment (Lawrenson et al., 2002). Again Rho activation was demonstrated 

using the RBD pull-down method and treatment of cells with C3 or Y27632 inhibited 

the cell rounding although the effect on loss of attachment was minimal. Rho activation 

could be inhibited by over expression of a dominant negative form of the adaptor 

protein Crk, which had been previously shown to bind to Eph receptors (Hock et al.,

1998). Recently it was demonstrated that Rho could be activated downstream of EphB2 

when expressed with Nek and dishevelled and this contributed to cell sorting in an 

animal cap assay (Tanaka et al., 2003). Taken together these studies show that Eph 

receptor signalling can lead to Rho activation and that Rho activation is likely to play a 

role in Eph receptor mediated inhibition of cell migration.
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Recent work has demonstrated that EphA receptors directly recruit specific RhoGEFs in 

order to trigger Rho GTPase activation. Ephexin is a RhoGEF that was isolated from a 

yeast 2-hybrid screen for Eph receptor binding proteins. It contains characteristic 

RhoGEF PH/DH domains and is expressed in neural tissues (Shamah et a l, 2001). 

Although it has a weak GEF activity towards Rho and Cdc42 when expressed on its 

own, co-expression with EphA4 dramatically increased its specificity and activity 

towards Rho (Shamah et a l, 2001). Furthermore expression of a dominant-negative 

ephexin in retinal ganglion cells reduced ephrin-induced growth cone collapse by 30- 

40% (Shamah et a l, 2001). VSM-RhoGEF also contains the PH/DH domain and is 

structurally related to ephexin. It is specifically expressed in vascular smooth muscle 

and appears to be constitutively associated with EphA4 in these cells (Ogita et al, 

2003). Activation of EphA4 increases the RhoGEF activity of VSM-RhoGEF, possibly 

via phosphorylation of VSM-RhoGEF, and this leads to an increase in Rho activity in 

these cells that can be inhibited by reducing the levels of VSM-RhoGEF using siRNAs 

(Ogita et a l, 2003). In combination the work on ephexin and VSM-RhoGEF implies 

that EphA receptors are capable of recruiting or activating specific RhoGEFs upon 

stimulation with ephrin thereby inducing a raised level of Rho activity.

I.4.I.3. Eph Receptors and down-regulation of Cdc42 and Rac.

While activating Rho is one way of inhibiting migration, it is also possible to achieve 

this by down-regulation of the GTPases Rac and Cdc42. Ephrin stimulation of Jurkat 

cells led to an activation of Rho and also inhibited an SDF-1 induced increase in the 

levels of active Cdc42 (Sharfe et a l, 2002). Ephrin stimulation also inhibited SDF-1 

triggered Jurkat cell migration and it was hypothesised that this was due to a 

combination of Rho activation and Cdc42 down-regulation (Sharfe et a l, 2002). HGF

* (SDF-1: Stromal cell derived factor)
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induced migration of kidney epithelial cells (MDCK) was similarly inhibited by ephrin 

stimulation (Miao et a l, 2003). Treatment of MDCK cells with HGF usually induces 

migration and scattering of the MDCK cells, which requires activation of Rac and Rho 

(as stated above, while localised Rho activation may inhibit cell migration, Rho activity 

is essential within migrating cells for movement of the cell body). Treatment of the 

MDCK cells with ephrinAs specifically prevented HGF-induced Rac activation without 

inhibiting Rho activation leading to a reduction in HGF-induced cell motility (Miao et 

al., 2003). Finally Deroanne et al. (2003) demonstrated that coating a surface with 

ephrinA prevented adhesion and spreading of cells on the coated surface. Using RBD 

and PHD (PAK binding domain, which binds specifically to Rac-GTP and Cdc42-GTP) 

pull down assays they concluded that activation of Eph receptors inhibited Rac 

activation that was required for the spreading of cells as they adhere (Deroanne et al.,

2003). Therefore EphA receptors are capable of both recruiting and activating Rho as 

well as down-regulating Rac and Cdc42 activities. It may be that the localised 

regulation of Rho GTPases at sites of contact between Eph receptor- and ephrin- 

expressing cells is a key step in the inhibition of cell migration regulated by Eph 

receptors.

1.4.1.4. EphB receptor activation of Cdc42 and Rac.

Although Eph receptors have a well characterised role in negatively regulating cell 

migration there is increasing evidence that EphB receptors, in particular, can regulate 

attraction to ephrins. Examples of this include the migration of the melanocyte 

population of neural crest cells (Santiago and Erickson, 2002) and the projection of 

ventral RGC axons to the medial tectum (Hindges et al., 2001). It therefore seems likely 

that in some cases Cdc42 and Rac may be positively regulated by Eph receptors. A
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requirement for Rac in ephrin induced responses has been demonstrated in two systems. 

In the first Rac was required for ephrin-A induced growth cone collapse of RGCs. 

Fournier et al. (2000) showed that fluid phase endocytosis occurred after ephrin-A5 

induced growth cone collapse in retinal ganglion cells. Furthermore inhibiting Rac 

signalling using an inhibitory peptide or anti-sense RNA treatment prevented both the 

fluid phase endocytosis and the collapse of the RGC growth cone (Jumey et al., 2002). 

Intriguingly, although there was an initial decrease in active Rac in these ephrin-A5 

stimulated RGCs, the active Rac levels quickly returned implying there may be a very 

dynamic regulation of Rac downstream of Eph receptors (Jumey et al., 2002).

A more canonical requirement for Rac in membrane-mffling and spreading in 

endothelial cells stimulated with ephrin-Bl has been demonstrated (Nagashima et al.,

2002). The levels of Rac activity were not directly measured in this study, though 

parallel requirement for Crk andpl30Cas in membrane mffling was shown (Nagashima 

et al., 2002).

There is now evidence showing activation of both Cdc42 and Rac by EphB receptors in 

post-synaptic neurons in dendritic spines. EphB receptors are present at post-synaptic 

sites, possibly recmited by the PDZ protein AF6 (Torres et al., 1998; Buchert et al.,

1999). Eph receptors modulate NMDA receptor activity in hippocampal neurons, via 

the cytoplasmic kinase Src, modulating synaptic plasticity (Dalva et al., 2000; Takasu et 

al., 2001) and long term potentiation (Henderson et al., 2001; Gao et al., 1998). In 

addition there is evidence that these post-synaptic Eph receptors are regulating spine 

morphogenesis (Ethel et al., 2001) through Cdc42 and/or Rac regulated actin 

polymerisation (Irie and Yamaguchi, 2002; Penzes et al., 2003). Treatment of rat 

hippocampal neurons with clustered ephrin-Bl induced larger and greater numbers of
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actin-rich dendritic spines in a process requiring EphB kinase activity (Penzes et al.,

2003). Kalirin is a Rho family GEF that is known to stimulate spine formation (Penzes 

et al., 2001). Activation of EphB2 in HEK cells and neurons led to kalirin 

phosphorylation (Penzes et al., 2003), although phosphorylation of kalirin by EphB2 

was not shown to increase its GEF activity. However ephrin-Bl treatment of both 

HEK293 cells and neurons led to the clustering of kalirin at Eph receptor sites in a 

kinase dependent fashion and in neurons these clusters correlated to the positions of 

dendritic spines. Dominant negative kalirin and N17Rac inhibited the ephrin effect on 

spine morphogenesis. Finally ephrin treatment stimulated activation of PAK, which is a 

downstream effector of Rac. PAK activation could be inhibited using the kalirin mutant 

implying a direct pathway from Eph receptors through kalirin to Rac and PAK. In a 

separate study ephrin-B2-Fc stimulation of hippocampal neurons led to an increase in 

Cdc42 activity which was hypothesised to be through the Cdc42GEF, intersectin (Irie 

and Yamaguchi, 2002). Intersectin was shown to bind EphB2 and N-WASp in 

hippocampal neurons and in HEK293 cells, EphB2 and N-WASp potentiated 

intersectin's Cdc42 GEF activity. Therefore in this specific situation it appears that 

EphB receptors are capable of triggering Cdc42 and Rac dependent actin 

polymerisation. It remains to be seen whether this is a general phenomenon or whether 

it is due to specific GEFs regulating dendritic spine formation.

These studies on dendritic spine formation at synapses contrast with work examining 

interactions between neurons and their supporting cells. Treatment of hippocampal 

neurons with ephrin-A3 led to activation of EphA4 and a reduction in the size and 

density of dendritic spines (Murai et al., 2003). Ephrin-A3 was elegantly demonstrated 

to be expressed in astrocytes allowing spatial regulation of synapse formation by these
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cells. Thus it is feasible that EphB/ephrinB interactions between neurons may increase 

dendritic spine formation whereas EphA/ephrin-A interactions between neurons and 

supporting cells may negatively regulate spine formation.

1.4.2. Eph regulation of cell-matrix adhesion.

Eph receptors may also regulate cell-migrations through modulation of cell spreading 

and integrin-mediated attachment to the extra-cellular matrix. Integrins are 

transmembrane proteins that form heterodimers, consisting of a single alpha chain and a 

single beta chain. Different combinations of alpha and beta chains allow binding to 

different matrix components. Integrin binding to the ECM is regulated by intracellular 

signalling in a process called inside-out signalling. Inside-out signalling has two 

components: regulation of the integrins affinity for their ligands through conformational 

changes of the integrin (reviewed in Liddington and Ginsberg, 2002); and regulation of 

the integrins avidity by modulating the level of integrin clustering (reviewed in Van 

Kooyk and Figdor, 2000). In addition, integrin binding to ECM also triggers 

intracellular signalling, which is referred to as outside-in signalling (Alahari et al., 

2002).

Several groups have described how pre-treating cells with soluble ephrin-Fc proteins 

increases cell attachment to surfaces coated with integrin ligands (Stein et al., 1998a; 

Huynh-Do et al., 1999; Becker et al., 2000; de Saint-Vis et al., 2003) and others have 

shown similar effects on cell-matrix adhesion after binding ephrin-Fc proteins to 

integrin-ligand coated surfaces (Becker et al., 2000; Carter et al., 2002). Conversely, 

there is plenty of evidence that activation of Eph receptors can lead to a loss of 

adhesion either through auto-activation of Eph receptors (Zou et al., 1999) or through 

treatment with soluble (Miao et al., 2000) or surface-coated (Hamada et al., 2003;
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Fuller et al., 2003) ephrin-Fc proteins. How Eph receptors may be capable of positive 

and negative modulation of cell attachment is discussed later.

Two potentially important signalling intermediates in the regulation of integrin function 

are the small GTPase R-Ras and Rapl. These GTPases are related to Ras and are 

capable of modulating integrin mediated adhesion. Rapl activity has been proposed to 

increase integrin binding affinity to the ECM ligands (Caron et al., 2000; Katagiri et al., 

2000; Katagiri et a l, 2003), while R-Ras may increase integrin avidity (Zhang et al, 

1996a; Keely et a l, 1999) or act upstream of Rapl (Self et a l, 2001).

Rapl has been shown to be recruited to Eph receptors (Dodelet et a l, 1999) and 

becomes activated during ephrin induced spreading (Nagashima et a l, 2002). R-Ras can 

also be recruited to Eph receptors and phosphorylation of R-Ras in its effector binding 

site inhibits R-Ras signalling and down-regulates cell adhesion (Zou et a l, 1999).

Several potential R-Ras regulators have also been shown to be recruited to Eph 

receptors. SHEPl is a putative R-Ras GEF that is recruited to Eph receptors and may 

increase R-Ras-GTP levels leading to increased adhesion (Dodelet et a l, 1999). 

Conversely, RasGAP, which down-regulates R-Ras (Rey et a l, 1994) is also recruited to 

Eph receptors (Hock et a l, 1998). This is essential for neurite retraction in EphB2 

expressing neuroblastoma cells (Elowe et a l, 2001) and neurite retraction can be 

inhibited by removing RasGAP binding sites (Tong et a l, 2003). However RasGAP 

itself may be further regulated; p62Dok has been shown to be recruited to Eph receptors 

in complex with the adaptor Nek, the serine/threonine kinase NIK, and RasGAP ( 

Holland et a l, 1997; Becker et a l, 2000). p62Dok can down-regulate RasGAP activity 

(Kashige et a l, 2000) thereby increasing R-Ras mediated adhesion. Inhibiting the
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formation o f  the Nck/NIK/p62Dok complex inhibits the Eph receptor mediated 

decrease in adhesion (Becker et a!., 2000). This Nck/NIK complex is also capable of 

activating Jun Kinase (Stein et a f ,  1998b, Becker et a f ,  2000), although the 

physiological consequences o f  this activation are unknown.

Another potential regulator o f  integrin mediated adhesion is focal adhesion kinase 

(FAK), which may lie downstream o f  R-Ras (Kwong et a f ,  2003). FAK is recruited to 

integrin clusters where it undergoes auto-phosphorylation to trigger outside-in 

signalling through Src and other signalling intermediates (Abbi and Guan, 2002). 

However there is evidence that FAK may influence inside-out signalling by modulating 

integrin avidity through regulation o f  integrin clustering and integrin turnover at 

adhesion sites (Richard et a f ,  2001, Giannoni et a f ,  2003, Carragher et a f ,  2003). 

Carter et a f ,  (2000)demonstrated that FAK is required for ephrin-Al induced spreading, 

as is p l30Cas, an associated protein (Carter et a f ,  2002). Conversely EphA2 can recruit 

SHP2, a phosphatase, which leads to a de-phosphorylation o f  FAK that correlates with a

Figure 1-5. Regulation of integrin mediated adhesion by Eph receptors.
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loss of cell-matrix adhesion (Miao et al., 2000). Inhibiting phosphatase activity 

inhibited the decrease in cell attachment.

In summary, Eph receptors would appear to be able to modulate integrin mediated 

attachment by regulating both integrin affinity, through Rapl, and integrin avidity, 

through R-Ras and FAK (See Fig. 1-5). Intriguingly, Eph receptors seem capable of 

both increasing and decreasing cell-matrix adhesion. So far there there is no clear 

consensus between classes of receptor or methods of ligand presentation as to whether 

the regulation is positive or negative. The process is further complicated by the fact that 

Eph receptors regulate the Rho family of small GTPases, which play a role in regulating 

integrin adhesions themselves (Nobes and Hall, 1999). This was noted by Carter and 

colleagues since they showed EphA2 triggered, FAK-mediated adhesion required Rho 

activity (Carter et al., 2002). Therefore the actin cytoskeleton and the cell-matrix 

adhesion are likely to undergo concerted regulation downstream of Eph receptors.

1.4.3. Eph receptors and other cytoplasmic signalling cascades.

Eph receptors have also been shown to regulate other cytoplasmic signalling molecules 

including Src, phosphatidyl-inositol-3-kinase (PBkinase) and MAP kinase (Steinle et 

al., 2002), all of which are known to modulate cell motility.

As stated above Eph receptors can recruit RasGAP, which is a powerful inhibitor of 

Ras/MAP kinase signalling. EphA2 (Miao et al., 2001) and EphB2 (Elowe et al., 2001) 

have both been shown to down-regulate MAP kinase signalling through RasGAP. Also 

it has been demonstrated that Eph receptor activation can prevent stimulation of the 

MAP kinase pathway by HGF (Miao et al., 2003) and VEGF (Kim et al., 2002), 

presumably through recruitment of RasGAP. Decreased levels of MAP kinase in these
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studies correlate with a decrease in cell migration. In addition EphB receptors have 

been shown to stimulate MAP kinase activity through Src, a cytoplasmic non-receptor 

tyrosine kinase. Src can be recruited to EphB2 (Zisch et al., 1998) and EphBl (Vindis et 

al., 2003) and these receptors stimulate MAP kinase activity in a Src kinase dependent 

manner that requires the adaptor protein She (Vindis et al., 2003).

PBkinase can be activated by Eph receptors either by recruitment of the regulatory 

subunit, p85, to phospho-tyrosines on activated Eph receptors (Pandey et al., 1994; 

Yoshii et al., 1999) or by direct recruitment of the catalytic subunit, pllOy, in a tyrosine 

kinase independent mechanism (Gu and Park, 2001; Gu and Park, 2003). There is 

evidence that Src, MAP kinase and PBkinase may play roles in the cell migration and 

adhesive responses to Eph receptor activation, although different requirements for these 

signalling molecules are seen by different groups. Cell migration and increased 

adhesion triggered by EphBl activation requires both MAP kinase and Src activity 

(Vindis et al., 2003). However Src and PBkinase activity but not MAP kinase signalling 

are required for ephrin-B2 triggered cell migration in one endothelial cell line (Steinle 

et al., 2002), whereas PBkinase but not Src is required for ephrin-B2 triggered cell 

migration in another endothelial cell line (Maekawa et al., 2003). The fact that these 

cytoplasmic signalling molecules interact with and regulate each other, as well as cross

talk with integrin and Rho GTPase signalling pathways, in addition to responding to 

other environmental cues such as growth factors, which may or may not be present, may 

explain some of the variability seen. In addition, a recent paper has demonstrated that 

PP2, a chemical inhibitor of Src, which is used in many of these experiments, also 

inhibits EphB4. Therefore care must be taken in interpretation of results where this 

inhibitor has been used.
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Other molecules that interact with Eph receptors include the adaptors Grb7 (Han et al.,

2002) and GrblO (Stein et a l, 1996), and the cytoplasmic tyrosine kinases Fyn (Ellis et 

al,, 1996; Choi and Park, 1999) and Abl/Arg (Yu et a l, 2001). Abl would be an 

interesting interacting protein as it is known to interact with other known Eph receptor 

binding proteins such as Src (Plattner et a l, 1999), p62Dok and RasGAP (Yamanashi 

and Baltimore, 1997) and Crk (Feller et a l, 1994) and is important for axon guidance in 

Drosophila.

1.5. Ephrin signalling.

1.5.1 Signalling from ephrinB family members.

As stated above there is now evidence that the cytoplasmic tail of B-class ephrins is 

essential for vascular development (Adams et al., 2001) and axon guidance in the visual 

system (Birgbauer et al., 2001) and central nervous system (Henkemeyer et al., 1996). 

Further work using soluble Eph receptor ectodomains demonstrated that ephrinB 

proteins act as receptors and are themselves able to regulate cell migration (Birgbauer 

et ah, 2001; Mann et al., 2003; Steinle et al., 2003). Recently a role for ephrinB s has 

been demonstrated in hippocampal synaptic plasticity. EphrinBs are located post- 

synaptically in mouse hippocampal CAl neurons (Grunwald et al., 2004) and EphB2 

null mice show defects in hippocampal synaptic plasticity that can be rescued by a 

truncated EphB2 lacking kinase activity suggesting ephrinBs may be acting as the 

receptor in this instance (Grunwald et al., 2001).

1.5.1.1. Phosphorylation of ephrin-Bs.

It was realised soon after their discovery that, although the ephrins lack kinase activity, 

tyrosine residues on the cytoplasmic tail of B class ephrins could be phosphorylated in
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vitro (Holland et a l, 1996; Bruckner et al, 1997) and this has subsequently been shown 

to be the case in vivo (Kalo et al., 2001). A wide range of proteins have been shown to 

phosphorylate ephrinBs and these fall into two groups: (1) Receptor tyrosine kinases 

including Tie-2 (Adams et al., 1999), PDGF (Bruckner et al., 1997) and FGF (Chong et 

al., 2000; Bong et al., 2003) , and (2) the cytoplasmic tyrosine kinase Src, which can 

phosphorylate ephrin-Bs after stimulation with EphB ectodomains (Palmer et al., 2002) 

or if ephrin-Bs are over-expressed (Xu et al., 2003). Phosphorylated tyrosine residues on 

ephrinBs can recruit Grb4 via its SH2 domain (Cowan and Henkemeyer, 2001; Bong et 

al., 2003), which leads to re-arrangement of the actin cytoskeleton and loss of adhesion 

(Cowan and Henkemeyer, 2001). This loss of adhesion may require JNK signalling (Xu 

et a l, 2003) or recruitment of dishevelled (Tanaka et al., 2003).

I.5.I.2. PDZ binding.

As well as signalling via recruited SH2 containing proteins, ephrin-Bs contain a PDZ 

binding domain at their carboxy-tail and this can recruit several PDZ containing 

proteins such as Syntenin, PICKl, PTP-BL (FAPl), and GRIPl (Torres et a l, 1998; Lin 

et a l, 1999; Bruckner et a l, 1999; Palmer et a l, 2002). These PDZ containing proteins 

can act as adaptors to recruit further signalling molecules (Bruckner et a l, 1999). In 

addition ephrins B1 and B2 are able to recruit PDZ-RGS, which down-regulates G- 

protein coupled receptor signalling. By this method ephrin-Bs are able to modulate 

chemokine mediated chemo-attraction (Lu et a l, 2001; Sharfe et a l, 2002). The PDZ 

binding domain has been shown to be important for ephrinB mediated up-regulation of 

cell adhesion which may require JNK signalling (Huynh-Do et a l, 2002) or Rap activity 

(Prévost et a l, 2003).
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1.5.2. Ephrin-A signalling.

Although ephrin-As have no cytoplasmic domain there is evidence that binding of EphA 

ectodomains to ephrin-As can trigger a cellular response. Ephrin-A5 activation with 

EphA5 led to a Fyn tyrosine kinase dependent increase in integrin-mediated adhesion 

(Davy et al., 1999; Huai and Drescher, 2001) and an increase in MAP kinase activation 

(Davy and Robbins 2000). Furthermore activation of ephrin-A1 inhibited T-cell 

chemotaxis by increasing Rho activation (Sharfe et al., 2002). The mechanism of 

ephrinA signal transduction is not understood, however the GPI anchorage of ephrin-As 

may localise them to membrane rafts rich in signalling complexes (Sargiacomo et al., 

1993; Shenoy-Scaria et al., 1994) and a raft-localised potential co-receptor has been 

implicated (Huai and Drescher, 2001).

1.6. Regulation o f Eph Receptors.

1.6.1. Transcriptional regulation and localisation of Eph receptors.

Eph receptors are developmentally regulated by transcription factors such as Krox-20 or 

members of the Homeobox family (Taneja et al., 1996; Theil et al., 1998). Eph receptor 

expression also appears to be regulated by the canonical Wnt pathway through p- 

catenin and the transcription factor TCF (Batlle et al., 2001). Further evidence for this 

comes from the ability of E-cadherin to regulate Eph receptor expression levels (Zantek 

et al., 1999; Orsulic and Kemler, 2000). Interestingly, E-cadherin has also been shown 

to recruit EphA2 to cell-cell adhesions (Zantek et al., 1999), possibly through 

interactions with PDZ proteins known to recruit Eph receptors to synapses (Torres et 

a l, 1998; Buchert et a l, 1999). Recruitment of Eph receptors to adherens junctions 

gives rise to the possibility that Eph receptor activation may have different 

consequences depending on the level of confluency of the cells. Eph receptors localised
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to adherens junctions could interact with other junction-associated signalling complexes 

upon activation and therefore trigger a different cellular response to that triggered by 

activated Eph receptors spread across the cell membrane. This could explain some of 

the conflicting results seen in the Eph receptor field.

1.6.2 Proteolytic down-regulation of Eph receptors.

There is evidence for a ubiquitin-dependent mechanism causing down-regulation of 

Eph receptors. Two papers have demonstrated that c-Cbl is recruited to active EphA2 

and that the ubiquitin-ligase activity of c-Cbl causes down-regulation of this receptor 

(Walker-Daniels et al., 2002; Wang et al., 2002). Further evidence for c-Cbl mediated 

degradation of Eph receptors comes from work in T-cells. Stimulation of Jurkat cells 

with ephrin-A, but not ephrinB led to phosphorylation of Cbl in a Crk and Src- 

dependent manner (Sharfe et al., 2003). Furthermore c-Cbl activation led to 

proteosomal degradation of EphA3 similar to that shown for other receptors such as the 

EGF (Lefkowitz et ah, 1998) and PDGF receptors (Miyake et al., 1998). It is interesting 

to note that stimulation of EphB receptors did not lead to c-Cbl activation implying that 

their down-regulation may occur through a different mechanism (Sharfe et al., 2003; 

Wang et al., 2002).

1.7. Regulation o f contact-repulsion.

Eph receptors and ephrins are powerful regulators of migration and have been shown to 

be important for many developmental and adult processes. However two powerful 

paradoxes remain: the first is how Eph receptors are capable of inducing both positive 

and negative migratory responses to ephrins, the second is how two high-affmity 

transmembrane proteins might mediate cell separation and contact repulsion.
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1.7.1. Splice variants of Eph receptors.

A recent study has hinted that splice variants of Eph receptors may play a role in 

allowing Eph receptors to trigger both repulsive and attractive responses. Holmberg et 

a l, (2000) demonstrated that cells expressing ephrin-A5 induce a repulsive response in 

cells expressing EphA7. However, expression of a naturally occurring splice variant of 

EphAT, which lacked the tyrosine kinase domain, instead of the full length protein 

converted this response into an adhesive one. Even in the presence of the full length 

receptor the splice variant mediated cell-cell adhesion (Holmberg et al., 2000). It is not 

known whether this response is due to the Eph receptors and ephrins becoming in effect 

cell-cell adhesion molecules or whether there are other kinase independent signalling 

pathways triggered by expression of the kinase-null splice variant. However Holmberg 

et al., show that the kinase null splice variant is expressed at a time when EphA 

receptors are thought to play an adhesive role in neural tube closure.

1.7.2. Cleavage of ephrin-As.

Two mechanisms have recently been put forward that allow Eph receptors and ephrins 

to mediate contact repulsion even though they are both membrane bound proteins. John 

Flanagan and colleagues demonstrated that the extra-cellular domain of ephrin-A2 is a 

substrate for the metalloprotease kuzbanian (Hattori et al., 2000). Treatment of ephrin- 

A2 expressing cells with EphA3 ectodomains led to shedding of the ephrin-A2 into the 

medium. Furthermore mutating the cleavage site prevented EphA receptor expressing 

hippocampal neurons from retracting in response to cells expressing ephrin-A2, 

demonstrating that cleavage of ephrin-As is essential for cell-cell separation that 

underlies the repulsive response to ephrin-As. It is possible that regulation of ephrin-A 

cleavage is important for switching between an adhesive versus repulsive response and
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it may yet be the case that the cleavage event is important for regulation of specific Eph 

receptor or ephrin signalling pathways. The recent discovery of a truncated isoform of 

ephrin-A 1 which inhibits cleavage of the full length ephrin (Finne et ah, 2003) gives 

rise to the possibility that regulation of ephrins at the transcriptional/translational level 

could regulate switching between adhesive versus repulsive responses.

1.7.3. Endocytosis of ephrin-Bs

Ephrin-Bs can also act as negative guidance molecules, however so far there is no 

evidence for their cleavage by metalloproteases. A recent study from Klein and 

colleagues has proposed that bi-directional endocytosis of full-length Eph receptors and 

ephrins may be a mechanism allowing EphB/ephrinB dependent contact repulsion. 

They demonstrate that full-length receptors or ligands are transferred into the opposing 

cell and this removes the Eph/ephrin complex from the sites of cell-cell contact 

allowing the Eph receptor and ephrin expressing cells to disengage (Zimmer et al.,

2003). The mechanism for this endocytic event is not known although it appears to 

require signalling from the endocytosing Eph receptor or ephrin ligand. As with ephrin- 

A cleavage it is possible that regulation of EphB receptor/ephrinB endocytosis will be 

an important modulator of Eph/ephrin attraction or repulsion.

1.8 Questions unanswered.

From the evidence above it seems clear that Eph receptors and their ligands the ephrins 

are powerful regulators of cell movements. The Eph receptors achieve this regulation of 

cell migration and morphology through their ability to modulate the actin cytoskeleton 

and cell-matrix adhesion. However there is still much to understand. How can the Eph 

receptors apparently regulate both attractive and repulsive cellular responses? Do
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different receptors trigger different downstream signalling responses and thus regulate 

different cellular responses, or are there extra levels of regulation from other external 

cues? At least part of the answer may lie in the different responses seen to differentially 

oligomerised ephrin complexes (Stein et al., 1998a) but it is likely that there are further 

factors including inputs from other signalling pathways.

Regulation of Eph receptor and ephrin interactions at sites of cell-cell contact is likely 

to have an integral role in switching between attractive and repulsive cellular responses. 

The cleavage of ephrin-As (Hattori et al., 2000), in combination with c-Cbl down- 

regulation of EphA receptors (Wang et al., 2002), allows for EphA/ephrin-A contact 

repulsion and down-regulation of signalling as does the proposed trans-endocytosis of 

EphB/ephrinB complexes (Zimmer et al., 2003). However, regulation of these events 

are little understood. Therefore, in this study I have investigated how Eph receptors 

regulate the cytoskeleton after stimulation with soluble and membrane-attached ephrin 

paying particular attention to events at sites of cell-cell contact to investigate how Eph 

receptors and ephrins are such powerful regulators of cell migration.
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Chapter 2. Materials and Methods.

2.1. M aterials.

Unless otherwise stated chemicals and reagents were sourced from Sigma orBDH.

2.1.1. Expression plasmids

The following constructs were received as gifts: pCIneo-EphB4, David Wilkinson 

(NIMR, London); ephrin-B2 cDNA, Ralf Adams (Cancer Research UK, London); 

ephrin-Bl (intracellular flag) expression plasmid, Mark Henkemeyer (UT 

Southwestern, XX); ScarWA expression plasmid, Laura Machesky (Birmingham 

University, UK); C-moesin-GFP expression plasmid, Heinz Furthmayr (Stanford 

University Medical School, CA); PM-EGFP expression plasmid, David Holowka 

(Cornell University, New York); and pcDNA3-dynamin-l (K44A), J.M. Edwardson 

(Cambridge, UK). Where indicated some cDNAs were sub-cloned into the pRK5- 

expression vector. Truncated EphB4 comprises residues 1- 573 and lacks the kinase 

domain.

2.1.2. Antibodies and other reagents.

2.I.2.I. Anti-phospho-Eph antibody.

Rabbit anti-phospho-Eph receptor antibodies were raised against the peptide 

LRTYVDPHTYEDPTQ in which both tyrosines were phosphorylated. This peptide 

sequence is taken from the juxtamembrane region of EphA3 and includes the two 

regulatory tyrosine residues, 596 and 602, which have to be phosphorylated for efficient 

receptor activation (Shamah et al., 2001). Although raised against the EphA3 sequence, 

the antibody recognises all Eph receptor family members so far tested (EphB2, EphB4, 

EphA4, EphA7). The antibody does not recognise unphosphorylated Eph receptors (see
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Fig. 4-7, only activated EphB4 stains for phospho-Eph receptors) nor does it recognise 

truncated Eph receptors lacking the recognition site (see Fig. 4-7). Antibody binding to 

phosphorylated Eph receptors can be inhibited by pre-incubating the antibody with the 

phospho-peptide antigen. Finally Western blotting of Cos cells transfected with EphB4 

detected a major band at 120kDa and a minor band at 60kDa which matched phospho- 

tyrosine blotting of immuno-precipitated EphB4.

2.1.2.2. Commercial antibodies and inhibitors.

Antibody Clone/species Source
EphB4 Goat R and D

Myc Mouse 9el0 Steve Moss LMCB
p-Catenin Mouse 14 BD Transduction

Phospho-tyrosine Mouse PT66 Sigma

p-Adaptins 1 and 2 Mouse 10011 Sigma

Caveolin Mouse 2297 BD Transduction

Cortactin Mouse 4F11 Upstate

EEA-1 Mouse 12 BD Transduction

Flag Mouse M2 Sigma

Dynamin Mouse HUDYl Upstate

Phospho-ERKl/2 Mouse MAPK-YT Sigma

CD63 Mouse H5C6 BD Pharmingen

Ephrin-B2 Goat R and D

Phospho-ephrinB Rabbit Cell Signalling Technology

Alpha-tubulin Rat YLl/2 Serotec
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All fluorescently labelled secondary antibodies were sourced from Jackson Immuno- 

Laboratories and stored at -20°C as 50% glycerol solutions. Anti-human clustering 

antibodies were also sourced from Jackson Immuno-Laboratories. Labelled phalloidins 

were sourced from Sigma and stored as stock solutions of 50pg/ml in methanol at -20°
I

C. Labelled dextrans were sourced from Molecular Probes. Y-27632 was prepared as a 

stock solution of lOmM in H2O. Cytochalasin D was sourced from Sigma.

2.2. Cell culture.

2.2.1. General Cell-Culture techniques.

NUNC tissue culture plastic was used unless otherwise stated.

2.2.1.x. Cleaning glass coverslips.

13mm coverslips were washed in concentrated Nitric acid for 5min and then washed 10 

times in tap water and finally rinsed in distilled water. They were then rinsed with 

methanol and baked at 120°C for 4h. For experiments in which confluent Swiss3T3 

cells were microinjected with adjacent lines of EphB4 and ephrin-B2 the coverslips 

were scored with a cross using a diamond pen prior to washing.

2.2.2. Swiss 3T3 fibroblasts.

Swiss 3T3 fibroblast cells were thawed from frozen P7 stocks (stored in liquid nitrogen 

in DMEM/50% FCS/10% DMSO) by placing the defrosted cell suspension in an 80cm  ̂

TC flask and adding drop-wise 15ml warmed Dulbecco’s modified Eagle’s medium 

(DMEM [Gibco]) supplemented with 10% fetal calf serum (FCS [PAA Laboratories]), 

penicillin and streptomycin (Gibco). Cells were incubated at 37°C, 10%CO2 for 2h then 

the the medium was changed for fresh medium. The cells were then incubated at 37°C, 

10%CO2 until 80-90% confluent (the medium was changed after 3 days if necessary).
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Cells were then split every 3-4 days, 1 in 6, using trypsin/EDTA(Gibco) to detach cells 

and passages 8-13 were used for experiments.

2.2.2.I. Preparation of Sub-confluent serum-starved Swiss 3T3 fibroblasts.

2x10^ Swiss 3T3 fibroblasts from a growing culture were plated in a 60mm TC dish 

with 4ml DMEM/10%FCS and then incubated without medium change at 3TC, 10% 

CO2 for 7-9 days. Cleaned glass coverslips were coated with fibronectin by 

“sandwiching” 40pl of fibronectin solution (5pg/ml in SF-DMEM [serum-free DMEM, 

see appendix], diluted from 1 mg/ml stock [Sigma]) between two coverslips at 37°C, 

10%COz for 2h. The coverslips were then washed in 4 well plates with 2x500pi SF- 

DMEM, then 500pl SF-DMEM was added to each well then the coverslips were left to 

equilibrate at 37°C, 10%CO2.

1ml of medium was removed from the 7-9 day old 60mm cultures, transferred to a 

1.5ml microfuge tube and spun for 2min at 5000xg. The remaining medium was 

removed and replaced with 3ml cold trypsin/EDTA and the cells were left for 3min at 

room temperature. The EDTA solution was then removed and 3ml fresh cold 

trypsin/EDTA for was added for a further minute. 2.5ml of the EDTA solution was 

removed and the cells were incubated at 37°C for 2min. 500pl Trypsin Inhibitor 

(Sigma) was added and the cells were gently pipetted off the dish. The volume was 

made up to 10ml with SF-DMEM and the cells suspension was transferred to 15ml
I

centrifuge tubes and spun for 2min atjsooxg. The supernatant was aspirated off and the 

cells were resuspended in SOOpl of the conditioned medium collected earlier. The 

volume was made up to 16ml with SF-DMEM, and 500pl of the cell suspension was 

added to each coverslip in the 4 well plates. Cells were then left to adhere for 16h at 37° 

C, 10%CO2 prior to injection.

60



2.2.2.2. Preparation of confluent serum-starved Swiss 3T3 fibroblasts.

Swiss 3T3 fibroblasts from a growing culture were plated at a high density (5x10^ cells 

per well) on scored cleaned glass coverslips in 4 well plates. Each well volume was 

made up to 1ml with DMEM/5%FCS and the cells were incubated without medium 

change at 37°C, 10%CO2 for 7-9 days. 16h prior to injection 50pl of medium from each 

well was removed and put to one side. The rest of the medium was aspirated off and 

replaced with 950pl SF-DMEM and 50pl of conditioned medium was added back to 

each well.

2.2.3. Endothelial cells.

2.2.3.1. Preparation of HUVECs for western blotting and immunoprécipitation.

90mm dishes were gelatin coated by adding 4ml of a 1% gelatin solution (diluted from 

2% stock solution [Sigma] in water) and incubating for 2h at 37°C, 5%C02. The gelatin 

solution was removed and a defrosted vial of PI HUVECs (Human umbilical yein 

endothelial sells,^TCS) was then added. 10ml of warmed Medium 199 (Gibco) 

containing 20% FCS (PAA), heparin lOU/ml (Sigma), gentamycin 50pg/ml (Gibco) and 

Endothelial Cell Growth Supplement 30pg/ml (Sigma) was added drop-wise and the 

cells left to adhere at 37°C, 5%C02 overnight. The medium was then changed for fresh 

medium and the cells were then incubated at 37°C, 5%C02 until 90% confluent with 

the medium changed every 48h. The cells were then split %, using trypsin/EDTA to 

detach the cells, replated onto gelatin coated dishes and the cells were grown to 90% 

confluency as before. These cells were then detached and split % to give 16 vials and 

frozen as P3 stocks in 1ml M l99/50% FCS with 10%DMSO. Cells were defrosted as 

above, although DMSO containing medium was removed after 2h, and experiments

used P4-6 HUVECs. U  TCS Cellworks
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Using the above growth conditions it was found that the cells rapidly became confluent 

and started overlapping, which prevented investigation of interactions between adjacent 

cells. In addition, it was impossible to use low serum conditions and therefore an 

alternative growth medium was used for microinjection experiments. It was verified 

that EphB4 expression was not affected by this change of medium at the low passages 

used.

2.2.3.2. Preparation of HUVECs and HUACs for microinjection experiments.

HUVECs and^^îUACs were defrosted and cultured as above except the medium used 

was Endothelial Serum-Free Medium (ESFM, Gibco) containing 2% FCS, EGF, basic 

FGF, heparin and gentamycin (all TCS Cellworks). For micro-injection experiments P3 

cells were defrosted and cultured to 90% confluency then P4 HUVECs/HUACs were 

plated as below for experiments.

Cleaned glass coverslips were gelatin coated by placing 8 coverslips in a 60mm TC dish 

with 4ml 1% gelatin in water for 2h at 37°C, 5%C02. Gelatin solution was removed and 

5x10^ cells, for injection after 3 days, 8x10  ̂cells, for injection after 2 days, were added 

to the 60mm dish and medium volume made up to 5ml using full medium. Medium was 

changed every 24h. 2h prior to injection coverslips were placed in 4 well plates with 

ESFM containing only 2% FCS.

2.3. Im m unocytochem istry.

To fix cells the medium was aspirated off and replaced with 0.2% gluteraldehyde and 

4% paraformaldehyde (TMB) in cytoskeletal buffer (see appendix) for lOmin. Cells 

were then washed in PBS and membrane permeabilised by addition of SOOpl 0.2% 

Triton X-100 in PBS for Smin. Free formaldehyde and aldehydes were then quenched
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by addition of NaBHt (0.5mg ml ') for lOmin. Cells were incubated with primary 

antibodies (1/100-1000) for 45-60min then washed in PBS. Antibodies were revealed by 

incubating coverslips with Alexa-350, FITC-, TRITC-, Cy2, Cy3, Cy5 or Texas-red- 

conjugated secondary antibodies (1/200-300) for 30-40min. F-actin was stained using 

TRITC- or FITC-conjugated phalloidin at the same time as the secondary antibodies. 

Endogenous phospho-Eph receptors in HUVECs were detected using the phospho-Eph 

receptor antibodies and a Tyramide Signal Amplification kit (Molecular Probes). All 

dilutions were in PBS and incubations were at room temperature. After washing in PBS 

the coverslips were mounted inverted on glass slides using Movial (see appendix) 

containing phenylenediamine.

2.4. M icroinjection o f Ceils, Time-lapse and Confocal M icroscopy.

2.4.1. Microinjection and time-lapse imaging of cells.

Cells were microinjected using an inverted microscope (Zeiss) with 5x and 32x phase- 

contrast objectives. The cells were maintained at 37°C and 10%CO2 throughout 

injections. DNA solutions were made up in PBS and loaded, using Eppendorf 

microloaders, into Boro-silicate needles that were pulled with a Sutter P-97 needle 

puller. The needle was manoeuvred into the cells using an Eppendorf Micro

manipulator arm and DNA was injected using an Eppendorf Transjector pump.

For time-lapse cells were injected in proximity to the scored cross and then 

photographed after injection. The Eph receptor- and ephrin-injected cells were then 

relocated Ih after injection and time-lapse images were collected using the inverted 

microscope (Zeiss), with 32x phase-contrast objectives, using an Orca-ER camera 

(Hamamatsu) and Improvision software. Cells were maintained in SF-DMEM at 37°C 

and 10%CO2 during recording, under Poly(dimethylsiloxane) 200 oil (Aldrich) to
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prevent evaporation. After time-lapse, cells were fixed and stained to verify 

microinjection of cells.

2.4.2. Confocal Microscopy.

Fluorescent images were taken using a Leica upright microscope with a 63x objective. 

Lasers used for different conjugated antibodies: Ultra Violet for Alexa-350; Argon for 

FITC and Cy2; Krypton-Argon for TRITC, Cy3, and Texas-red; Helium-Neon for Cy5. 

Images were processed using Leica Confocal Software and JASC Paint Shop Pro.

2.5. Cell-Iysis, SDS-PAGE and western blotting

2.5.1. Cell lysis.

HUVECs were washed with 4x5ml ice cold TBS on ice and then lysed by addition of 

250-500pl of cold modified RIPA buffer (see appendix) for 5min on ice. Dishes were 

scraped with cell scrapers to ensure all the lysates were collected. Lysates were

transferred to cold 1.5ml microfuge tubes, spun at 10000 x g for 5min at 4°C and then

supernatants were transferred to fresh tubes on ice. Lysates had an equal volume of 2x 

Lamelli sample buffer (Sigma) added and samples were boiled at 95°C for 5min.

2.5.2. Immuno précipitation

HUVECs were washed with 4x5ml ice cold TBS on ice and then lysed by addition of 

500pl of cold immuno-precipitation RIPA buffer (see appendix) for 5min on ice. Dishes 

were scraped with cell scrapers to ensure all the lysates were collected. Lysates were

transferred to cold 1.5ml rnicrofuge tubes, spun at 10000 x g for 5min at 4°C and then

supernatants were transferred to fresh tubes on ice. The precipitating antibody was then 

added and the lysates were rotated overnight at 4°C. The immune complexes were 

captured by addition of 50pl of 50% protein-G-agarose (Upstate) in immuno-
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precipitation RIPA buffer and rotation at 4°C for Ih. Beads were then spun at 500 x g for 

Imin and the supernatants discarded, and the beads were washed with 5x1 ml TBS. 

After removal of the wash solution the immune precipitates had 50pl 2x Lamelli 

sample buffer (Sigma) added and samples were boiled at 95°C for 5min.

2.5.2. SDS PAGE and Western blotting.

10-15% SDS-polyacrylamide gels were poured by hand and 10-20pl of boiled lysate or 

immuno-precipitate were separated by SDS PAGE in reducing conditions. The 

separated samples were then transferred to PVDF membrane using the mini-Protean 3 

electrophoresis system (Bio-rad) in transfer buffer (see appendix). Membranes were 

blocked using 1% Superblock (Pierce) in TBS-Tween (TBS-T). Membranes were 

incubated with primary antibodies (1/500-1/5000) for Ih in 1% Superblock/TBS-T and 

then washed with TBS-T. Membranes were incubated with the HRP-conjugated 

secondary antibodies (1/10000-1/50000) for 30-40min in 0.1% Superblock/TBS-T and 

then washed with TBS-T. Secondary antibodies were visualised using SuperSignal West 

Pico Chemiluminescent ECL Substrate (Pierce) and CL-XPosure Film (Pierce).
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Chapter 3. Activation of EphB4 with soluble ephrin-B2-Fc 

stimulates both cell-membrane protrusion and retraction.

3.1. Introduction.

There is significant evidence that Eph receptors are powerful regulators of cell

migration. EphrinB ligands expressed in the posterior sclerotome of the somites and the 

dermomyotome restrict the movement of ventrally migrating EphB receptor-expressing 

neural crest cells to the anterior half of the somite through repulsive cell-cell 

interactions (Wang and Anderson, 1997; Krull et al., 1997; Santiago and Erickson, 

2002). Yet the dermomyotome is apparently attractive to a later migrating population of 

neural crest cells, the melanoblasts, that also express EphB receptors (Santiago and 

Erickson, 2002). In order to understand how Eph receptors and ephrins can either 

inhibit or stimulate cell migration it is necessary to understand the cellular responses 

that are triggered by Eph receptor activation by ephrins and the signalling pathways that 

underlie these responses.

Regulation of the actin cytoskeleton is essential for guiding cell movements. Attractive 

guidance cues trigger the assembly of protrusive actin structures, filopodia and 

lamellae, through activation of the small GTPase Cdc42 and Rac, respectively (Weber 

et al., 1998; Nobes et al., 1995; Hooshmand-Rad et al., 1997). These structures push the 

leading edge of the cell forward and drive cell movement. Inhibitory guidance 

molecules can down-regulate Cdc42 or Rac, reducing these protrusive actin structures 

(Wong et al., 2001; Niederost et al., 2002), or they can locally activate the small 

GTPase Rho (Niederost et al., 2002 ). Activation of Rho increases the cell contractility 

through the Rho effector, ROCK, thereby limiting membrane protrusions and thus
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inhibiting cell movements (Worthylake et a l, 2003), Investigation into how Eph 

receptors can modulate the actin cytoskeleton, potentially through the Rho family of 

GTPases, may shed light on the regulation of cell migration by Eph receptors.

Angiogenesis is the process of remodelling the primary vascular plexus to form the 

mature vascular network. This involves the sprouting of new blood vessels as well as 

the pruning of unwanted vessels and likely requires correct migration of endothelial 

cells (Gale and Yancopoulos, 1999). EphB4 has been shown to play an essential role in 

mammalian angiogenesis (Gerety et al., 1999) and both positively and negatively 

regulates endothelial cell migration (Steinle et al., 1998; Fuller et al., 2003; Maekawa et 

al., 2003). In this chapter I have used cell micro injection to express EphB4 in Swiss 

3T3 fibroblasts in order to analyse how EphB4 may regulate the actin cytoskeleton. 

When quiescent and serum starved these cells contain few polymerised actin structures 

and are a powerful tool for the investigation of actin cytoskeletal rearrangements 

triggered by extra-cellular growth factors (Ridley et al., 1992; Seufferlein and 

Rozengurt, 1994).
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I show that treatment of EphB4-expressing fibroblasts with ephrin-B2-Fc dimers 

triggered the formation of filopodia and lamellae, which are dependent on signalling 

through Cdc42 and Rac but not Rho. In addition to stimulating the assembly of 

protrusive actin structures, ephrin-B2-Fc treatment of EphB4-expressing cells caused a 

loss of cell-matrix adhesion and cell retraction, which was associated with banding of 

the cortical actin at the cell margin. Cell retraction was inhibited by blocking Rho 

signalling but not Cdc42 or Rac signalling. Intriguingly, treatment of the EphB4 

expressing cells with pre-clustered ephrin-B2 induced cell retraction but not filopodia 

and lamellae implying that the extent of Eph receptor clustering may influence the 

consequent signalling pathways and actin cytoskeletal response.

3.2. Results.

3.2.1. Expression of EphB4 in quiescent Swiss 3T3 fibroblasts.

Serum-starved sub-confluent Swiss 3T3 fibroblasts were prepared as described in 

Chapter 2. These cells are well spread but contain no protrusive actin structures and a 

few actin stress fibres (Fig. 3-la). To test the effect of ephrin-B2 treatment on non

injected Swiss 3T3 fibroblasts, cells were treated with ephrin-B2-Fc. This is a chimeric 

protein consisting of the extra-cellular domain of ephrin-B2 attached to the Fc portion 

of the human IgG heavy chain. In solution the Fc portion of the protein dimerises and 

thus presents two closely associated ephrin-B2 ectodomains, which is sufficient to 

dimerise and activate Eph receptors (Davis et al., 1994). Treatment with ephrin-B2-Fc 

(Ifig/ml) for lOmin had no effect on cell morphology (Fig. 3-lc) and there was no 

detectable phosphorylated Eph receptors as compared with untreated cells (Fig. 3-lb,d) 

using anti-phospho-Eph receptor antibodies described in Chapter 2. Exogenous EphB4 

was expressed in these cells by nuclear microinjection of pRK5-EphB4 (lOOpg/ml), a
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Figure 3-1. Sub-confluent Swiss 3T3 cells show no background phospho-Eph 

receptors.

F -A ctin Phospho-Eph

Sem m -starved sub-confliicnt Swiss 3T3 cells before (a ,b ) or after (c,d) treatment with ephrin- 

B2-Fc (Ip g /m l) for lOinin. Labelling F-aetin with TRlTC-phalloidin reveals that the cells 

contain cortical actin and a few actin stress fibres (a,c). Phosphorvlated Eph-receptor is not 

detected using anti-phospho-Eph antibodies before or after treatment (b,d).
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Figure 3-2. Swiss 3T3 cells show surface expression of EphB4 after 

microinjection.

+ ephrin-B2-Fc - ephrin-B2-Fc

Addition o f  cphrin-B2-Fc to fixed cells detects surface EphB4 2h after m icroinjection o f  pRK5- 

EphB4 (a). Uninjected cells (cell nucleus m arked by asterisk  in |a |). or injected cells minus 

the ephnn-B 2-Fc (cell nucleus m arked by asterisk  in |b ]) display no detectable EphB receptor 

expression. The nuclear auto-fluorescence is peculiar to unpenneabilised cells and is also seen 

in Fig. 3-10.

To visualise surface EphB4 ephrin-B2-Fc (Ipg/ml) was added to fixed cells for 40min and detected using 

labelled anti-human antibodies.
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eukaryotic expression vector containing murine EphB4. 2h after micro injection of 

pRK5-EphB4, uniform surface staining of EphB4 could be detected (Fig. 3-2). Injected 

cells were detected through co-injection of biotin-dextran (2mg/ml), which was stained 

using fluorescently labelled streptavidin.

Over-expression of Eph receptors after transient transfection can cause receptor auto

activation (Zou et al., 1999). Peri-nuclear staining for phosphorylated Eph receptors 

could be detected 2h after cell micro-injection (Fig. 3-3b). Weak staining for 

phosphorylated Eph receptors could be detected in small patches throughout the cell 

after 2.5h (Fig. 3-3e) and by 3h EphB4-expressing cells displayed large patches of 

activated Eph receptor (Fig. 3-3h). Sites of auto-activated receptor at the cell periphery 

were often associated with protrusive actin structures (Fig. 3-3g-i) whereas 

phosphorylated Eph receptors within the body of the cell tended to be associated with 

small aggregates of polymerised actin or actin stress fibres (Fig. 3-3a-f). The time of 

onset and intensity of auto-activation of EphB4 varied from cell to cell and was likely 

dependent on expression levels within individual cells. As I was particularly interested 

in the initial cellular responses to acute Eph receptor activation the remaining 

experiments were performed on cells 2-2.25h after microinjection of EphB4 expression 

construct; i.e. prior to any observed cytoplasmic auto-activation of the EphB4.

3.2.2. Stimulation of EphB4-expressing fibroblasts with ephrin-B2-Fc 

induces both cell protrusion and retraction phenotypes.

To examine the effect of activating Eph receptors on the actin cytoskeleton and cell 

morphology, EphB4-expressing fibroblasts were stimulated with ephrin-B2-Fc 

(Ipg/ml). Addition of ephrin-B2-Fc induced rapid phosphorylation of Eph receptors 

particularly at the cell periphery (Fig. 3-4). Associated with this activation of Eph

71



F igure 3-3. O ver-expression  o f  EphB4 leads to au to-activation .

Biotin Phospho-Eph F-Actin

As expression time after m ieroinjection is inereased, aeti\ated Eph reeeptors are deteeted in 

pRK5-EphB4 injected cells using the anti-phospho-Eph receptor antibody (b,e,h). Injected cells 

are located using a biotin-dextran injection marker (a,d ,g). 2h after injection o f  pRK5-EphB4 

(a-c) peri-nuclear staining for activated Eph receptor is detected, possibK showing auto

activation in the golgi-apparatus (see repeating  arrow s |h |)  After 2.5h (d-f) small spots o f  

phospho-Eph receptors are observ ed, and after 3h (g-i) large patches o f  activ ated Eph receptor 

are detected. Actin aggregates are associated with cytoplasm ic phospho-Eph (see arrow heads 

|e ,f ,h .i]), while protrusive actin structures are associated with peripheral phospho-Eph (see  

arrow s |h ,i |)
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receptors were protrusive actin structures, which consisted of a number of straight 

filopodia with lamellae spread between the filopodia. Strong phospho-Eph receptor 

staining was often detected at the base of the filopodia or lamellae. Although there was 

variation in the occurrence of these structures, 75% of cells with phospho-Eph receptor 

staining protruded lamellae and/or filopodia (Fig. 3-5a-f). In addition to these protrusive 

actin structures, phalloidin staining showed the presence of actin aggregates that were 

associated with patches of phospho-Eph receptor staining. These aggregates were also 

detected in three quarters of the cells displaying activated Eph receptors.

In a smaller proportion of cells, activation of EphB4 also triggered a loss of adhesion to 

the matrix, and retraction of part of the cell, with phospho-Eph rich retraction fibres 

remaining (Fig. 3-5a-c). In some of these cells banding of the cortical actin was 

observed associated with the retraction fibres (Fig. 3-5g-i). Retraction fibres were quite 

distinct from the protrusive filopodia; phalloidin staining of retraction fibres was much 

weaker than for filopodia and retraction fibres tended to be more wavy than filopodia. 

For filopodia, phospho-Eph receptor staining was predominantly localised at the base, 

whereas in retraction fibres the staining was usually seen at the distal end of the fibre. 

45%±12.6 of cells with phospho-Eph receptor staining showed evidence of cell 

retraction and some of these demonstrated both loss of attachment and protrusive actin 

structures, filopodia and lamellae.

3.2.3. £phB4 stimulation of filopodia and lamellae requires Cdc42 and Rac 

signalling.

Co-expressing dominant negative versions or inhibitors of the Rho GTPases along with 

EphB4 allows investigation into whether these regulatory proteins are involved in the 

cellular responses seen after EphB4 activation. TlTNRac (NI7Rac) preferentially binds
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Figure 3-4. EphB4 activation  by ep h rin -B 2-F c tr iggers actin polym érisation .

F-Actin Phospho-Eph M erged

2h aflcr cell microinjection EphB 4-e\pressing cells are treated with ephrin-B2-Fc (Ipg/n il) for 

lOmin (a-c). Phospho-Eph reeeptors can be detected, predominanth at the peripher\ o f  treated 

eells, using the phospho-Eph receptor antibody (b). Phalloidin staining to reveal filam entous 

actin structures demonstrates that EphB4 aetivation induees the fonnation o f  protrusive actin 

structures including filopodia and lamellae (a), whieh are co-incidental with the loealisation o f  

activated Eph receptors (c). Treatment o f  injected cells (cell nuclei m arked by asterisk  in (ej) 

with IgG ( 1 i-ig/ml) for 1 Omin triggered neither phosphoiy lation o f  Eph receptor, nor fonnation o f  

protnisive aetin stnietures (d-f)
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F igure 3-5. EphB4 exp ressin g  fibroblasts show  variation  in p henotype after

Phospho-Eph Merged
ephrin-B2-Fc treatment. 

F-Actin

-T:_>

EphB4-cxpressing Swiss 3T3 cells stimulated with ephrin-B2-Fc (Ipg/m l) for lOmin and stained 

for F-actin (a,d ,g) and phospho-Eph receptors (b,e,h). Cells display eharacteristic actin 

structures eom prising several filopodia with a lamellae that spread between them (sec solid  

arrow s [a ,d |, inset |a |) . Phospho-Eph receptors are detected at the proximal end o f  the 

filopodia and lamellae (see inset |h ,c |X  as w ell as being associated with actin aggregates (see  

d ashed  arrow |a ,d |,  sm all inset [a-c]). In addition to showing protrusive acti\ it \ ,  cells show  

evidence o f  cell retraction (see long repeating  arrow s [e.f]), and phospho-Eph rich wavy 

retraction fibres with distal p-Eph staining, often associated with banding o f  the cortical actin 

(see short repeating arrow s and inset (g-i|).
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GDP and prevents activation of the endogenous Rac protein by binding and masking 

RacGEFs (Ridley et al., 1992). N17Rac can be co-expressed with BphB4 without 

effecting receptor activation (compare Fig. 3-6b with Figs. 3-6e and h). Inhibition of 

Rac signalling with NlTRac dramatically reduced the formation of protrusive actin 

structures that were caused by stimulation with ephrin-B2-Fc and reduced the incidence 

of the actin aggregates (Figs 3-6 and Graph 3-1). A similar effect is seen when the 

Cdc42/Rac interaction and binding (CRIB) domain and flanking residues (201-321) of 

the Wiskott-Aldrich syndrome protein (WASp) is co-expressed with EphB4. WASp- 

CRIB specifically binds to GTP-bound Cdc42 (Aspenstrom et al., 1996; Rudolph et al.,

1998) and has been used to inhibit signalling downstream of Cdc42 (Tran Van Nhieu et 

al., 1998). As expected this completely inhibited the formation of filopodia, and 

reduced the incidence of lamellae (Fig. 3-7 and Graph 3-1). Neither inhibition of Cdc42 

or Rac signalling had any significant effect on the cell retraction phenotype (Graph 3-1).

3.2.4. Evidence for the involvement of Rho signalling in Eph regulated cell 

retraction.

Signalling downstream of the small GTPase Rho can be inhibited by treating cells with 

Y27632, a chemical inhibitor of the Rho effector ROCK (Uehata et al., 1997). To 

investigate whether Rho is in involved in the cell retraction triggered by EphB4 

activation, cells were treated with Y27632 (lOpM) 30min prior to ephrin stimulation. 

Results from a single experiment indicated this inhibitor may decrease ephrin-B2-Fc 

induced cell retraction. Using the ROCK inhibitor fewer cells demonstrated evidence of 

retraction (22.6% compared with 45.0%±12.6 in untreated cells) and there were no cells 

(out of 55 cells counted) displaying bands of cortical actin (Fig. 3-8). This implies that 

actin structures associated with cell-retraction are Rho regulated actin-myosin
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Figure 3-6 . C o-expression  o f N lT R ac inh ib its protrusive actin  structures.

F-Actin Phospho-Eph Merged

Treatment o f  EphB4-expressing fibroblasts with ephrin-B2-Fc (a-c) induees aetivation o f  Eph 

receptors (b) and the fonnation o f  protrusive actin structures (see arrow  (a|). Co-expression o f  

NlTRac ( |d - i | N lTR ae expression detected using 9e-10  anti-mye antibodies, not shown) does 

not inhibit ephrin induced Eph receptor aetivation (c,h) but com pletely inhibits the fonnation o f  

the protrusive actin structures (d,g). The loss o f  attachment phenotype is not inhibited in cells 

expressing N lTR ac, with retraction fibres clearly visible (see dotted  arrow |f , i |)
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Figure 3-7. Co-expression of WASpiCRIB inhibits protrusive actin structures. 

F-Actin Phospho-Eph Merged

Treatmenl o f  EpliB4-exprcssing fibroblasts with ephrin-B2-Fc (a-c) induces activation o f  Eph 

receptors (b), the fonnation o f  protnisive actin stnictures (sec arrow  |a |) ,  and loss o f  

attachment (see dotted arrow  [c]). Co-expression o f  W ASp CRIB ([d-i] W ASp-CRlB  

expression detected using 9e-10 anti-nnc antibodies, not showrO does not inhibit ephrin 

induced Eph receptor activation (e,h) but inhibits the fonnation o f  the filopodia leaving only 

small lamellae (see arrow |d ,g]). The loss o f  attachment phenot>pe is not inhibited in cells 

expressing W ASp CRIB (see dotted arrow  |i |)
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F igure 3-8. Inhibition o f  Rho associated  k inase and  A rp2/3  dependent actin

polymerisation.

F-Actin Phospho-Eph Merged

•m

Treatment o f  EphB4-expressing fibroblasts with ephrin-B2-Fc (a-c) induces activation o f  Eph 

receptors (b), the fonnation o f  protnisiv e actin stnictures (see arrow  [a |), and localised loss o f  

adhesion as indicated bv the presence o f  retraction fibres (see dotted  arrow |c |)  Pre-treatment 

o f  the cells with Y 27632 ( lOpM), an inhibitor o f  ROCK, for 30m in prior to ephrin treatment (d- 

i) does not inhibit Eph receptor activation (e,h) nor does it inhibit the fonnation o f  the 

protrusive actin stnictures (see arrow  |d ,g |) . The loss o f  attachment phenotv pe, particularly the 

cortical actin banding, is inhibited in cells treated with Y27632.
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Graph 3-1. Effect of Rho GTPase modulators on EphB4 triggered actin 

structures.
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contractile fibres. Treating the cells with the ROCK inhibitor had no negative effect on 

the protrusive actin structures, indeed it may have had a potentiating effect as all cells 

showing activated EphB4 displayed prominent filopodia and lamellae (Fig. 3-8).

3.2.5. Clustered ephrin-B2 does not stimulate protrusive actin structures.

The valency of  ephrin ligands presented to Eph receptor expressing cells has previously

been shown to alter the cellular response to Eph receptor activation (Gale and

Yancopoulos, 1997, Stein et al., 1998a). To investigate whether ephrin oligomerisation

affects the actin structures I have observed, ephrin-B2-Fc (2pg/ml) was pre-clustered by

incubating with a goat anti-human antibody (lOpg/ml) for 15min prior to treatment.

Swiss 3T3 fibroblasts expressing EphB4 were then stimulated with pre-clustered

ephrin-B2-Fc (Ipg/ml) and compared to those stimulated with ephrin-B2-Fc dimers

(Ipg/ml). As described above stimulation o f  EphB4-expressing cells with ephrin-Fc

dimers induced the formation of  protrusive actin structures along with actin aggregates.

Graph Legend. Cells expressing EphB4 (pRK5-EphB4, Y27632), EphB4+N17Rac (+N17Rac), or EphB4 

+WASp-CRIB (+WASp-CRIB) were stimulated with Ipg/ml ephrin-B2-Fc for lOmin and fixed and stained 

for F-actin and phospho-Eph receptors. Y27632 cells pretreated with Y27632 (lOpM) 30mins prior to ephrin 

addition. Cell scoring: Filopodia, containing 5 or more actin rich filopodia; Lamellae, containing lamellae; 

Retraction, containing wavy retraction fibres and banding o f cortical actin. 80



and localised cell retraction (Fig. 3-9a-c). However, in the cells stimulated with the 

higher order clusters of ephrin there were very few protrusive actin structures. The only 

phenotype demonstrated was that of cell retraction (Fig. 3-9d-f).

Clustering the ephrin also had a dramatic effect on the localisation of activated Eph 

receptors. In cells stimulated with ephrin-B2-Fc dimers phosphorylated Eph receptors 

were generally located at the cell periphery (Fig. 3-9b). In contrast, cells stimulated with 

pre-clustered ephrin-B2 multimers showed a uniform punctate staining of activated Eph 

receptor across the cell surface (Fig. 3-9e). This difference in localisation of activated 

Eph receptors is not due to specific binding of ephrin-B2-Fc at the cell periphery as 

ephrin-B2-Fc binds uniformly to the surface of an EphB4-expressing cell (Fig. 3-2b). 

There is however a difference in the distribution of surface-bound ligand after lOmin. 

While the ephrin-B2-Fc dimers are still evenly distributed across the surface, with some 

enrichment at the cell periphery, the pre-clustered ephrin multimers display the same 

punctate staining as the activated receptor (compare Fig. 3-lOa with Figs. 3-lOd and 3- 

9e). This suggests that while pre-clustered ephrins may be able to activate the receptor 

ubiquitously, the ephrin dimers only activate the receptor efficiently at the cell 

periphery.

The aggregation of Eph receptors and ephrins displayed by cells stimulated with pre

clustered ephrins, as compared with ephrin dimers, may affect EphB4 internalisation. 

Surface and internalised EphB4 can be distinguished by comparing staining of an anti- 

Fc antibody before and after permeabilisation with Triton X-100. EphB4 is evenly 

distributed across the cell surface lOmin after stimulation with ephrin-B2-Fc dimers 

(Fig. 3-10a) with a few small internalised ephrin staining vesicles near the cell 

periphery (Fig. 3-10b). In contrast, after stimulation with clustered ephrin-B2, EphB4
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Figure 3-9. Pre-clustering the ephrin inhibits the formation of protrusive actin 

structures.

F-Actin Phospho-Eph Merged

Treatment o f  EphB4-expressing fibroblasts with ephrin-B2-Fe (a-c) induces aetivation o f  Eph 

receptors at the cell periphery (b), the fonnation o f  protrusive actin structures (sec arrow  (aj), 

and loss o f  attachment (see dotted arrow |c |)  However, if  the ephrin-B2 is pre-elustered with a 

goat anti-human IgG antibody prior to addition, the activation o f  the Eph receptor occurs in a 

punctate distribution all over the cell surface (e). Furthennore, ver\ few  protnisive actin 

stnictures are seen (d) while the loss o f  attachment phenotv pe does not seem to be affected (see  

dotted arrow |f |) .
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Figure 3-10. P re-clustered  ephrin-B 2 has a d ifferen t su rface d istribution  to

ephrin-Fc dimers.

Surface Total Merged

EphB4-cxpressing cells treated for lOmin with ephnn-B 2-Fe (Ipg/m l, (a-cj) or pre-elustered 

cphrin-B2-Fe (Ipg/m l, (d-fj). Cells are stained to reveal surface bound ephrin-B2 (prior to 

Triton X-l()() treatment, [a ,d |) and total bound ephrin-B2 (after Triton X-l()() treatment, [b ,e|). 

Merged showing surfaee in red and total in green (c,f). Ephrin-B2-Fe dimers are unifonnly  

distributed across the cell surfaee (a) with ephrin-B2 internalisation occurring close to the cell 

peripheiA (b). In comparison pre-elustered ephrin-B2 displays punctate staining (d) with 

internalised vesicles visible through out the ee ll(e ) .
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displays the punctate distribution noted above (Fig. 3-lOd), and there are several larger 

internalised ephrin-staining vesicles (Fig. 3-lOe).

3.3. Discussion.

The work in this chapter has demonstrated how there may be multiple signalling 

pathways downstream of EphB4 that act to regulate the actin cytoskeleton. Stimulation 

of EphB4 expressing fibroblasts with ephrin-B2-Fc dimers induced the formation of 

Cdc42 and Rac dependent protrusive actin structures and also induced localised loss of 

adhesion to the fibronectin matrix that appears to be potentiated by Rho signalling. 

Stimulation of EphB4 expressing fibroblasts with antibody-clustered ephrin-B2 

triggered only the loss of attachment.

3.3.1. EphB4 regulation of protrusive actin structures.

The regulation of Cdc42 or Rac dependent protrusive actin structures by Eph receptors 

shown here is consistent with work demonstrating that ephrinB treatment of endothelial 

cells can induce a Rac dependent increase in membrane ruffling (Nagashima et al., 

2002) and may give some insight as to why EphB expressing RGCs and melanoblasts 

are attracted to ephrinB expressing cells (Hindges et al., 2001; Santiago and Erickson, 

2002). So far however, there is little direct evidence that ephrins can induce Cdc42 or 

Rac activation. Irie and Yamaguchi (2002) demonstrated that Cdc42 may become 

activated after ephrinB treatment of hippocampal neurons via the Rho-GEF intersectin, 

while Huganir and colleagues (Penzes et al., 2003) recently showed that EphB2 may 

induce Rac activation via the Rho-GEF kalirin. These two GEFs are primarily expressed 

in neuronal tissues so there may be other related GEFs that function in fibroblasts. Most 

evidence is against an increase in the levels of active Rac after Eph receptor
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stimulation. Indeed, a number of groups have shown a decrease in GTP-Rac or in the 

activity of its downstream effector PAK, after ephrin stimulation (Wahl et ah, 2000; 

Shamah et ah, 2001; Deroanne et ah, 2003), although this decrease has only been seen 

downstream of EphA receptors. It maybe that transient local recruitment of GTP-Cdc42 

or Rac by activated Eph receptor complexes, rather than a general increase in the levels 

of active Rac protein, is required for actin polymerisation.

3.3.2. £phB4 regulation of cell retraction

The cell retraction phenotype seen after treatment with dimeric or clustered ephrin is 

consistent with work demonstrating that ephrins inhibit cell migration through repulsive 

cell-cell contacts (Mellitzer et ah, 1999). The fibroblast cell retraction described here 

appears to be phenotypically related to growth cone collapse and axon retraction in 

EphA receptor expressing neurons stimulated with soluble ephrin-As (Wahl et ah, 

2001), and to cell rounding noted after treatment of EphA3-expressing melanoma cells 

with ephrin-A5 (Lawrenson et ah, 2001). In both these cases, signalling through Rho 

and ROCK has been shown to play an important role and EphA receptors have been 

shown to be able to trigger Rho activation through the RhoGEF Ephexin (Shamah et ah, 

2001). Furthermore, Eph receptors have been shown to be capable of negatively 

regulating cell-matrix adhesions through several possible mechanisms including 

modulation of FAK activity (Miao et ah, 2000) or R-Ras signalling (Zou et ah, 1999). 

Whether Rho activation is sufficient for this cell retraction or whether there are other 

signalling pathways involved, such as R-Ras, requires further study.

The results presented in this chapter are surprising in that both protrusive and retractile 

cell responses occur in the same cells after Eph receptor activation. Previously either 

only protrusive structures such as membrane ruffling (Nagashima et ah, 2002) or only
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retractive type responses such as cell rounding (Lawrenson et al., 2002) had been noted 

after Eph receptor activation. This may be due to the specific experimental detail such 

as cell type or ligand presentation or it may be that some conditions bias cell responses 

one way or the other. It does, however, imply that the capacity to regulate both sets of 

cell responses may be inherent in individual EphB receptors, rather than different 

receptors having different capabilities.

3.3.3. The extent of Eph receptor clustering affects the cellular response to 

Eph receptor activation.

Stimulation of EphB4-expressing cells with higher order ephrin-B2 clusters greatly 

reduced the formation of protrusive actin structures, particularly the lamellae. The cells 

did however, show a cell retraction phenotype. This contrasts with activation of EphB4 

using dimeric ephrin-Bs where the extension of filopodia and lamellae occurred in 75% 

of cells. It has been previously demonstrated that the oligomerisation state of ephrins 

presented to Eph receptors influences the ability of Eph receptors to recruit signalling 

molecules. Ephrin-B 1 tetramers, but not dimers, caused EphBl to recruit the 

phosphatase LMW-PTP. Furthermore ephrin tetramers but not dimers caused capillary

like assembly of endothelial cells and increased cell-matrix attachment (Stein et al., 

1998a). How it is that different signalling molecules are recruited to differently 

activated Eph receptors remains to be discerned. It is possible that one or more of the 

cytoplasmic tyrosines of the Eph receptors only become phosphorylated in higher order 

Eph clusters. There has been some mapping of phosphorylation sites during Eph 

receptor activation, however, as the phosphorylation of the Eph receptors was triggered 

by over-expression of the receptors little information is provided towards differential 

tyrosine phosphorylation sites in different size receptor clusters (Kalo and Pasquale
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1999).

An alternative explanation for the different cellular responses lies in the localisation of 

activated EphB4. Phospho-Eph receptor was detected primarily at the cell periphery 

after activation with ephrin-B2-Fc dimers, whereas it was detected all over the cell 

surface after stimulation with clustered ephrin-B2. It may be that signalling components 

required for Cdc42/Rac activation or recruitment are only localised to the cell 

periphery, where the apical surface of the cell comes into contact with integrin binding 

regions. One example of this is the adapter Crk, which has been shown to bind Eph 

receptors (Hock et al., 1998), and can localise Rac activation to integrin attachment 

sites (Abassi et al., 2002). Crk may bind activated Eph receptor at the cell periphery and 

act to recruit activated Cdc42 and Rac.
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Chapter 4. EphB4/ephrin-B2 mediated contact repulsion 

requires Rac-dependent membrane ruffling and endocytosis 

of activated Eph receptors.

4.1. Introduction.

Eph receptor activation is localised to sites of cell-cell contact since ephrins are 

membrane attached, either through a GPI linkage or through an integral trans

membrane domain. As well as localising the Eph receptor/ephrin interaction, the 

membrane tethering of the ephrins may also be important for Eph receptor activation; 

certain receptor-ligand pairs require membrane-attachment or higher order clustering of 

the ephrin for Eph receptor activation; in some cases ephrin-Fc dimers are insufficient 

for receptor activation (Davis et al., 1994; Gale and Yancopoulos, 1997).

Using different techniques to mimic the membrane attachment of ephrins, including 

antibody clustering of the ephrin or binding ephrin to the matrix, Eph receptors have 

been identified as powerful regulators of cell migration. It has been demonstrated that 

Eph receptors are capable of inducing attractive-type responses, through protrusive 

actin structures and increased adhesion (Stein et al., 1998a; Carter et al., 2002; 

Nagashima et al., 2002), though they are have been best characterised as mediating 

repulsive-type responses through the assembly of contractile actin/myosin structures 

and decreased adhesion (Miao et al., 2000; Lawrenson et al., 2002). However, these 

experiments have used artificially dimerised or clustered ephrins and therefore do not 

take into account any regulation of ephrin aggregation due to the membrane attachment. 

As demonstrated by Stein et al., (1998a), and the work in Chapter 3, altering the degree 

of ephrin clustering can have a dramatic effect on the cellular response triggered by Eph
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receptor activation. Thus if membrane attachment can influence the aggregation of 

ephrins it may modulate the cellular responses to Eph receptor activation.

In addition, both classes of ephrin have been shown to trigger intracellular signalling 

after Eph receptor binding (Davy et al., 1999; Cowan and Henkemeyer, 2001), which 

may influence cell behaviour at Eph/ephrin interaction sites, and cleavage of ephrin-As 

has been shown to be essential for cell-cell repulsion between EphA- and ephrin-A- 

expressing cells (Hattori et al., 2000). Therefore to understand Eph receptor function 

fully, it is important to look at receptor activation using ephrins presented on adjacent 

cells.

In previous studies where Eph receptor activation has been triggered by ephrin ligands 

presented on the surface of other cells, the majority of Eph receptor/ephrin interactions 

induce repulsive responses such as growth cone repulsion (Gao et al., 2000; Hattori et 

al., 2000; Holmberg et al., 2000) or an inhibition of cell mixing (Mellitzer et al., 1999; 

Fuller et al., 2003). However, investigation of the effects of growing different neuronal 

cell types on cells expressing ephrin-As produced an interesting result. Plating of 

several EphA receptor-expressing neuronal cells types, including neurons from the 

retina, hippocampus and thalamus, on top of ephrin-A expressing cells led to inhibition 

of neurite outgrowth, as compared to plating upon non-ephrin-A expressing cells. 

However plating sympathetic neurons, which also expressed EphA receptors, upon 

ephrin-A expressing cells actually promoted neurite outgrowth (Gao et al., 2000). 

Therefore it is interesting to investigate the signalling pathways and cellular events 

stimulated in Eph receptor-expressing cells after contact with ephrin-expressing cells to 

understand how these repulsive and pro-migratory responses are regulated and to 

understand how the membrane attachment of the ephrins contribute to these responses.
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As discussed above EphB receptors and ephrin-Bs are essential for the development of 

the mammalian vasculature (Wang et ah, 1998; Adams et ah, 1999; Gerety et ah, 1999). 

Experiments using purified EphB receptor-expressing endothelial cells have 

demonstrated that ephrin-B2-Fc can be chemo-attractive (Steinle et ah, 2002; Maekawa 

et ah, 2003) and also capable of inhibiting endothelial cell migration (Fuller et ah, 

2003; Hamada et ah, 2003). This complex regulation of endothelial cell migration is 

likely to underlie the role of EphB receptors in vascular development. In vivo, venous 

endothelial cells, expressing EphB4, and arterial endothelial cells, expressing ephrin- 

B2, make contact in fine capillary beds during development (Wang et ah, 1998). It is 

thought that the EphB4/ephrin-B2 interaction inhibits intermingling of the venous and 

arterial endothelial cells and the distinction between artery and vein is therefore 

maintained.

To investigate the consequence of the interaction between venous and arterial 

endothelial cells, EphB4 and ephrin-B2 were expressed in neighbouring fibroblast cells. 

The localised activation of EphB4 by membrane tethered ephrin-B2 triggered the 

formation of membrane protrusions from the EphB4-expressing cells and the separation 

of Eph receptor and ephrin expressing cells. The cell separation required dynamin 

dependent endocytosis of activated EphB4 and was concomitant with trans-endocytosis 

of full-length ephrin. In addition the cell-cell separation and endocytosis of activated 

EphB4 required Cdc42 and Rac signalling within the EphB4 expressing cells.
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4.2. Results.

4.2.1. Microinjection of Swiss 3T3 fibroblasts allows cell-cell contact 

between EphB4 and ephrin-B2 expressing cells.

To investigate ephrin-B2 activation of EphB4 through direct cell contact, expression 

constructs for EphB4 and ephrin-B2 were microinjected into adjacent rows of Swiss 

3T3 fibroblasts. When confluent, these cells are closely juxtaposed within a cell 

monolayer (Fig. 4-1 a,c) and cell-cell contacts could be detected with an anti-p-catenin 

antibody (Fig. 4-lb,c). Prior to cell culture, coverslips were scored with a diamond pen. 

Adjacent expression of EphB4 and ephrin-B2 was achieved by injecting nuclei along 

one side of the score mark with pCIneo-EphB4 (lOOpg/ml), followed by injection of the 

nuclei along the other side of the score with pRK5-ephrin-B2 (200pg/ml + biotin 

dextran injection marker, 2mg/ml, Fig.4-2a). Surface localisation of expressed EphB4 

and ephrin-B2 could be detected in adjacent rows of cells, using an anti-EphB4 

antibody and EphB2-Fc respectively, between 2h and 2.25h after cell microinjection 

(Fig. 4-2b).

4.2.2. Activation of Eph receptors through cell-cell contact.

Using an anti-phospho-tyrosine antibody, increased tyrosine-phosphorylation could be 

detected along the plasma membrane interface between pCIneo-EphB4 and pRK5- 

ephrin-B2 injected cells 2.5h after injection (Fig. 4-3a-c). Specific activation of Eph 

receptors in these sites was observed using anti-phospho-Eph antibodies 2.25h after cell 

microinjection (Fig. 4-3d-f). Expression of a truncated EphB4 construct, that expresses 

residues 1-573 of EphB4 and therefore lacks the kinase domain, did not show phospho- 

Eph receptor staining (Fig. 4-3g-i). These data show that tyrosine-phosphorylated Eph 

receptors are concentrated at membrane contacts with ephrin-B2-expressing cells and
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Figure 4-1. Quiescent Swiss 3T3 Fibroblasts, 

p-catenin F-Actin Merged

Scnim -starved confluent Sw iss 3T3 fibroblasts fomi a monola>er with adherens junctions 

between cells , as detected b> P-catenin staining (a). Phalloidin staining to label filam entous 

actin (F-aetin) detects cortical actin at the cell peripher> and weaker punctate F-actin staining 

w ithin the cell (b). Merged show s P-catenin in green and F-aetin in red (c). Seale bar 40pm

Figure 4-2. Expression of adjacent lines of EphB4 and ephrin-B2.

Injection of EphB4 and ephrin-B2 Expression of EphB4 and ephrin-B2

mim

M ieroinjection o f  expression constructs for ephrin-B2 (pRK5-ephrin-B2) and EphB4 (pClneo- 

EphB4) into nuclei on either side o f  a line scored on a eoverslip (a). Surface expression o f  

ephrin-B2 and EphB4 can be detected after 2.25h with EphB2-Fe and an anti-EphB4 antibody, 

respectively, on adjacent unpenneabilised cells(b). b supplied by C D. Nobes. Seale bars 50pm.
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indicates that localised forward Eph receptor signalling occurs at these sites. I used a 

commercial antibody to detect phosphorylated ephrins (Cell Signalling Technologies) 

in order to investigate whether bi-directional signalling occurred in this assay system. 

However Western blotting using this antibody detected multiple bands, including 

phosphorylated Eph receptors making it an unsuitable reagent for the adjacent 

expression assay. Therefore I was unable to demonstrate bi-directional signalling in this 

assay.

4.2.3. Local membrane ruffling and cell retraction.

Time-lapse phase-contrast microscopy was used to visualise the behaviour of the 

interacting injected cells. Membrane protrusions and ruffles could be observed localised 

to EphB4/ephrin-B2 contact regions within 2.25-2.75h after cell injection (Fig. 44b-d). 

At later time points (3.25-3.75h) I often observed separation of receptor- and ligand- 

expressing cells (Fig. 4Ac,f). Time-lapse movies also revealed that, as receptor and 

ligand cells draw apart, phase dark vesicles (Fig. 4-4e,f) move inward from Eph 

receptor-ephrin activation regions toward the nucleus of EphB4-expressing cells. At the

Figure legend for Figure 4-3.

Phospho-tyrosine staining (a) and phospho-Eph receptor staining (c) between EphB4 and 

ephrin-B2 injected cells. Merged images showing phospho-tyrosine (b) or phospho-Eph staining 

(d)(green) and dextran injection markers for cells injected with EphB4- (red) and with ephrin- 

B2-expression constructs (blue). Phospho-Eph receptor staining between truncated EphB4 

(lacking kinase domain) and ephrin-B2 injected cells (e) and merged image showing surface 

EphB4 staining (green), phospho-Eph (red) and injection marker for cells injected with ephrin- 

B2 expression construct (blue) (f). All cells were fixed 2.25h after microinjection of expression 

constructs, a-d supplied by C.D. Nobes. Scale bars 50pm.
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Figure 4-3. Activation of EphB4 at ephrin-B2 cell contact sites.
Phospho-staining Merged

EphB4
ephrin-B2

ephrin-B2 EphB4

AEphB4

ephrin-B2

Legend on pre\ ious page. 
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end of the time-lapse period, cells were fixed and stained to reveal phospho-Eph, actin 

filaments and microinjection markers. These data show that some phospho-Eph is re

distributed from an initial concentration at EphB4/ephrin-B2 contact sites, to vesicle

like structures close to the nucleus of EphB4-expressing cells (compare Fig. 4-3c and 

Fig. 4-4h).

To demonstrate that EphB4/ephrin-B2 activation triggers local cell retraction in 

fibroblasts, retraction events were compared between adjacent cells injected with 

combinations of pCIneo-EphB4 (lOOpg/ml), pRK5-ephrin-B2 (200pg/ml) or empty 

vector (200pg/ml, Fig. 4-5a-c). Fixed cells were stained with fluorescently labelled 

phalloidin to reveal cell morphology and cells were counted as separated when more 

than 50% of the length of cell-cell contact had parted. After 3.5h, only 43.1±6.8% 

(n=113) of cell-cell attachment sites remained intact where EphB4 was expressed 

adjacent to ephrin-B2 (Fig. 4-5b) whereas more than 70% of injected cells remained 

fully in contact after control neighbour injections (EphB4/empty vector and ephrin- 

B2/empty vector; 78.8±10.4% [n=146] and 74.4±4.5% [n=78] respectively. Fig. 4-5a 

and 4-5c, Graph 4-1). These data strongly suggest that cell contact-dependent activation 

of EphB4/ephrin-B2 complexes stimulates local cell retraction events. Furthermore this 

retraction required the cytoplasmic tail of EphB4 as 77.6%±4.1 [n=117] of cells were 

still in contact after injection of truncated EphB4.

4.2.4. EphB4 activation causes membrane ruffling.

In addition to revealing cell retraction events between Eph receptor and ephrin cells, the 

time-lapse movies revealed membrane ruffling between EphB4- and ephrin-B2- 

expressing cells after EphB/ephrinB activation (Fig. 4-4). To determine whether 

membrane protrusions are extended from the receptor and/or ligand cells, filamentous
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F igu re 4-4. L ocal activation  o f  E phB 4 and ep h rin -B 2 induces m em brane ruffling

and cell retraction.

1.5hr 1.75hr 2.25hr

2.75hi 3.25hr 3.75hr

F-Actin MergedPhospho-Eph

A

EphB4

ephrin-B2

Tim e-lapse stills o f  EphB4-ephrin-B2 contact regions between 1.5h and 3.75h after 

m icroinjection (a 1.5h, b 1.75h, c 2.25h, d 2 .75h , e 3.25h, f  3.75h). Arrowheads show  

membrane n iffles, arrows highlight inward m oving phase dark vesicles. Phalloidin staining o f  

fixed cells after tim e-lapse shows cell-cell separation (g,i). Phospho-Eph staining is deteeted at 

the interface between EphB4 and ephrin-B2 expressing cells (h,i) and in vesicles within the 

EphB4 expressing cell (see arrow (h,i|) Scale bars 20pm

Merged image (i): F-actin in red, phospho-Eph receptor in green.
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F igure 4-5. E phB 4/ephrin -B 2 in teraction  causes cell retraction .

ephrin-B2/control EphB4/ephrinB2 EphB4/control

EphB4Vectoi

ephrin-B2 Vectoi

Cell rclraclion occurs between adjacent cells injected with ephrin-B2 (injection marker blue) 

and EphB4 (injection marker green) (b) but not control injections o f  ephrin-B2 (injection  

marker blue) and empty vector (injection marker green) (a), or empt> vector (injection marker 

blue) and EphB4 (injection marker green) (c). Cells were eo-stained for F-aetin (red) to reveal 

cell m orpholog}. Scale bars, 20pm (a-c).

Graph 4-1. Effect of adjacent expression of EphB4 and ephrin-B2.

80 -

70 -

Dl)
S

60 -

2 50
I
% 40 

©

c 30 ©

ol
2 0 -

10  -

0
EphB4/Vector ' Vector/ephrin-B2 ' EphB4/ephrin-B2 ' AEphB4/ephrin-B2

Cells injected with plasmids expressing the constructs indicated. After 3.5hrs cells were fixed and stained for 

F-actin. Cells counted as retracted when greater then 50% o f  cell-cell contacts lost.
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actin structures were specifically revealed in receptor or ligand cells by co-expressing 

the actin-binding domain of moesin tagged with GFP (C-moesin-GFP,pCR3-C-moesin- 

GFP, 200pg/ml). This has previously been used to specifically label F-actin in lamellae 

and filopodia (Litman et al., 2000). Lamellae and filopodia were observed to assemble 

in EphB4-expressing cells (Fig. 4-6a-c) and not in ephrin-B2 expressing cells (Fig. 4-6d- 

f). Phospho-Eph was strongly detected in the lamellae and the filopodia (see Fig. 4-6c), 

suggesting that contact-triggered Eph receptor activation stimulated their formation. 

This would correlate with the data from Chapter 3.2 demonstrating that soluble ephrin- 

B2-Fc treatment of EphB4 expressing cells can trigger formation of filopodia and 

lamellae.

4.2.5. Active EphB4 is internalised into the receptor expressing cells.

Staining cells 3.5h after injection for phospho-Eph receptors showed vesicular staining 

in the Eph receptor expressing cells (Figure 4-4h,i). To verify that this was EphB4, the 

micro injected cells were stained for EphB4 and for phospho-Eph receptors. EphB4 

staining was fairly uniform across the EphB4 expressing cells, with more intense 

staining of small protrusions at ephrin-B2 contact sites and large vesicle-like structures 

in the cortex of up to 80% of EphB4-expressing cells (Fig. 4-7a,c). These EphB4 rich 

structures also stained for phospho-Eph receptors (Fig. 4-7b,c) indicating that they 

contain activated EphB4. In a small proportion of the cells (10±4%), EphB4-positive 

vesicles were observed in ligand-expressing cells. Expression of truncated EphB4 

(pRK5-AEphB4, lOOpg/ml), which has no kinase domain, increased this to 37±8% of 

ephrin-B2-expressing cells having EphB4-containing vesicles (Fig. 4-7d-f). This implies 

that EphB4 can be bidirectionally endocytosed, as has been seen in other systems (Zimmer 

et al., 2003) but that internalisation of EphB4 into the EphB4 expressing cell predominates 

in this system.
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Figure 4-6. Lamellipodia and filopodia extend from activated receptor cells. 

F-Actin Phospho-Eph Merged

EphB4

ephrin-B2

^  EphB4

ephrin-B2

The actin binding domain o f  moesin (C-moesin) is fused to GFP to form C-Moesin-GFP. When 

expressed this protein binds and labels F-actin (green in merged images). Co-expression o f C-moesin- 

GFP and EphB4 in a cell (green in [cD adjacent to an ephrin-B2 injected cell (labelled blue in [c]) 

reveals that the EphB4-expressing cell extends lamellae and filopodia at regions o f  Eph-ephrin cell 

contact (a, c). These actin structures show strong co-localisation with phospho-Eph ([b |, red in (c]). Co

expression o f C-moesin-GFP and ephrin-B2 (green in If]) in a cell adjacent to an EphB4-injeeted cell 

(labelled blue in [f]) does not reveal any protrusive aetin structures stimulated in the ephrin-B2 

expressing cell (d, f). Scale bars, 20pm.
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Comparison of plasma membrane-associated and total EphB4, by staining cells for the 

receptor extra-cellular domain before and after Triton X-100 permeabilisation, 

confirmed that the EphB4-positive vesicular structures were not simply surface clusters 

but rather internalised vesicles (compare Fig. 4-7g and h).

To investigate the route of internalisation of activated Eph receptors the cells were 

stained for components of the endocytic machinery. Two common mechanisms of 

receptor internalisation are through clathrin-coated pits (Mousavi et al., 2003) and 

caveolae (Parton and Richards, 2003), however the phospho-EphB vesicles did not co

stain for either the clathrin-coated pit marker, p-adaptin (Fig. 4-8a-c), or for caveolin 

(Fig. 4-8d-f). However co-localisation was observed between phospho-Eph receptors 

and cortactin at Eph/ephrin interaction sites (Fig.4-9a-c). Cortactin is known to interact 

with dynamin and actin, as well as Eph receptors at synaptic sites (Lai et al., 2001), and 

may be important for regulating actin dynamics and endocytosis at sites of growth 

factor activation (Schafer et al., 2002; Kaksonen et al., 2000).

There was an enrichment of vesicles staining for an early endosome marker, EEA-1, 

proximal to sites of membrane protrusions, and some co-localisation between phospho- 

Eph receptors and EEA-1 was observed at these sites (Fig.4-9d-f). This data provides 

no evidence that active EphB4 endocytosed through either clathrin-coated pits or caveolae- 

mediated mechanisms and but does suggest that some activated Eph receptors may enter 

early endosomal compartments after their internalisation.

4.2.6. Trans-endocytosis of full-length ephrin-Bs.

Since cell-contact mediated Eph receptor activation triggers EphB4 internalisation, the 

fate of the activating ligand is interesting. Staining injected cells for the extra-cellular
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F igu re 4-7. E ndocytosis o f  p-E phB 4 from  E ph-ephrin  activation  sites.

EphB4 Phospho-Eph

AEohB4 PhosnhoEoh

Surface Total

Merged

V EphB4
• V 'W  '’

ephrin-B2

Merged

' :: AEphB4

ephrin-BZ • ^

Merged

e p h r i n - B Z . '
• -S '■

,  ̂ EphB4

Cells expressing EphB4 and ephrin-B2 co-stained with anti-EphB4 and anti-phospho-Eph  

receptor antibodies (a-c). Merged image show s ephrin-B2 cell injection marker (blue) and 

demonstrates co-localisation o f  EpliB4 and phospho-Eph in vesicle-like structures in the EphB4 

expressing cell (sec arrow s (a-c|). Cells injected with truncated EphB4 and ephrin-B2 and co

stained with anti-EpliB4 and anti-phospho-Eph receptor antibodies (d-f). Merged image also 

show s ephrin-B2 cell injection marker (blue) and highlights EphB4 positive vesicles in ephrin- 

B2 expressing cells. M icroinjeeted cells stained to reveal surface EphB4 (without Triton X-lOO 

treatment [g |, red in |i |)  and total EphB4 (after Triton X-l()() treatment |h |,  green in | i | )  Merged 

im age also shows ephrin-B2 cell injection marker (blue). Large clusters o f  EphB4 are revealed  

only after Triton X-lOO treatment showing that the> are internalised (sec arrow s (h |). Scale bars 

a-c 20pm , d-f, 30pm . g-i, 10pm.
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F igure 4-8. Eph receptors and m arkers o f  coated  pits or caveolae.

Phospho-Eph Merged

EphB4

ephrin-B2

Comparison o f  staining for (i-adaptin (a) and phospho-Eph (b) at EphB4-ephrin-B2 contact 

sites Merged image (c) also show s ephrin-B2 cell injection marker (blue) but shows no eo- 

loealisation o f  P-adaptin and phospho-Eph at Eph-ephrinB contaets (see inset [a-c|). 

Comparison o f  staining for eaveolin (d) and phospho-Eph (e) at EphB4-ephrin-B2 eontact sites. 

Merged image (f) also show s ephrin-B2 cell injection marker (blue) but shows no eo- 

localisation o f  eaveolin and phospho-Eph at Eph-ephrinB eontacts. Scale bars 20pm
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F igure 4-9 . Eph receptors and endocytic m arkers.

Phospho-Eph Merged

I I 
I ^  I 
L _*•_ J

EphB4
ephrin-B2

EphB4

Comparison o f  staining for cortactin (a) and phospho-Eph (b) at EphB4-ephrin-B2 contact 

sites. Merged image (c) also shows ephrin-B2 cell injection marker (blue) and show s co 

localisation o f  cortactin and phospho-Eph at Eph-ephrinB contacts (see insert |a -c | )  

Comparison o f  staining for endosomal marker EEA-1 (d) and phospho-Eph (e) at EphB4- 

ephnn-B 2 contact sites. Merged image (f) also show s ephrin-B2 cell injection marker (blue). 

Proximal to sites o f  membrane protrusions there is a recruitment o f  EEA-1 containing vesicles  

(see insert [d]) and some co-localisation o f  EEA-1 and phospho-Eph (see insert [d-f]). Scale 

bars, 20pm .
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domain of ephrin-B2 and phospho-Eph receptors revealed that these membrane- 

anchored ligands were trans-endocytosed into adjacent EphB4-expressing cells (Fig. 4- 

lOa-c). Co-localisation between phospho-Eph and ephrin-B2 was detected close to the 

sites of cell-cell contact between EphB4 and ephrin-B2, these sites may mark the most 

recently endocytosed Eph receptor.

Since an extracellular portion of A-class ephrins can be cleaved after EphA receptor 

binding (Hattori et al., 2000), it was important to determine whether it is only ephrinB 

extracellular domains that were associated with internalised EphB4-positive vesicles or 

whether full-length ephrinB molecules were transferred into EphB4-expressing cells. 

To do this, intracellular flag-tagged ephrin-Bl (pRK5-ephrin-B 1 -flag, 200fig/ml) was 

expressed in the neighbouring cell injection assay and the cells were co-stained for the 

flag epitope and either phospho-Eph or EphB4. Flag-tagged ephrin-B 1 was detected on 

vesicles within EphB4-expressing cells and there was some co-localisation of ephrin-Bl 

and phospho-Eph, particularly near the site of cell contact (Fig. 4-lOd-f). Although the 

surface EphB4 staining masks vesicular staining, some co-localisation was also seen 

between the flag epitope and EphB4 proximal to the sites of cell-cell contact (Fig. 4- 

lOg-i). Since the flag-epitope is on the cytoplasmic tail of ephrin-Bl, this would imply 

that full-length ephrin-Bs rather than a cleavage product are trans-endocytosed into 

neighbouring EphB4-expressing cells. The fact that the co-localisation between Eph 

receptor and ephrin only occurs proximal to the sites of cell-cell contact suggests that 

there may be a sorting event that occurs once the receptor-ligand complex has been 

internalised.

4.2.7 Plasma-membrane is transferred with ephrin-B2.

For full-length ephrin-Bs to be transferred into the adjacent EphB4-expressing cells they
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must either be transferred still incorporated in the ephrin-expressing cell plasma 

membrane, or they could be pulled out of the membrane when the Eph receptor is 

endocytosed. To investigate this, ephrin-B2 was co-expressed with a GFP chimera 

protein, PM-EGFP (200pg/ml), which contains the myristoylation and palmitoylation 

sites of Lyn attached to EGFP (Pyenta et a l, 2001). This labelled plasma membrane 

from the ligand cells only and allowed me to determine whether full-length ephrinB is 

pulled out of the plasma membrane after Eph receptor binding or whether portions of 

the ephrin-B2-expressing cells plasma membrane are also transferred into the EphB4- 

expressing cells. PM-EGFP was trans-endocytosed into EphB4-expressing cells and 

could be detected in vesicular structures that co-stain for phospho-Eph receptors (Fig. 4- 

1 la-c). Thus I have shown that inward moving endocytic vesicles in EphB4-expressing 

cells contain activated Eph receptors, full-length ephrinB molecules and membrane 

from the surface of ephrin-B2-expressing neighbours.

4.2.8. Cell retraction requires Eph receptor endocytosis.

Previously it has been shown that cleavage of the extra-cellular domain of ephrin-As by 

the metalloprotease, kuzbanian, is necessary for separation of EphA receptor and 

ephrin-A expressing cells (Hattori et al., 2000). There are no reports of ephrin-Bs being 

cleaved by kuzbanian and the evidence presented above indicates that they are not 

cleaved in this situation. Instead I observed trans-endocytosis of ephrinB ligands which 

could allow the removal of EphB/ephrinB complexes from the sites of cell-cell contact, 

thus permitting cell-cell separation. One way to test this hypothesis is to modulate 

endocytosis by inhibiting dynamin function. Dynamin is involved in many endocytic 

events (reviewed in Schmid et al., 1998) and inhibiting dynamin can block receptor 

internalisation (Damke et al., 1994). Staining for endogenous dynamin showed it to be
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Figure 4-10. Full-length  ephrinB  is transferred  to E p h B 4-exp ressin g  cells.

MergedhriuB2 PhosDho-Enh

Flae-ta Phosnho-Enh

Flae-ta EphB4

ephrin-B
EphB

Merged

I

Merged

f . l e  "  '

I T #  iphB

Adjacent cells mieroinjeeled with EphB4 and ephrin-B2 were co-stained with anti-ephrin-B2(a) 

and anti-phospho-Eph (b) antibodies. Merged im age (c) also shows EphB4 cell injection marker 

(blue). Images show transfer o f  ephrin-B2 into the EphB4 injected cell and eo-loealisation o f  

ephrin-B2 and phospho-Eph on internalised vesicles. M icroinjeeted cells co-stained with anti

flag, to detect localisation o f  flag-tagged (intracellular flag) ephrin-B l (d), and anti-phospho- 

Eph (e) antibodies. Merged image (f) also show s EphB4 cell injection marker (blue). Images 

show  that full-length ephrinB is trans-endoc> tosed into the EphB4-expressing cell and eo- 

loealises with phospho-Eph (see inset |d - f |)  Similarly microinjeeted cells co-stained with anti

flag (g), and anti-EpliB4 (h) antibodies with merged image (I) also showing EphB4 cell injection 

marker (blue). Trans-endoe>tosed full-length ephrin-B l eo-loealises with EphB4 (see inset |g - 

il). Scale bars 2 0 um
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Figure 4-11. Membrane is transferred from ephrin-B2- to EphB4-expressing cells. 

PM-EGFP Phospho-Eph Merged

Co-injection o f  ephrin-B2 and PM-EGFP, a membrane marker in whieh GFP is attached to a 

plasma membrane linker, into cells adjacent to cells injected with EphB4. Injected cells reveal 

GFP (a) and were stained for anti-phospho-Eph (b), with merged image (c). Plasma membrane 

from the ephrin-B2 expressing cell is obser\ ed to eo-loealise with phospho-Eph receptors (see  

inset). Scale bars, 20pm
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concentrated at sites of EphB4 activation (Fig.4-12a-d). Co-expression of EphB4 with a 

dominant negative mutant form of dynamin-1 (^44^dynamin-l [DynK44A], 300pg/ml), 

that inhibits dynamin activity, led to an accumulation of phospho-Eph at the 

receptor/ligand interface presumably by inhibiting endocytosis of activated Eph 

receptors (Fig. 4-12e-h). Importantly inhibiting dynamin dependent endocytosis 

significantly reduced cell retraction (cell retraction with expression of DynK44A is 

30.9% ±10.1 [n=125] compared with 55.1% ±2.0=[n=79] without, p<0.05). Therefore it 

would appear that endocytosis of Eph receptors is essential for the cell-cell separation.

4.2.9 Eph receptor internalisation and cell retraction require Rac activity 

and actin polymerisation.

Internalisation of activated Eph receptors appears not to occur through clathrin-coated 

pits or caveolae (see Section 4.2.5). An alternative possibility is that receptor 

internalisation might be actin-dependent, particularly given the localisation of cortactin 

at sites of Eph receptor activation. Actin polymerisation could be inhibited throughout 

the cell monolayer by treating the cells with 0.1 pM Cytochalasin D Ih after cell 

injection. Alternatively actin polymerisation could be specifically inhibited in the 

EphB4 expressing cells by co-expressing a fragment of the Scarl protein, (ScarWA, 

pRK5-ScarWA-myc, 200pg/ml). ScarWA inhibits de novo actin polymerisation by de- 

localising the Arp2/3 complex (Machesky and Insall, 1998). Inhibiting actin 

polymerisation using either of these techniques inhibited endocytosis of Eph receptors, 

demonstrating that receptor internalisation is indeed actin driven (endocytosis of 

phospho-Eph occurs in 20.9% ±7.3 cells after Cytochalasin D treatment [n=60. Fig. 4- 

13e] and 8.1% ±2.7 cells with co-expression of ScarWA [n=93. Fig. 4-13h], compared 

with 60.4% ±10.2 cells in EphB4/ephrin-B2 injections [n=l 15, Fig. 4-13b]). Importantly
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F-Actin
Figure 4-12. Dynamin activity is required for cell-cell separation. 

Phospho-Eph Dynamin Merged

e p h r in -B 2

E p h B 4

e p h r in -B 2

E p h B 4

Cells m icroinjeeted with EphB4 (a-d) or K44A Ehnamin and EphB4 (e-h) adjacent to ephrin-B2 were co-stained with ph alio id in (a, e), anti- 

phospho-Eph (b, f)- and anti-d>namin (c, g) antibodies and merged (d, h). Co-expression o f  dominant negative d \nam in  com pletely inhibited 

phospho-Eph endoe> tosis and cell-cell separation. Scale bar 20 jji



the cell retraction that is usually stimulated by EphB4/ephrin-B2 interaction was also 

reduced by inhibiting actin polymerisation (cell retraction is 31.5% ±1.7 [n=60, Fig. 4- 

13d] for Cytochalasin D and 31.3% ±4.2 [n=93, Fig. 4-13g] with co-expression of 

ScarWA, compared with 57.1±5.9 cells in EphB4/ephrin-B2 injections [n=115, Fig. 4- 

13a], p<0.05 for both. Graph 4-2). Therefore actin-dependent endocytosis of Eph 

receptors is required for cell-cell separation.

I have shown that EphB4 regulates the actin cytoskeleton (Sections 4.2.4 and 3.2.2) and, 

in Chapter 3 ,1 demonstrated that this regulation occurs through the Rho family of small 

GTPases. Therefore it is interesting to see if the Rho family regulates the actin 

structures triggered by membrane attached ephrin-B2 and whether inhibiting these 

GTPases has any effect on the cell separation. Co-expression of EphB4 with both 

WASp-CRIB (pRK5-WASp-CRIB-myc, 50pg/ml), to inhibit Cdc42 signalling, or 

dominant negative Rac (N17Rac, pRK5-N17Rac-myc, 200pg/ml), to block the activity 

of the Rac GTPase, inhibited the endocytosis of activated EphB4 (endocytosis of 

phospho-Eph occurs in 35.7% ±12.8 cells with co-expression of WASp CRIB [n=74. 

Fig. 4-14b] and 15.1% ±1.7 cells with co-expression of N17Rac [n=63. Fig. 4-14e)] 

compared with 67.8% ±9.3 cells in EphB4/ephrin-B2 injections [n=l 15]), moreover, the 

incidence of cell retraction was reduced to near control-injection levels or to that 

observed with truncated EphB4. Cell retraction occurs in 35.1% ±8.8 cells with co

expression of WASp CRIB [n=74, p < 0.05, Fig. 4-14a] and 34.7% ±4.8 cells with co

expression of N17Rac [n=63, p < 0.05, Fig. 4-14d] compared with 64.7±4.3 cells in 

EphB4/ephrin-B2 injections [n=115], and 22.3±4.1 with truncated EphB4 [n=117], 

(Graph 4-2). Interestingly, treating the cells with the Rho-associated kinase inhibitor, Y- 

27632 (lOpM), which blocks actin stress fibre assembly and ephrin-A triggered growth

110



F igure 4-13. R etraction  and en d ocytosis require actin  polym erisation .

F-Actin Phospho-Eph Merged

ephrin-B2 i

EphB4
ephrin-

EphB4

Cells injected with EphB4 (a-c), or EphB4+ScarW A (g-i), adjacent to ephrin-B2, or injected 

with EphB4 adjacent to ephrin-B2 and treated with 0 .IpM Cytochalasin D Ih after 

micro inject ion (d-f). Cells were co-stained with phalloidin (a, d, g) and anti-phospho-Eph 

receptor antibodies (b , e, h) to reveal sites o f  Eph activation. ScarWA expression detected using 

9e-IO anti-nnc antibodies, not shown Merged im ages (c, f, i) show that expression o f  EphB4 

and ephrin-B2 in adjacent cells leads to endocy tosis o f  phospho-Eph into the Eph receptor cell 

and retraction o f  the receptor- and ligand-expressing cells. Both endocytosis o f  phospho-Eph 

and cell-cell retraction are inhibited by blocking Arp2/3-dependent actin poly merisation either 

generally (yvith Cytochalasin D) or specifically m the EphB4 expressing cell (yvith ScarWA). 

Seale bars, 20pm .



Graph 4-2. Effect of cytoskeletal modulators on phospho-Eph endocytosis and 

cell-cell separation.
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cone collapse, Ih after injection, had no effect on endocytosis o f EphB4 or on cell-cell 

separation (Fig. 4-14g-i, endocytosis o f phospho-Eph occurs in 73.4%  ±0.3 cells and 

cell retraction in 70.7% ±9.7 [n=60] for Y27632 treatm ent. Graph 4-2). This contrasts 

with data from Chapter 3 which dem onstrated a role for Rho signalling in cell- 

retraction triggered by soluble ephrin-B2 treatm ent.

4.2.10. Effect o f varying expression o f EphB4 or ephrin-B2.

Evidence from Chapter 3 suggested that pre-clustering the ephrin can influence the 

cellular response to EphB4 activation. Clustering m ay be equivalent to raising the 

relative levels o f ephrin compared with Eph receptor levels. It is possible to alter the 

com parative levels o f Eph receptor and ephrin in the adjacent cell experim ents by 

introducing a delay between the injection o f the expression constructs, i.e. EphB4 levels 

could be raised relative to ephrin-B2 levels by injecting pCIneo-EphB4 and waiting one 

hour before injecting the neighbouring cells with pRK5-ephrin-B2.

Graph Legend. EphB4 was expressed in lines o f  cells adjacent to lines o f  cells expressing ephrin-B2. Cells 

were treated with various cytoskeletal modulators as described in Figures 4-13 and 4-14. Cells were fixed and 

stained for F-Actin and phospho-Eph receptors. Cells were scored as separated when greater than 50% o f cell 

contacts lost. Phospho-Eph endocytosis was scored when vesicular phospho-Eph receptor staining was 

detectable away from sites o f  cell contact. 112



F igure 4-14. E ffect o f  R ho G T P ase m odulators on cell-retraction  and phospho-

Eph endocytosis.

F-Actin Phospho-Eph Merged

e p h r in -B 2

EphB4

Cells injected with EphB4+W A Sp-C R lB (a-c), or EphB4+N17Rac (d-f), adjacent to ephrin-B2, 

or injected with EpliB4 adjacent to ephrin-B2 and treated with lOpM Y 27632 Ih after 

m icroinjection (g-i). Cells w ere co-stained with phalloidin (a, d, g) and anti-phospho-Eph 

receptor antibodies (b, e, h) to reveal sites o f  Eph activation. W ASp-CRIB and N17Rac 

expression detected using 9e-10  anti-nn c antibodies, not shown. Merged im ages (c, f, I) show 

that endocytosis o f  phospho-Eph and cell-cell retraction are inhibited by blocking Cdc42 or Rac 

signalling but not by inhibition o f  Rho associated kinase. Scale bars 2()pm.
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Initially ephrin-B2 expression was m aintained constant for 3.5h while EphB4 

expression time was varied between 2.5 and 4.5h (Graph 4-3). I found that that raising 

EphB4 levels relative to ephrin-B2 slightly reduced levels o f internalisation and cells 

showing a loss o f contact. In the converse where ephrin-B2 levels were altered it 

appeared that increasing ephrin expression tim es from  2.5 to 3.5h induced a bias 

towards internalisation and cell retraction. However, w hereas all the other data points 

on graphs 4-3 and 4-4 are data from 3-6 experim ents incorporating over 150 cell-cell 

contacts, the 4.5h data point on Graph 4.4 only represents 2 experim ents and 44 cell

cell contacts and therefore may not be representative. These data provide more 

evidence that there is a close link between the internalisation o f  the activated Eph 

receptor and cell-cell separation between EphB4 and ephrin-B2 expressing cells.

4.3. Discussion.

In this chapter I have examined the consequence o f EphB4 activation by 

transm em brane ephrin-B2 at sites o f  cell-cell contact. The activation o f EphB4 has

Graph 4-3. Effect of varying EphB4 expression times.
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Graph Legend. EphB4 was expressed in lines o f  cells adjacent to lines o f  cells expressing ephrin-B2. Ephrin- 

B l expression time was maintained at 3.5hrs while EphB4 expression time was varied. Cells were fixed and 

stained for F-Actin and phospho-Eph receptors. Cells were scored as separated when greater than 50% o f cell 

contacts lost. Phospho-Eph endocytosis was scored when vesicular phospho-Eph receptor staining was 

detectable away from sites o f  cell contact. 114



G raph 4-4 . E ffect o f vary in g  ephrin-B 2 expression  tim es.
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several effects: it triggers form ation o f localised protrusive actin structures from the 

EphB4 expressing cell; there is endocytosis o f receptor-ligand com plexes comprising 

activated EphB4, full-length ephrin ligand, and plasm a-m em brane from the ephrin 

expressing cell into the EphB4 expressing cell; and finally activation o f EphB4 triggers 

the separation o f  EphB4- and ephrin-B2-expressing cells. Blocking EphB4 

internalisation by inhibiting dynamin function inhibited cell-cell separation. Inhibiting 

the form ation o f  the protrusive actin structures, filopodia and lam ellae, by inhibiting 

Cdc42 or Rac signalling, or actin polymerisation, within the EphB4 expressing cells 

inhibited both the endocytosis o f phospho-Eph and the cell-cell separation.

4.3.1. EphB/ephrinB cell separation

Flanagan and colleagues recently proposed that ephrin-induced contact repulsion occurs 

through regulated shedding o f the ectodom ains o f ephrin-A ligands (Hattori et al.,

2000). The data in this chapter offer an alternative m echanism  for EphB/ephrinB
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mediated cell repulsion: Internalisation of EphB receptors still bound to full-length 

ephrinB removes the high affinity receptor/ligand complex from sites of cell-cell 

interaction. The removal of this complex and the associated plasma-membrane most 

likely destabilises the cell contacts allowing cell-cell separation.

I show that full-length ephrin-Bs, and not just the extracellular domains, are 

endocytosed by the Eph receptor expressing cells, which correlates well with work from 

the laboratory of Rudiger Klein (Zimmer et al., 2003) where transfer of full-length 

ephrin-Bs has also been shown to be required for cell separation. In addition, I show 

that GFP-labelled plasma membrane is removed from the surface of ligand-bearing cells 

by adjacent Eph receptor-expressing cells. Endocytosis of these large Eph-ephrin- 

membrane patches requires dynamin activity and inhibition of dynamin prevents cell

cell separation, providing evidence for a direct link between Eph receptor 

internalisation and cell-cell separation. Inhibiting Cdc42 and Rac signalling and Arp2/3- 

driven actin polymerization in Eph receptor cells also blocks endocytosis of Eph-ephrin 

complexes, and blocking endocytosis this way also prevents cell retraction. The fact 

that inhibiting endocytosis in these two different ways prevents cell-cell separation 

might imply that the latter depends on the former.

Altering the Eph receptor to ephrin ratio by varying the receptor and ligand expression 

times had a subtle effect on the cell-cell separation with higher levels of ephrin relative 

to Eph receptor levels increasing the levels of cell-cell separation. However 

internalisation of phospho-Eph receptors and cell-cell separation were usually seen at 

similar levels providing further evidence that Eph receptor internalisation is a key step 

in Eph receptor/ephrin triggered cell-cell separation.
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4.3.2. EphB receptors and Cdc42 and Rac activation.

In Chapters 3 and 4, I have shown stimulation of protrusive actin structures after 

activation of EphB4 with both soluble ephrin-B2-Fc and trans-membrane ephrin-B2. In 

both cases I have provided evidence that these structures require Cdc42 and Rac 

signalling, although I have no evidence for a change in the cellular levels of active 

Cdc42 or Rac. As stated in the discussion in Chapter 3 there is little evidence for 

activation of Rac or Cdc42 by Eph receptors, although GEFs for both Cdc42 and Rac 

may be recruited to EphB signalling complexes (Irie and Yamaguchi, 2002; Penzes et 

al., 2003). In fact several groups have shown a decrease in the levels of active Cdc42 

and Rac after ephrin stimulation (Wahl et al., 2000; Shamah et al., 2001; Sharfe et al., 

2002; Deroanne et al., 2003).

Data from Chapters 3 and 4 provide two potential explanations for this discrepancy. 

The differences in cell response to ephrin-B2-Fc dimers and pre-clustered ephrin-B2 

seen in Chapter 3 demonstrate that different sized Eph/ephrin complexes may trigger 

different cellular responses possibly by recruiting different signalling molecules (Stein 

et al., 1998a). Therefore experimental variation leading to the formation of different 

sized Eph/ephrin complexes either due to antibody clustering of the ligand or 

differences in the ability of different Eph receptor/ephrin combinations to form higher 

order clusters may cause variations in downstream signalling. Alternatively there may 

be spatial or temporal regulation of signalling whereby an initial Cdc42/Rac activation 

triggers internalisation of the Eph receptor/ephrin complex and this internalisation leads 

to modification of Eph receptor signalling, as is seen for EOF (Burke et al., 2001).

4.3.3. EphB receptor endocytosis.

It has been demonstrated for EphA receptors that their activation causes recruitment of
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c-Cbl leading down-regulation of the receptor through proteolytic degradation (Wang et 

a l, 2002; Walker-Daniels et a l, 2002). Furthermore c-Cbl is thought to play a role in 

regulating the endocytosis of other receptor tyrosine kinases (de Melker et al., 2001) 

and may be triggering internalisation of EphA receptors. However activation of EphB 1 

or B2 (Wang et al., 2002; Sharfe et al., 2003) failed to induce c-Cbl recruitment 

implying that EphA and B receptors may be internalised differently. Here I have 

presented evidence suggesting that EphB receptors are not internalised through clathrin 

or caveolin dependent endocytosis. Rather they appear to be engulfed, along with 

ephrin and membrane from the neighbouring cell, in an actin-dependent phagocytic-like 

event. This resembles Fc-receptor dependent phagocytosis in that it requires Cdc42 and 

Rac activity (Gold et al., 1999) and is sensitive to dynamin activity (Massol et al., 

1998).

A link between Rac activity, endocytosis and membrane retraction has been 

demonstrated previously (Jumey et al., 2002). Racl was shown to be required for 

endocytosis of the plasma membrane and reorganisation of F-actin during growth cone 

collapse in response to soluble ephrin-A2. Interestingly, a requirement for Racl activity 

has also been implicated in growth cone collapse triggered by another repulsive 

guidance molecule, semaphorinSA (Jin and Strittmatter 1997; Kuhn et al., 1999 Vastrik 

et al., 1999).

4.3.4. Trans-endocytosis of trans-membrane proteins.

The transfer of a membrane-tethered ligand from one cell to a neighbouring receptor- 

bearing cell is not unique to ephrinB molecules, although there is no previous link with 

cell repulsion or to tissue boundary formation. The best-studied example of full-length 

ligand transfer is the sevenless system in the eye of Drosophila melanogaster. Here, the
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R7 cell receives a signal through the sevenless receptor tyrosine kinase expressed on its 

surface after binding its ligand, BOSS, a 7-pass transmembrane protein that is expressed 

only by the adjacent R8 cell (Van Vactor et al., 1991). As with the Eph-ephrin system, 

sevenless activation occurs only at sites of cell-cell contact. As I describe here for 

ephrin-Bs, the BOSS ligand is trans-endocytosed in its entirety into the R7 cell (Cagan 

et al., 1992) in a process requiring dynamin activity (Chang et al., 2002), where it 

localises to large vesicular structures (Kramer and Phistry, 1996). It is unknown how 

trans-endocytosis occurs in this system, but it would be interesting to test whether it 

occurs through a Rac-dependent pathway. Cells expressing the receptors Notch and 

Patched have also been shown to be capable of removing full-length membrane bound 

forms of their ligands. Delta (Klueg and Muskavitch, 1999) and sonic hedgehog 

(Incardona et al., 2000), respectively, and neurons expressing apCAM can remove 

fragments of membrane of a contacting neurite after stimulation with 5-HT (Bailey et 

al., 1992). This trans-endocytosis event is thought to contribute to the destabilization of 

membrane contacts between neurites.

In summary, this data suggest a novel mechanism whereby ephrinB ligands may operate 

as repulsive cues. EphB receptor activation initially appears to be attractive, triggering 

actin-driven membrane ruffling. Eph receptor-ephrin internalisation then appears to 

convert this to a repulsive cell retraction. Eph receptor endocytosis may regulate cell 

retraction by simply enabling cells to disengage or might be directly responsible for 

switching the response to ephrins from attractive to repulsive.
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5. EphB4 signalling in endothelial cells.

5.1. Introduction.

In Chapters 3 and 4 I have shown that EphB4 can regulate the actin cytoskeleton in 

Swiss 3T3 fibroblasts. Activation of EphB4 with soluble ephrin-B2 triggered the 

formation of Cdc42 and Rac dependent protrusive actin structures as well as a loss of 

cell-matrix adhesion. Activation of EphB4 with membrane tethered ephrin-B2 induced 

the formation of similar protrusive actin structures and the separation of EphB4 and 

ephrin-B2 expressing cells. I demonstrated that the protrusive actin structures were 

essential for the phagocytic-like internalisation of Eph receptor/ephrin complexes which 

was necessary for the disengagement of EphB4 and ephrin-B2 expressing cells.

EphB4 and ephrin-B2 interact during the development of the mammalian vasculature at 

the interface between arterial and venous endothelial cells (Wang et al., 1998). This 

interaction is thought to be essential for the development of the vasculature through 

regulation of the migration and morphology of endothelial cells as the primary vascular 

plexus undergoes angiogenic remodelling (Wang et al., 1998; Adams et al., 1999; 

Gerety et al., 1999). Investigation of cultured EphB4-expressing endothelial cell 

migration has demonstrated that EphB4-activation is capable of regulating both pro- 

migratory responses (Huynh-Do et al., 1999; Steinle et al., 2002; Maekawa et al., 2003) 

and repulsive responses (Fuller et al., 2003; Hamada et al., 2003) in endothelial cells. 

Co-culture of EphB4- and ephrin-B2-expressing endothelial cells led to segregation of 

the two cell populations into discrete islands with little mixing (Fuller et al., 2003). 

Therefore it is possible the same cellular processes I have seen in fibroblasts after 

EphB4 activation might regulate contact repulsion in endothelial cells.
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Human umbilical vein endothelial cells (HUVECs) are venous endothelial cells that 

express EphB4 (Kim et ah, 2002; Fuller et ah, 2003). I show that treatment of HUVECs 

with soluble ephrin-B2-Fc led to activation of EphB4 and that this down-regulated MAP 

kinase signalling in these cells. I have used cell microinjection to express ephrin-B2 in 

isolated HUVECs, which caused cell-cell separation between the ephrin-B2-expressing 

cell and the surrounding cells. I show that cell retraction requires Rac signalling in the 

EphB4-expressing cell. Furthermore, expression of EphB4 in ephrin-B2-expressing 

endothelial cells. Human umbilical artery endothelial sells (HUACs), also induced cell

cell separation and small membrane protrusions at sites of cell-cell contact.

5.2. Results

5.2.1 Stimulation of £phB4 expressing endothelial cells with ephrin-B2-Fc 

triggers activation of EphB4 and down-regulation of MAP kinase signalling.

Human umbilical vein endothelial cells (HUVECs) are venous endothelial cells that 

express EphB receptors (Kim et ah, 2002; Fuller et ah, 2003). To confirm expression of 

EphB4, HUVECs were grown to confluency and lysed using modified RIPA buffer. The 

lysates were separated using SDS-PAGE and transferred to PVDF membrane. Blotting 

for EphB4 showed a band at 120kDa (Fig. 5-1), similar to that seen for EphB4 

expressed in other endothelial cell lines (Fuller et ah, 2003; Zhang et ah, 2001).

It has been demonstrated that some, but not all, Eph receptor/ephrin ligand 

combinations require antibody clustering of soluble ephrin to induce phosphorylation of 

the receptor (Gale and Yancopoulos, 1997), which may be due to the different binding 

affinities of different Eph receptor/ephrin combinations (Gale et ah, 1996a). In Chapter 

3, I demonstrated that ephrin-B2 dimers can activate EphB4. To investigate activation
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o f endogenous EphB receptors, HUVECs were treated with either ephrin-B2-Fc dimers 

(Ipg /m l) or pre-clustered ephrin-B2 (Ipg /m l) for varying times. The cells were then 

lysed as above and blotted for phosphorylated Eph receptors using anti-phospho-Eph 

receptor antibodies. A band for phospho-Eph receptors was detected at 120kDa after 

lOmin treatm ent with either ephrin-B2 dimers or pre-clustered ephrin-B2 (Fig. 5-2), 

with the strongest activation seen at 30min. An additional band was detected at 60kDa. 

This could be a degradation product since it shows the same tem poral pattern after 

ephrin stim ulation.

To show that EphB4 is activated the HUVECs were stim ulated with ephrin-B2-Fc and 

then lysed in imm uno-precipitation RIPA buffer. The lysates were then incubated 

overnight with goat-anti-EpliB4 antibody at 4°C and the imm une com plexes captured 

using protein-G agarose. The precipitates were then separated by SDS-PAGE,

F ig u r e  5 -1 . H U V E C s  e x p r e s s  E p h B 4 .

A n ti-E p h B 4  

H U V E C s E p h B 4 -F c
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‘ -V

Western blot o f  HUVECs lysates shows a strong band at 120kDa. Adjacent lane shows EphB4- 

Fc.
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F igu re 5-2. Eph receptor activation  in H U V E C s.
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W estern blot for phospho-Eph receptors shows that endogenous EphB receptors can be

activated in HUVECs by treatment with dimeric ephrin-B2-Fc or clustered ephrin-B2-Fc.

Lysates blotted for tubulin levels for protein loading control.

transferred to PVDF and blotted for EphB4 and phospho-Eph receptors. A strong band 

was seen w ith a m olecular weight between 110-120kDa on blots detecting phospho-Eph 

receptors with activation peaking at 15-30min. Again other lesser bands were seen at 

~60kDa. Blotting imm une-precipitates for EphB4 showed a weak corresponding band 

at 120kDa, showing EphB4 levels in the precipitates (Fig. 5-3). Therefore, as in EphB4- 

expressing fibroblasts, EphB4 becomes activated in HUVECs after treatm ent with 

ephrin-B2-Fc dimers.

It has been reported that ephrin-B2 treatm ent o f  EphB4 expressing endothelial cells can 

both positively and negatively regulate the activity o f  p42/44 MAP kinase (Steinle et al., 

2002; Kim et al., 2002). To investigate which occurs in my hands, HUVECs were
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F igure 5-3. A ctivation  o f EphB 4 in H U V E C s.

Anti-phospho-Eph 
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HUVECs were stimulated with ephrin-B2-Fc (Ifig/m i) for the indicated times. Cells were lysed using 

immuno-precipitation RIPA buffer. Anti-EphB4 antibody was added and incubated for 16hr at 4°C. 

Immune complexes were captured by addition o f Protein-G-agarose. Immune-precipitates were 

separated by SDS PAGE and blotted for phospho-Eph receptors (top panels) and EphB4 (lower 

panels). Blotting immune precipitates using anti-phospho-Eph receptor antibodies shows a major band 

o f  l20kDa (large arrows top panels) and a smaller fragment at 60kDa (sm all arrows top panels). Low 

levels o f phospho-Eph receptors are sometimes seen in unstimulated cells. Blotting immune precipitates 

using anti-EphB4 antibodies shows equivalent levels o f  EphB4 precipitated (large arrows bottom  

panels). The precipitating antibodies are also detected in the lower blot (see asterisks lower).

treated with ephrin-B2-Fc, lysed as before using the full m odified RIPA lysis buffer and 

then blotted for phospho-Eph receptors and also for phosphorylated p42/44 MAP 

kinase. Again strong Eph receptor activation was detected at 110-120kDa, as was the 

increase in the band at ~60kDa (Fig. 5-4). In the absence o f ephrin-B2-Fc treatm ent 

there were high basal levels o f p42/44 M AP kinase phosphorylation which rapidly 

decreased upon ephrin-B2-Fc treatm ent as Eph receptors becam e activated (Fig. 5-4). 

This confirm s the data o f  Kim et a l ,  (2002) who showed that treatm ent o f HUVECs
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Figure 5-4. Activation of Eph receptors in HUVECs down-regulates MAP kinase 

signalling.
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Western blotting o f  HUVECs lysates using phospho-specific antibodies to p42/44 MAP kinase 

show  that MAP kinase signalling is down-regulated after ephrin-B2-Fc treatment as Eph 

receptors becom e activated. Lysates blotted for tubulin levels for protein loading control.
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with ephrin-B2-Fc down-regulated p42/44 MAP kinase activity, which they showed 

occurred through recruitment of p i 20 RasGAP.

5.2.2. Expression of ephrin-B2 in HUVECs leads to retraction of the 

surrounding cells and internalisation of activated Eph receptors.

To investigate the effect of activation of endogenous EphB receptors in HUVECs by 

cell surface-tethered ephrin-B2, an expression construct encoding ephrin-B2 (pRK5- 

ephrin-B2, 200pg/ml) was injected into ETUVECs within a confluent monolayer, along 

with a biotin-dextran injection marker (2mg/ml). ETUVECs were grown to confluency as 

described in the methods and 2h prior to injection the medium was changed for fresh 

medium minus EOF and FGF. Injection of empty vector into individual cells had little 

effect (Fig. 5-5a-c). However injection of ephrin-B2 into isolated cells led to an increase 

in phospho-Eph receptors in the surrounding cells and a separation of ephrin-B2- 

expressing and surrounding cells (Fig. 5-5d-f). 3.5h after injection 34.0±3.7% (497 cell

cell contacts counted) of neighbouring cells had separated from the injected cells when 

ephrin-B2 was expressed compared with 3.8±2.6% (382 cell-cell contacts counted) 

when empty vector was injected (separation was counted when greater than 25% of 

cell-cell contact had been lost). Intriguingly if EGF and FGF remained in the medium a 

higher level of separation was counted (54.1±13.8% [43 cell-cell contacts counted]). 

This higher level of separation may be due to activation of the ephrin-B2 by FGF in the 

medium, as FGF has been shown to phosphorylate ephrin-Bl leading to recruitment of 

adaptor proteins such as Grb4 (Chong et al., 2000; Bong et al., 2003). As I was 

primarily interested in signalling events triggered by EphB4 activation, EGF and FGF 

were removed from the medium 2h prior to injection in all subsequent experiments.

Phosphorylated Eph receptors could be detected in cells neighbouring ephrin-B2
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F igure 5-5. E xpression  o f  ep h riii-B 2  in isolated  H U V E C s causes retraction  o f

surrounding cells.

Phospho-Eph F-Actin Merged

Cells injected with pRK5 (a-c). or pRK5-ephrin-B2 (d-f). Cells co-slained with phalloidin (b, c) 

and anti-phospho-Eph receptor antibodies (a, d) to reveal sites o f  Eph activation. Merged 

images also show  injection marker in blue (c, f). M icroinjection o f  empt> vector has no effect on 

the morphology o f  HUVECs or on the activation state o f  Eph receptors (a-c). In contrast 

expression o f  ephrin-B2 leads to activation o f  Eph receptors in neighbouring cells, as detected 

using anti-phospho-Eph receptor antibodies (d), and causes retraction o f  som e o f  the 

surrounding ce lls  (d-f). Scale bars 20pm.
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-expressing HUVECs (Fig. 5-5d,f). To investigate the trafficking of activated Eph 

receptors after endocytosis the cells were co-stained for markers of different membrane 

compartments. There was some co-localisation of phospho-Eph receptors with EEA-1 

(Fig. 5-6a-c), correlating with the data in Chapter 4 (Fig. 4-9), suggesting that phospho- 

Eph receptors may traffic through early endosomes. There was also co-localisation with 

CD63 (Fig. 5-6d-f), which is a marker for multi-vesicular bodies (Kobayashi et al., 

2000). These are a late endosomal compartment that is important for down-regulation 

of EGF and associated signalling proteins (Oksvold et al., 2001) and may be important 

for down-regulation of Eph receptor signalling.

5.2.3. Full-length ephrinB is trans-endocytosed into the surrounding cells 

where it co-localises with phospho-Eph.

In Swiss 3T3 cells adjacent expression of EphB4 and ephrin-B2 led to trans-endocytosis 

of ephrin-B2 into the neighbouring EphB4-expressing cells. The extra-cellular domain 

of ephrin-B2 can be also detected in HUVECs surrounding those cells expressing 

ephrin-B2 (Fig. 5-7). To demonstrate transfer of full-length ephrinB, HUVECs were 

injected with an expression construct for ephrin-Bl with an intra-cellular flag-tag 

(pRK5-ephrin-B 1 -flag, 200pg/ml). Co-staining for the flag-tag and phospho-Eph shows 

transfer of the flag tag (Fig. 5-7d) and co-localisation of the flag epitope with phospho- 

Eph receptors. Therefore as with the Swiss 3T3 cells, it appears that interaction of 

EphB receptors and ephrinB ligands triggers transfer and internalisation of full-length 

ephrinB into the EphB receptor expressing cell.
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F igure 5-6. T raffick ing  o f  activated  Eph receptors into m u lti-vesicu lar bodies.

P h o sp h o -E p h  M erg ed

Q
U

Cells injected with pRK5-ephrin-B2. Cells co-stained with anti-phospho-Eph receptor 

antibodies (b, e) to reveal sites o f  Eph activation and markers for early endosom es (EEA-1 [a]) 

or for nuilti-vesieular bodies (CD63 [(I)). Merged images also show  injection marker in blue 

(c ,0 - There is som e co-localisation o f  activated Eph receptors and EEA-1 (see arrow heads [a- 

cj). Several phospho-Eph receptor rich vesicles co-localise with CD-63 positive vesicles (sec 

arrow s [d-f]). Seale bars 20pm .
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F igure 5-7. T ransfer o f  fu ll-length  ep h rinB  into surrou n din g H U V E C s.

h r in -B 2 F -A c tin Merged

MergedFlag-ta Phosnho-Enh

Cells injected with pRK5-ephrin-B2 (a-c). Cells were co-stained with anti-ephrin-B2 antibodies 

(a) and phalloidin (b) to show transfer o f  ephrin-B2 into surrounding HUVECs (see  

arrow heads (a,c|). Merged image also show injection marker in blue (c) Cells injected pRK5- 

ephrin-B l-flag (d-f). Cells were co-stained for the flag epitope (d, green in f) and anti-phospho- 

Eph receptor antibodies (e, b lue in f) Merged im ages also show phalloidin in red (f). 

Transferred full-length ephrinB co-localises with activated Eph-receptors (see arrow s in d-f). 

Scale bars 20pm
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5.2.4. £phrin-62 induced cell-cell separation requires Rac signalling In the 

EphB4 expressing cell.

In Chapter 4 ,1 showed that the cell-cell separation of EphB4 and ephrin-B2 expressing 

fibroblasts cells required Cdc42 and Rac dependent actin polymerisation. To test this 

requirement in endothelial cells, small patches of HUVECs were injected with pRK5- 

ephrin-B2 and then pRK5-N17Rac-myc was injected into the neighbouring cells. Cells 

were left to express for 3.5h and stained for actin, phospho-Eph receptors, the biotin 

injection marker to reveal ephrin-B2 expressing cells, and myc to detect NlTRac 

expressing cells using anti-myc antibodies. Ephrin-B2-expressing cells that were in 

contact with NlTRac-expressing cells showed a significant inhibition of cell separation 

compared to ephrin-B2 expressing cells in contact with cells not expressing N17Rac 

(Fig. 5-8 compare a-c with d-f). 34.0±3.7% of non-N17Rac expressing cells separated 

from the ephrin-B2-expressing cells, whereas only 12.3±9.1% (104 cell-cell contacts 

counted) of cells expressing N17Rac lost cell-cell contact. Therefore it would appear 

that Rac signalling is essential in EphB4 triggered loss of cell contact in endothelial 

cells.

5.2.5. Expression of EphB4 in ephrin-B2 expressing endothelial cells triggers 

membrane protrusions and cell-cell separation.

To investigate whether activation of EphB4 with endogenously expressed ephrin-B2 

triggers cell retraction I have used Human umbilical artery endothelial sells (HUACs). 

These are arterially derived endothelial cells and a western blot for ephrin-B2 

expression shows a doublet between 40 and 45kDa (Fig. 5-9). This correlates with a 

size of 42kDa seen for ephrin-B2 in other endothelial cells (Steinle et al., 2003). These 

cells were grown in the presence of EGF and FGF and the doublet may represent
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Figure 5-8. Cell retraction requires Rac signalling. 

Phospho-Eph F-Actin M erged

Cells injected with pRK5-ephrin-B2 (a-c) or pRK5-ephrin-B2 adjacent to pRK5-N17Rac (d-f). 

Cells were eo-staiiied with anti-phospho-Eph receptor antibodies (a, d) and phalloidin (b, e) to 

reveal sites o f  Eph activation. N17Rac expression was detected using anti-nnc antibodies (not 

shown). Rae injected cells are outlined and labelled R Merged im ages also show ephrin-B2 

injection marker in blue (c, f). Adjacent expression o fN 1 7 R a c  inhibits cells retraction. Scale 

bars 20pm.
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F igure 5-9. H U A C s express ephrin-B 2.

—  45kDa

—  30kDa

Western blot o f  HUACs lysates demonstrates 

the presence o f  ephrin-B2

phosphorylation o f  ephrin-B2 by FGF. 

A doublet at 42-45kDa and another 

band at 38kDa has previously been

seen in endothelial cells expressing

ephrin-B2 (Zhang et ah, 2001). The 

other lower bands may be degradation 

products or non-specific bands.

HUACs were grown to confluency and 

the m edium  was replaced 2h prior to 

injection with m edium  without EGF or 

FGF. An expression construct for

EphB4 (pCIneo-EphB4 lOOpg/ml) was

injected into isolated HUACs and after 3.5h EphB4 expression could be detected (Fig.

5-lOd-f). Injection o f EphB4 triggered a loss o f  cell-cell contact betw een EphB4-

expressing HUACs and the surrounding cells and internalisation o f phospho-Eph (Fig. 

5-lOa-c). In addition, phospho-Eph rich m em brane protrusions were detected protruding 

from the EphB4 expressing HUACs (Fig. 5-lOa-c).

5.3. Discussion.

In Chapter 5 , 1 have dem onstrated that treatm ent o f  HUVECs with soluble ephrin-B2-Fc 

triggers activation o f EphB4 and down-regulation o f  M AP kinase signalling. 

M icroinjection o f  isolated HUVECs with an expression construct for ephrin-B2 

activates Eph receptors in the surrounding cells leading to separation o f  the ephrin-B2-

expressing cells from the surrounding HUVECs. Activated Eph receptors are

internalised into the surrounding cells where they co-localise with CD63-positive
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Figure 5-10. Expression of EphB4 in HUACs triggers cell retraction and phospho- 

Eph rich membrane protrusions.

F-Actin Merged

HUACs injected with pCIneo-EphB4. Cells were eo-stained with anti-phospho-Eph receptor 

antibodies (a) and phalloidin (b) to reveal sites o f  Eph receptor activation. Merged im ages also 

show EphB4 injection marker in blue (c). Phospho-Eph receptors detected in membrane 

protrusions at sites o f  contact between EphB4 injected and surrounding HUACs (see arrow s  

|a ,c |)  Cells were eo-stained with anti-EphB4 antibodies (d) and phalloidin (c) to demonstrate 

EphB4 expression. Merged images also show  EphB4 injection marker in blue (f) Both sets o f  

images show cell retraction between EphB4 expressing HUACs and surrounding cells. Seale 

bars 20|im .
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vesicles. As with EphB4/ephrin-B2 induced cell-cell separation in Swiss 3T3 

fibroblasts, full-length ephrinB is transferred into the EphB expressing cell where it co- 

localises with activated with Eph receptors. Also as with with neighbouring fibroblast 

injections, cell-cell separation between EphB4- and ephrin-B2-expressing cells requires 

Rac signalling in the Eph receptor cell. Finally expression of EphB4 in HUACs that 

endogenously express ephrin-B2, also triggered cell-cell separation between injected 

cells over-expressing EphB4 and the surrounding cells and triggers the formation of 

phospho-Eph rich membrane protrusions in the EphB4 expressing cells.

5.3.1 Interactions between EphB4 and ephrin-B2 expressing endothelial 

cells.

I have shown in Chapters 4 and 5 that interaction between fibroblasts or endothelial 

cells expressing EphB4 and ephrin-B2 triggers cell-cell separation. This is in agreement 

with work demonstrating that ephrin-B2 inhibits the migration of EphB4-expressing 

endothelial cells (Hamada et al., 2003; Fuller et al., 2003) and particularly with data 

showing that EphB4 and ephrin-B2 prevent mixing of endothelial cells (Fuller et al., 

2003). EphB4-expressing venous endothelial cells and ephrin-B2-expressing arterial 

endothelial cells meet in capillary beds at sites of angiogenesis during vascular 

development (Wang et al., 1998) and adult neo-vascularisation (Gale et al., 2001; Shin 

et al., 2001). The work in Chapter 5 and that of Fuller et al., (2003) provide evidence 

that the EphB4/ephrin-B2 interaction may act to maintain the boundary between 

vascular and arterial endothelial cells. My data also correlates with findings in Xenopus 

and mice showing that ephrin-B2 expressed in somite tissue is repulsive to EphB4 

expressing intersomitic veins (Helbling et al., 2000; Adams et al., 1999).

FGF and EGF potentiated the ephrin-B2 triggered cell separation in HUVECs. As FGF
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is known to phosphorylate ephrin-Bs it is possible that phosphorylation of ephrin-B2 by 

FGF triggers retraction of ephrin-B2 expressing cells. It is also possible that FGF 

phosphorylation could modulate Eph receptor-triggered ephrin-B2 signalling at the 

interface between EphB4 and ephrin-B2 expressing endothelial cells leading to a 

retractive response in the ephrin expressing cell (Cowan and Henkemeyer, 2001; Zhang 

et ah, 2001). Alternatively it may be that ephrinB phosphorylation increases the 

activation of bound Eph receptors (Stein et al., 1998a).

5.3.2. Cell separation requires Rac signalling downstream of EphB4 

activation and transfer of full-length ephrin-B.

In Chapter 4, I proposed a mechanism for separation of EphB4 and ephrin-B2 

expressing fibroblast cells which involved a Rac-dependent internalisation of EphB4 

and full-length ephrin-B2. I have been able to show a similar requirement for Rac in 

ephrin-B2 induced retraction of EphB4 expressing HUVECs. In addition I have shown 

transfer of full-length ephrin-Bs into HUVECs expressing endogenous levels of EphB4 . 

It therefore seems likely that, as with fibroblasts, Rac-dependent actin-driven 

endocytosis of EphB/ephrinB complexes at Eph/ephrin interaction sites is required to 

allow the cells to separate from one another. At the same time Rudiger Klein's 

laboratory has demonstrated that bidirectional endocytosis of EphB receptors and 

ephrins occurs after Eph receptor and ephrin cells contact each other (Zimmer et al., 

2003). This study also demonstrated that a cytoplasmic truncation of EphB2, which 

prevents receptor internalisation, reduced cell separation. In experiments with truncated 

Eph receptors it appeared that internalisation of ephrinB and bound EphB receptors into 

the ephrin-expressing cells permitted cell separation, albeit more slowly. This reverse 

endocytosis of EphB4 into ephrin-B2 expressing cells was detected in the co-injection
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experiments in the Swiss 3T3 fibroblasts, albeit at low levels.

In Chapter 4, I also demonstrated that EphB4 activation induced the formation of 

membrane protrusions from EphB4 expressing cells and hypothesised that these were 

required for Rac dependent endocytosis. I was not able to detect significant membrane 

ruffling in HUVECs stimulated by cell tethered ephrin-B2. However activation of 

exogenous EphB4 by cell tethered ephrin-B2 in HUACs did induce the formation of 

phospho-Eph rich membrane protrusions. One possible explanation for the difference 

between the HUVECs and HUACs lies in the different relative levels of EphB4 and 

ephrin-B2 in these experiments. In the HUVECs the ephrin-B2 levels are much higher 

than the EphB4 levels whereas in the HUACs the converse is the case. Data shown in 

Chapter 4 (Section 4.2.10) suggested that higher levels of EphB4 relative to ephrin-B2 

tended to result in lower levels of receptor internalisation and reduced cell-cell 

separation and therefore the high expressed levels of EphB4 in the injected HUACs 

may more likely to activate membrane protrusions than the much lower levels of EphB4 

in the HUVECs. It may be that activation of the low levels of EphB4 in HUVECs only 

triggers small, transient membrane ruffles leading to the internalisation of the 

EphB/ephrinB complex or it may in fact be that there are parallel pathways regulated by 

Rac leading to the cell-separation.

5.3.3. Endocytosis of EphB4.

The endocytosis of EphB receptors also provides a mechanism for down^egulation of 

signalling. Activated Eph receptors were seen to co-localise with CD63, which is a 

marker for multi vesicular bodies (Kobayasi et al., 2000). Multivesicular bodies are late 

endosomal compartments that are important for down-regulation of signalling from, and 

proteolytic degradation of, receptor tyrosine kinases such as EGF (Oksvold et al., 2001).
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Therefore this may provide a mechanism for the down-regulation of EphB receptor 

signalling. This contrasts with EphA receptors which recruit c-Cbl, leading to 

proteolytic degradation (Walker-Daniels et a l, 2002; Wang et al., 2002), although c-Cbl 

binding can also lead to trafficking to multivesicular bodies (Oksvold et al., 2001) and 

so the degradation of EphA and EphB receptors may occur in a similar fashion.

5.3.4. EphB receptors and regulation of MAP kinase signalling in 

endothelial cells.

I show in Chapter 5 that treatment of HUVECs with soluble ephrin-B2 leads to a down- 

regulation of MAP kinase signalling. This correlates well with Kim et al., (2002), who 

show that ephrin-B2 treatment of HUVECs down-regulates MAP kinase signalling 

through p i20 RasGAP. RasGAP has also been shown to be recruited to EphA2 (Miao et 

al., 2001) and EphB2 (Elowe et al., 2001) where it down-regulates Ras/MAP kinase 

signalling. However MAP kinase activity has been shown to be increased after 

activation of EphB4 (Steinle et a l, 2002) or EphBl (Vindis et a l, 2003), the latter 

through the cytoplasmic tyrosine kinase, Src (Vindis et a l, 2003). Why there is this 

difference has yet to be elucidated although there may yet be a link between regulation 

of MAP kinases and regulation of pro-migratory and repulsive cellular responses.

One possible function of the regulation of MAP kinase activity is to regulate cell 

proliferation. Down-regulation of MAP kinase activity by EphA2 correlates with a 

reduction in cell proliferation (Miao et a l, 2001), whereas activation of MAP kinase by 

EphB4 led to an increase in cell proliferation (Steinle et a l, 2002). It is plausible that 

inhibiting endothelial cell proliferation at the interaction sites between artery and vein 

would be an important part of preventing mixing between arterial and venous 

endothelial cells.
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Chapter 6. General Discussion

In this study, I have set out to try and understand how Eph receptors are capable of 

regulating complex developmental cell migrations, such as those occurring during 

neural crest migration and the development of the mammalian vasculature. In 

particular, 1 have investigated how EphB4 regulates cell movements through 

modulation of the actin cytoskeleton.

Activation of exogenous EphB4, expressed in Swiss 3T3 fibroblasts, with either soluble 

ephrin-B2-Fc or ephrin-B2 expressed on neighbouring cells, stimulated Cdc42- and 

Rac-regulated protrusive actin structures, filopodia and lamellae. Treatment of sub- 

confluent cells with soluble ephrin-B2-Fc also caused a decrease in cell-matrix 

adhesion, which required Rho mediated signalling events. Interestingly the formation of 

protrusive actin structures could be inhibited by antibody clustering of the ephrin-B2-Fc 

before activating EphB4.

When EphB4 was activated by ephrin-B2 expressed on adjacent cells, the receptor and 

ligand cells separated. This was concomitant with, and apparently dependent upon, the 

endocytosis of activated Eph receptors and their bound, full-length ephrinB ligands into 

the Eph receptor-expressing cell. Both the internalisation of the receptor-ligand 

complexes and the subsequent cell separation required Cdc42 and Rac-dependent actin 

polymerisation within the receptor-expressing cells. Similar results were seen in 

cultured endothelial cells expressing endogenous EphB4, where expression of ephrin- 

B2 in isolated cells triggered Rac-dependent cell separation of the ephrin expressing 

cell and the neighbouring cells, and internalisation of activated Eph receptors into late 

endosomal compartments.
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6.1. EphB4 and regulation o f the actin cytoskeleton through the Rho 

fam ily of small GTPases.

Activation of EphB4 in Swiss 3T3 fibroblasts triggered both the formation of Cdc42 

and Rac dependent protrusive actin structures, filopodia and lamellae, and the 

formation of Rho dependent contractile fibres leading to cell retraction. Most previous 

evidence suggests that Eph receptor activation causes a down-regulation of Cdc42 and 

Rac activity and an increase in active Rho levels (Wahl et al., 2000; Shamah et al., 

2001; Deroanne et al., 2003), leading to an inhibition of cell migration and cell mixing 

(Mellitzer et al., 1999; Fuller et al., 2003; Hamada et al., 2003). However, several 

recent studies have shown that activated Eph receptors, and EphB receptors in 

particular, can recruit Cdc42 and Rac specific GEFs leading to activation of these 

GTPases (Irie and Yamaguchi, 2002; Penzes et al., 2003). In addition, stimulation of 

EphB receptor expressing endothelial cells with ephrin-B2 has been shown to trigger 

membrane ruffling (Nagashima et al., 2002) and attractive endothelial cell migration 

(Huynh-Do et al., 1999; Steinle et al., 2002; Maekawa et al., 2003), which would 

correlate with up-regulation of Cdc42 and Rac activity.

What is potentially intriguing about the results I present is that actin structures 

associated with both membrane protrusions (filopodia and lamellae) and membrane 

retraction (retraction fibres) are seen in the same cells after Eph receptor activation. 

This implies that EphB4, at least, is capable of regulating both attractive and repulsive 

cell movements rather than these different responses being regulated by different Eph 

receptors. It also implies that there may be extrinsic regulation of Eph receptor/ephrin 

signalling.
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One potential regulatory factor is the oligomerisation state of the Eph receptor/ephrin 

complex. It has been previously shown that clustering of the ephrin ligand prior to its 

addition to the Eph receptor expressing cell can trigger different signalling responses 

(Stein et ah, 1998a) and I have shown that higher order clusters of ephrins fail to trigger 

the formation of the protrusive actin structures. Therefore regulation of ephrin 

clustering may be one way of switching between attractive and repulsive responses to 

ephrins. It is possible that exogenous factors such as PDGF or FGF may induce 

phosphorylation of the cytoplasmic tail of membrane-attached ephrins leading to their 

clustering within the plane of the plasma membrane thus altering Eph receptor 

signalling (Stein et ah, 1998a).

6.2. Regulation o f cell-cell repulsion by EphB receptors and ephrinBs.

Another paradox of Eph receptor/ephrin function is how two trans-membrane proteins 

with high binding affinities might trigger cell-cell repulsion. Recent work from 

Flanagan and colleagues demonstrated that ephrinA-induced contact repulsion can 

occur through regulated shedding of the ectodomains of ephrin-A ligands (Hattori et ah, 

2000). However there is no evidence that the metalloprotease responsible for this 

cleavage, kuzbanian, has any activity toward ephrinBs.

I have shown evidence for an alternative mechanism whereby cell-cell contacts between 

Eph receptor and ephrin expressing cells are destabilised by the internalisation of 

activated Eph receptors, bound full-length ephrinB, and associated plasma-membrane, 

by the Eph receptor expressing cell. This trans-endocytosis of full-length ephrinB bound 

to EphB receptors requires Cdc42 and Rac signalling and actin polymerisation within 

the Eph receptor expressing cell and I propose that it occurs via an actin driven 

phagocytic like engulfment (see Fig. 6-1).
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F igu re 6-1. M odel for E ph B /ep hrin B  m ediated  cell-cell separation .

C

Ephrin cell

i t t

Eph receptoi

EphB receptor and ephrinB expressing cells meet at sites o f  eel I-cel I contact (a). Eph receptor 

activation tnggers membrane m ffling (b), which engulfs the ephrinB containing plasma 

membrane (c). This com plex is then endoc> tosed into the Eph reeeptor cell where it traffics to 

m ultivesicular bodies (il).

The requirem ent for trans-endocytosis o f full-length EphB receptors or ephrinBs for 

separation o f EphB receptor and ephrinB expressing cells was, at the same time, 

dem onstrated by Klein and colleagues. They show that both EphB receptors and ephrins 

are capable o f internalising the Eph receptor/ephrin complex in a process term ed b i

directional endocytosis (Zim m er et al., 2003). As with my study Eph receptor 

endocytosis predom inates where the cells have equivalent cell-m atrix adhesions and 

their study also dem onstrates that truncating the cytoplasmic tail o f  the Eph receptor 

reduces the internalisation and cell-cell separation.

In com bination, the work I have presented and that from Klein and colleagues suggest 

that EphA and EphB receptors might use different m echanism s for cell separation. 

Endocytosis o f the EphB receptor/ephrinB complex rem oves it from sites o f cell-cell 

contact allow ing efficient term ination o f cell-cell adhesion thus perm itting contact

142



mediated repulsion, whereas cleavage of ephrinAs allows the EphA receptor expressing 

cell to disengage and retract.

6.3. EphB receptors and ephrinBs in the developm ent o f the 

mamm alian vasculature.

The receptor-ligand combination of EphB4 and ephrin-B2 have been shown to play 

essential roles during the development of the mammalian vasculature. EphB4- 

expressing venous endothelial cells meet ephrin-B2-expressing arterial endothelial cells 

as the vascular network remodels during angiogenesis (Wang et al., 1998; Adams et al., 

1999; Gerety et al., 1999). This process of remodelling involves the sprouting of new 

blood vessels and also the pruning of existing vessels. The evidence I have presented, 

and work from other groups, demonstrates how EphB receptor/ephrinB interactions 

could regulate this remodelling. Sprouting of new blood vessel from existing vessels 

may occur through the formation of protrusive actin structures, filopodia and lamellae, 

in EphB4-expressing endothelial cells after contact with ephrin-B2-expressing 

endothelial cells, and indeed ephrin-B2 has been shown to be chemoattractive to EphB 

receptor expressing endothelial cells (Steinle et al., 2002; Maekawa et al., 2003; Huynh- 

Do et al., 1999).

In addition Eph receptor activation can also lead to inhibition of endothelial cell 

migration (Fuller et al., 2003; Hamada et al., 2003) possibly through a loss of adhesion 

and localised activation of Rho and this may be important to prevent mixing between 

artery and vein and also to inhibit and prune unwanted vascular sprouts. The inhibition 

of MAP Kinase signalling after Eph receptor activation may act to limit endothelial cell 

proliferation once artery and vein are fully intercalated.
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Appendix.

Common solutions.

Serum free DMEM (SF-DMEM)

3.3g Pyruvate free DMEM powder.

O.SgNaHCOs

2.5ml Sodium Pyruvate

2.5ml Pen/Strep

Make up to 250ml with water and sterile filter.

Cytoskeletal Buffer

lOmM MESpH6.1 

125mM KCl 

3mM MgCl 

2mM EGTA 

10% Sucrose 

4% Formaldehyde.

0.2% Gluteraldhyde

Mowiol

25% Glycerol 

10% Mowiol

O.IM Tris HCl pH8.5-8.8.

2 crystals of phenylenediamine per 5ml aliquot. 

Store 5Oui aliquots at -80. Light sensitive.

Modified RIPA buffer

20mM Tris pH 7.4

125mMNaCl

1% Triton X-100

0.5% Sodium Deoxycholate

0.1% SDS

10% Glycerol

173



5mM EDTA 

0.5mM NaVOs 

50mM NaF 

lOOpg/ml PMSF

1 Complete Protease Inhibitor Tablet per 100ml (Roche)

Immuno précipitation RIPA buffer

20mM Tris pH 7.4 

1% NP-40 

10% Glycerol 

5mM EDTA 

0.5mM NaVOs 

50mM NaF 

1 OOpg/ml PMSF

1 Complete Protease Inhibitor Tablet per 100ml (Roche)

Tris Buffered Saline (TBS)

20mM Tris pH7.4

150mM NaCl

+1% Tween for TBS -T.

Running Buffer

250mM Tris 

1.92M Glycine 

1% SDS

Transfer Buffer

25mM Tris 

190mM glycine 

20% MeOH
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