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Abstract

The patterned migration of NC cells through the rostral half-somite contributes to the overall

segmental arrangement of the peripheral nervous system. The Eph family of receptor tyrosine

kinases and their interacting partners, the ephrins are involved in a vast array of

morphogenetic processes during development including remodelling of the vasculature, axon

guidance, and boundary formation. Functional blocking experiments have shown that Eph/

ephrin-B interactions are key mediators of neural crest cell segmentation. In addition, ephrin-

A proteins have been described on the dorsal root ganglion and EphAT in the caudal somite-

half. Thus, the aim of this research was to further investigate the distribution of EphA/ ephrin-

A proteins during peripheral nervous system segmentation in the trunk. Expression studies

revealed that EphA4 and ephrin-A5 had a dynamic distribution with respect to neural crest

cell migration, suggestive of a guidance role. Whilst ephrin-A5 was expressed on neural crest

cells throughout their ventromedial migration, EphA4 was expressed both on and around

neural crest cells during their intial migration into the rostral half-somite and then later

defined neural crest avoidance zones in this tissue.

To test the possible role(s) of EphA4 in neural crest cell development, EphA4 was mis-

expressed in the dorsal neural tube and subsequently on neural crest cells during their

migration through the somite. Over-expression of EphA4 perturbed the segmental migration

of neural crest cells, causing them to form aggregates at the dorso-medial neural tube. In the

neural tube, EphA4 over-expression facilitated cell clustering and a non cell-autonomous

inhibition of epithelio-mesenchl.mal-transition. Reduction of kinase-dependent EphA4

signalling enhanced neural crest cell motility leading to their premature emigration from the

neural tube and migration into incorrect territories such as the caudal half-somite. Analysis of

the cellular basis of EphA4 effects on NC cell EMT established that the closkeleton was a

primary target for EphA4 activity during EMT. In addition, EphA4 over-expression produced

a morphology indicative of enhanced cell-cell adhesions possibly through cadherin-mediated

junctions. In summary, these data point to a novel role for EphA4 in negatively regulating the

adhesive andlor cytoskeletal changes required for successful neural crest cell EMT. A model

is suggested whereby the dynamic balance between ephrin-A-mediated signalling pathways,

(that promote EMT) and EphA4-mediated regulation, (that inhibits EMT) provides a pivotal

link between noggirVBMP4 activity and cellular changes required for delamination,
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Ghapter 1 - Gellular and molecular mechanisms

driving avian peripheral nervous system

development

1.1 General Introduction

Patterning of the vertebrate embryo results in the formation of metameric structures,

exemplified by the peripheral nervous system (PNS). PNS organisation is dictated by the

metameric arrangement of mesodermal tissue or somites thatlay adjacent to the neural tube

(Tannahill et a1., 2000). Somites bud off from the paraxial mesoderm in an antero-posterior

wave along the embryo axis and exhibit an inherent rostro caudal polarity. Differences

between the migration-supporting capacity of each of these halves then facilitates the

selective growth of neural crest (NC) cells and spinal motor axons through the rostral half-

somite and their exclusion from the caudal half-somite (Keynes and Stern, 1984; Loring and

Erickson, 1987; Stern et al.,l99l). Based on restricted expression patterns within the somite,

many molecules have been implicated in guidance of cell/axon processes, thereby

contributing to PNS segmentation (Krull, 1998), The aim of this review is to integrate current

molecular information with the classical "cut and paste" approaches to embryology to gain a

deeper insight into the known mechanisms driving PNS segmentation. Although the review

encompasses both the motor and sensory components of the PNS, a more specific focus is

given to the development of trunk NC cells from their origin in the dorsal neural tube to their

ventral migration to form spinal sensory ganglia.

Precise spatiotemporal regulation of neural crest and motor axon migration in the somitic

environment results in a dorsally located Dorsal Root Ganglion (DRG) and ventromedially

extending processes of spinal motor neurons within the rostral half of the somite (Keynes and

Stern, 1984; Loring and Erickson, 1987, Figure 1.1; Newgreen et al., 1986; Rickmann et al.,

1985). NC cells, the first PNS precursors to emigrate from the neural tube, are induced in the

dorsal neuroepithelium as a result of multiple inductive signals from the ectoderm and then

undergo EMT, moving away from the neural tube (Christiansen et al., 2000). After

delamination, NC cells travel along two major pathways: the ventromedial and dorsolateral

and these specify their differentiation into different cell fates. NC cells on the ventromedial

1



Figure 1.1- Schematic diagram illustrating the eventual dorso-ventral and segmental

arrangement of the PNS.

Cross-section of the chick neural tube illustrating the dorso-ventral and rostro-caudal

arrangement of the dorsal root ganglion (drg, red), motoneurons (mn, blue), in the rostral half-

somite (green) and avoiding the caudal half-somite (yellow) to create a metameric pattern of

the PNS. nt, neural tube; dm, dermomyotome; no, notochord; R: rostral (rostral, green,

caudal, yellow).
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pathway form neurons, Schwann cells, glia and non-neural support cells whilst those on the

dorsolateral become pigment cells (Le Douarin and Teillet,1974; 'Weston, 1963). Following

somite dissociation from a columnar epithelial ball to a multi-layered structure comprising

dermomyotome (skin and muscle precursor) and sclerotome (cartilage and axial muscle

precursor), NC cells travel ventrally through the rostral half-sclerotome avoiding the caudal-

half (Bronner-Fraser, 1986a; Loring and Erickson, 1987; Rickmann et al., 1985). The

exclusive ventral migration of NC cells through one half of the sclerotome generates a

segmentally arranged dorsal root and sympathetic ganglia (Lallier and Bronner-Fraser, 1988;

Teillet et a1.,1987). Approximately 24 hours later, NC cells on the dorsolateral pathway travel

non-segrnentally between the ectoderm and somites (Le Douarin and Teillet, 1974). Motor

axons exit the ventral neural tube and first invade the rostral half-sclerotome approximately 3-

4 somite stages after neural crest invasion of the sclerotome, leading to segmentally arranged

motor nerve branches (Koblar et al., 2000; Rickmann et a1., 1985).

1.2 Regulation of the early phase of NC cell formation and

initiation of their migration

NC cells arise from the lateral edge of the neural plate, contiguous with the epidermal

ectoderm. At neurulation, the neural plate invaginates to form a cylindrical tube of

neuroepithelium, creating a distinction between ectodermal and neural layers (Newgreen and

Gibbins, 1982, Figure 1.2). Ultrastructural studies in the chick and mouse have established

that NC cells can be distinguished from their neuroepithelial neighbours in the dorsal neural

tube before their emergence along the dorsal cell surface (Sternberg and Kimber, 1986;

Tosney, 197S). This can be discemed by the dorso-ventral re-orientation of neuroepithelial

cells at the dorsal midline (where cells are preparing to exit the neuroepithelium), whilst those

at the lateral edges remain oriented laterally, contiguous with the rest of the cells that

comprise the columnar structure of the neural tube (Tosney, 1978). Coincident with their

segregation from the surrounding neuroepithelium, NC cells lose specialised adherens

junctions and their connections to the lumenal surface of the neural tube (Newgreen and

Gibbins, 1982). Following this, cells become elongated, flat, and oriented tangentially to the

neural tube, beginning their migration to multiple distant locations in the embryo (Le Douarin

and Kalcheim, 1999). Since these initial observations were made, much work has been done

to unravel the cellular and molecular basis underlying the induction of neuroepithelial cells to

become NC cells, their subsequent transformation from an epithelial to mesenchymal cell

5



type, and the controlled dispersal of these cells to various locations. For the purposes of this

section, recent advances have been divided into two distinct (and overlapping) components:

firstly, mechanisms of induction i.e. a lineage specification event; and secondly, epithelio-

mesenchymal transition (EMT) of neuroepithelial cells i.e. a morphogenetic event.

SItTFffi,l

Qlotocnoro

o

Crest

o
Figure 1.2- Schematic diagram summarising the events occurring during neurulatÍon.

The neural plate that is contiguous with the ectodermal layer invaginates and closes to form a

cylindrical tubeJike structure that is separate from the ectoderm. NC cells emigrate from the

dorsal (red) portions of the neural tube. Image reproduced from CE Krull (personal

communication).

1.2.1 Induction of the NC

Studies in both chick andXenopzs have established that NC cells arise in the dorsal neural

tube as a result of interactions between the neural plate and non-neural ectoderm and that both

of these cell types contribute to the NC population (Liem et al.,1995; Selleck and Bronner-

Fraser, 1995). A number of families of growth factor molecules have been postulated to have

a role inNC induction, including members of the bone morphogenetic protein (BNæ) family,

Wnt signalling factors, and fibroblast growth factor (FGF), in particular FGF-8 (Ikeya et al.,

1997;LaBonne and Bronner-Fraser, 1998; Liem et a1.,1995; Monsoro-Burq et a1.,2003;

Selleck and Bronner-Fraser, 1995). However, the mechanisms though which NC induction is
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achieved appear to differ between Xenopus and chick based on recent studies suggesting that

Wnt signalling molecules alone are sufficient to induce avian neural plate to form NC

(Garcia-Castro et alr,2002). This is distinct from the two-step model proposed in Xenopus

embryogenesis, whereby BMP inhibition is a precursor for FGF8 and Wnt-derived signals to

induce the NC (LaBonne and Bronner-Fraser, 1998; Monsoro-Burq et a1.,2003).

More recently, a novel secreted glycoprotein, Noelin-1, has been postulated to have a role in

regulating the competency of dorsal neural epithelial cells to become NC cells. It is expressed

in the neural folds prior to Slug expression and in NC cells during their initial migration.

(Slug is a transcription factor important in EMT, and is an important marker of NC induction;

refer below). Prolonged expression of Noelin-1 by retroviral injection in chick embryos

results in enhanced Slug expression and increased numbers of NC cells emigrating from the

neural tube. This occurred independently of changes to expression of other known dorsal

neuroepithelial markers, including Pax-3, Wnt-l and BMP4, suggesting a role in modulating

the competence of the neural tube to respond to inductive factors rather than patterning the

neural epithelial tissue. This idea is further supported by experiments demonstrating that

Noelin-1-expressing neural tube had an increased capacity to regenerate NC cells (in the

absence of the neural folds) compared to controls, suggesting that its expression enhanced the

temporal window of competence in the cranial neural tube (Barembaum et a1., 2000). Thus,

Noelin-1 is thought to be a potent regulator of NC cell formation in the cranial neural tube,

acting to enhance the temporal window in which the neural tube can respond to inductive

factors (Christiansen et a1., 2000).

BMP4/Nogg¡n-mediated control of the timing of NC induction/ EMT along

the rostro-caudal ax¡s

After neuroepithelial cells in the dorsal neural tube have been induced, they undergo an EMT

and begin their migration. Studies in the aviantrunk have demonstrated that control of the

timing of EMT is determined by the coordinate expression of BMP4 and its antagonist,

Noggin, in the dorsal neural tube. Both molecules are expressed in the dorsal neural tube,

however BMP4 is expressed along the entire rostro-caudal axis whilst Noggin occurs in a

high caudal to low rostral gradient; being down-regulated coincident with NC cell emigration

(Sela-Donenfeld and Kalcheim, 1999). Given that BMPs in the ectoderm are capable of

inducing NC cells and the expression of early NC cell differentiation markers, it was
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hypothesised that the caudally increasing gradient of Noggin in the dorsal neural tube

negatively regulates the action of BMP4 and thus, NC cell emigration.

Perturbation of the normal gradient of Noggin by ectopic application of noggin-expressing

cells in the dorsal neural tube was sufficient to block crest emigration in vivo. In vitro,

application of noggin and BMP4 proteins to neural tube explants from both the segmental

plate and epithelial somite levels, had opposite effects on NC cell outgrowth (Sela-Donenfeld

and Kalcheim, 1999). To correlate in vitro data with the expression patterns in vivo, Sela-

Donenfield and Kalcheim (1999) showed that explants from epithelial somite levels, where

noggin expression is low, were more sensitive to exogenous noggin protein than explants

taken from segmental plate level (where noggin expression is high). Since follistatin, a known

inhibitor of another BMP family member, BMP-7, was unable to reproduce similar effects to

noggin, and BMP-2 is not expressed in the neural tube, it seems that interactions between

BMP4 and its antagonist, noggin, are the key regulators of NC cell induction and/or EMT

(Liem et a1.,1995; Sela-Donenfeld and Kalcheim, 1999).

The role(s) of transcription factors ¡n mediating NC cell induction

The likely targets for inductive signals include arange of transcription factors that initiate

EMT via changes in dorsal neuroepithelial cell gene expression. The earliest marker known to

be exclusively involved in NC cell specification is Slug or Snail, which are homologous zinc-

finger transcription factors. In chick embryos, Slug inhibition by antisense oligonucleotides

perturbs NC emigration in cranial regions (Nieto et al.,1994). Slug and Snail are implicated

in many EMT-related processes both developmentally and in carcinoma progression (Nieto,

2002).Interestingly, in evolution, the two homologues seem to have swapped roles in NC

generation, since in fish, amphibians and mammals, Snail seems to play the role that Slug

takes in reptiles and birds (Nieto, 2002). Consistent with a role in NC cell specification, Slug

is up-regulated in response to inductive signals such as BMP4 (Liu and Jessell, 1998) as well

as FGF/V/nt signalling (Garcia-Castro et a1.,2002).Interestingly, Snail has been shown to

induce EMT in the primitive streak of gastrulatingXenopus embryos via repression of E-

cadherin expression (Ciruna and Rossant,200l), whilst Slug has been shown to act as a

transcriptional repressor during NC formationinXenopøs (Nieto, 2002). Thus, it is possible

that Slug and Snail might be acting through similar mechanisms of transcriptional repression

to facilitate EMT.
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Although the role of Slug in NC cell specif,rcation is well established at cranial and trunk

levels, there are a number of lines of evidence suggesting that in the trunk, Slug may only be

required for NC specification and not EMT. Firstly, expression analyses have shown that

whilst Slug is expressed in both pre-migratory and migratory NC cells in cranial regions, it is

only present in pre-migratory NC cells in the trunk (Sela-Donenfeld and Kalcheim, 1999).

The lack of expression in migratory NC cells in the trunk implies that Slug activity is not

required for EMT events in this population (Sela-Donenfeld and Kalcheim, 1999). To confirm

these observations, over-expression of ,S/øg in the neural tube caused precocious emigration

of NC cells in cranial but not trunk regions (del Barrio and Nieto, 2002).It is a general

phenomenon that cranial NC cells are more susceptible to inhibitors of NC cell-substrate

interactions than the trunk (Bronner-Fraser, 1985; Bronner-Fraser, 1986b). V/hether there is a

causal link between these observations and possible differences in the downstream targets of

Slug at cranial versus trunk regions is unknown. However, these data suggest that other

transcription factors/ effector molecules in addition to Slug are required to induce EMT of the

truncal NC cell population. This also points to NC induction and NC cell EMT being non-

identical phenomena.

Other transcription factors that have been implicated in initiating the program of events

required for NC cell specification include FoxD3 and Sox9 (Cheung and Briscoe,2003;

Dottori et a1., 2001; Kos et a1.,2001). FoxD3 is expressed in pre-migratory and migratoryNC

cells, whilst Sox 9 is present exclusively in the precursor population in the dorsal neural tube

(Cheung and Briscoe,2003; Dottori et a1.,2001; Kos et aL,2001). Over-expression of either

of these genes in the neural tube causes neuroepithelial cells to express the migratoryNC cell

markers, HNKI and cad7, indicative of these factors inducing a rapid and ubiquitous

progression through EMT (Cheung and Briscoe, 2003; Kos et a1., 2001). In the case of Sox9,

the enhanced EMT appeared to occur through the normal pathway of induction (down stream

of BMPs) as Soxg over-expression caused only a transient increase in the expression of pre-

migratory crest markers, Slug and cad6b, at 6 hours post transfection (hpt) and this had

disappeared completelyby 24 hpt (Cheung and Briscoe, 2003). A possible explanation for the

rapid down regulation is that Soxg induced a ubiquitous progression of neuroepithelial cells

through EMT, reducing the effective pool of NC cell precursors and subsequent pre-migratory

crest (Cheung and Briscoe, 2003).Interestingly, Soxg also enhanced Wnt 3a expression in the

neuroepithelium at 6 and 12hpt, suggesting that it may also (perhaps indirectly) facilitate

proliferation of neuroepithelial cells, and reduce pre-migratory NC by inhibiting the further

proliferative capacity of the surrounding neuroepithelium.
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Although over-expression of either FoxD3 or Sox9 was able to facilitate NC cell induction,

the pathways through which this occurred differed. Dottori et al., (2001) concluded that

FoxD3 induced EMT via a Slug-independent pathway, as co-expression with Slug did not

enhance the migratory phenotype (Dottori et a1.,2001). However, given that the authors did

not examine the effects of FoxD3 expression alone on that of Slug at early time-points, (i.e. 6

and 12 hpt as per Cheung et al., 2003), it is possible that in a similar manner to Sox9, FoxD3

induced a transient up regulation of Slug that is rapidly turned off as cells proceed through

EMT (and therefore not detectedby 24 hpt). If this were the case Slug co-expression with

FoxD3 would not necessarily enhance the temporal onset of NC cell delamination, as

predicted by Dottori et al., (2001). In addition, Slug expression is unable to induce EMT in the

trunk (del Barrio and Nieto, 2002), confirming other reports suggesting that it is not involved

in trunk NC cell EMT per se (Sela-Donenfeld and Kalcheim, 1999). Consistent with Slug

acting downstream of Sox9 and FoxD3, the onset of their expression in the dorsal tips of the

neural folds (in the trunk), precedes Slug (Cheung and Briscoe, 2003). Thus, despite earlier

reports, it cannot be ruled out that Sox9 and FoxD3 are working through the same pathway to

achieve NC cell induction, the first known detection of which is the expression of ,S/zg. It is

possible however that there may be a separate later role for FoxD3 that is Sox-9 independent,

as Sox9 over-expression did not induce FoxD3 until24 hpt (Cheung and Briscoe, 2003).

RhoB: A key effector molecule involved in NG cell EMT

To date, the one protein that has been shown to have a critical role in NC cell EMT is the

GTP-binding protein, RhoB (Liu and Jessell, 1998). RhoB is expressed in the dorsal neural

tube after neural tube closure and continues to be expressed in early migrating NC cells, and

therefore has the correct spatio-temporal localisation for a role in NC cell EMT (Liu and

Jessell, 1998). Given the role that Rho GTPases play in affecting cell movement, in particular

through modulation of the actin cytoskeleton and stress fibre formation (Schmitz et aI.,2000),

it was hlpothesised that RhoB was required for cytoskeletal extension during EMT.

Consistent with such a role, inhibition of RhoB function in vitro using the C3 exotoxin,

blocked NC cell EMT by inhibiting F-actin redistribution and subsequent mesench¡rmal

morphology (Liu and Jessell, 1998). The actions of RhoB were specific to EMT, as inhibition

did not effect specification (determined by Slug expression), or the motile properties of later

migrating NC cells (Liu and Jessell, 1998). Furthermore, analysis of gene expression after

BMP4-mediated induction, placed RhoB downstream of slug and cad6B in the temporal
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hierarchy of gene expression required for NC cell EMT. Further support for RhoB-dependant

EMT stems from Sela-Donenfield et al., (1999) who showed that over-expression of Noggin

in vitro inhibited RhoB expression without affecting 
^S/øg 

(Sela-Donenfeld and Kalcheim,

1999). Thus, these data implicate RhoB exclusively in the EMT of NC cells, separate and

downstream from BMP4-mediated induction.

Despite the central role that RhoB plays in NC cell EMT, there are a number of lines of

evidence suggesting that NC cell EMT can occur in the absence of RhoB function. Firstly,

though over-expression of Soxg largely induced EMT from the (RhoB-positive) dorsal neural

tube, there was some emigration from the ventral and intermediate regions of the neural tube

(Cheung and Briscoe, 2003). A similar phenomenon occurred in the case of FoxD3 over-

expression, leading the authors to conclude that FoxD3 induced RhoB-independent

emigration of NC precursors (Dottori et al., 2001). These data, however are in contrast to that

of Kos et al., (2001), who did not find any NC cell emigration from the lateral or ventral

neural tube regions in response to FoxD3 over-expression but instead, found enhancement of

HNK1 expression within the pseudo-stratified neuroepithelial structure, consistent with Sox9

(Kos et a1.,2001). Finally, over-expression of Sox8, 9 and 10, all members of the SoxE group

of HMG-box genes, has also been shown to elicit HNK-1 positive NC cell migration from all

regions of the neural tube and therefore in the absence of rhoB up-regulation (McKeown et

al., personal communication, 2003).

Thus, although discrepancies between the results yielded from transcription factor over-

expression experiments could possibly be explained by differences in the methods of analysis

(Cheung and Briscoe,2003; Dottori et a1.,2001; Kos et a1.,2001), it cannot be ruled out that

NC cell emigration might occur from neural tube regions where rhoB is not expressed.

Possible mechanisms include via down-regulation of cad6B, or even N-cadherin; both of

which are known to be important for maintaining epithelial junctions between cells of the

neural tube (Nakagawa and Takeichi, 1998). Altematively, other unidentified molecules

might be involved; these might directly regulate Soxg/FoxD3 and therefore explain their

effects, or alternatively could constitute an additional mechanism regulating NC cell EMT.

Recently a screen for genes up regulated in NC induction has implicated multiple novel EMT

effector molecules (Gammill and Bronner-Fraser, 2002), providing possible new insights into

rhoB-independent mechanisms regulating EMT.
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1.2.2 Regulation of migration onset

NG cell emigration correlates with the removal of a physical barrier, the

basal lamina

Morphological analyses have suggested that at both cranial and trunk levels, emigration of

NC cells correlates with the physical separation of basement membrane connecting the dorsal

neural tube to the ectoderm (Newgreen et al,1982). The neural tube is bounded by a basal

lamina consisting of collagen type fV, fibronectin and laminin (Newgreen and Thiery, 1980;

Sternberg and Kimber, 1986). TEM studies in both mouse and chick have shown that the

basal lamina is discontinuous at the dorsal neural tube before NC cells have emerged, whilst

at pre-migratory levels it remains fused with the epidermal ectoderm (Erickson and'Weston,

1983; Newgreen and Gibbins,1982; Tosney, 1978). Given that NC cells in vivo migrate away

from the neural tube basal lamina (Ebendal, 1977) and the basal lamina is discontinuous in

regions of extensive NC cell migration along the dorsal neural tube (Tosney,1978), it was

hlpothesised that the breakdown of this structure might facilitate NC cell emigration

(Newgreen et al., 1982). However, in vitro analyses investigating the factors controlling the

onset of NC cell emigration indicated that its precise timing was regulated independently than

the presence or absence of basal lamina (Newgreen and Gibbins, 1982). Despite this, it

remains discontinuous until the last NC cells have emerged, indicating that though it is not the

stimulus for emigration, the absence of a continuous basement membrane is an integral

component of NC cell EMT in vivo (Newgreen et al, 1982; Tosney, 1978).

The removal of the basement membrane appears to be more important for the emigration of

cranial NC cells, whereby the appearance of NC cells coincides with basal lamina breakdown

(Erickson and Perris, 1993). At this level, it has been suggested that Hyaluronic Acid (HA)

synthesised by neural crest cells (and also the ectoderm) is responsible for creation of space

between the neural and ectodermal layers (Greenberg and Pratt, 1977; Manasek and Cohen,

1977;Pratt et a1.,1975), thereby facilitating NC cell emigration. In vivo, however, the

contribution of HA to initial NC cell migration has not been validated as inhibition at cranial

levels did not effect the emigration or pattemed distribution of NC cells (Anderson and Meier,

1982).Interestingly, based on its expression patterns, it was postulated that the timed

releaselhydration of HA might facilitate the antero-posterior wave of NC cell emigration

(Newgreen and Gibbins, 1982). Whilst it has since been shown that the gradient of effective

BMP4 activity along the dorsal neural tube regulates the timing of NC cell EMT, the

t2



molecular targets of this signalling pathway are as yet unknown (Sela-Donenfeld and

Kalcheim, 1999). Perhaps the different mechanisms regulating cranial and truncal NC cell

delamination events are underpinned by differences in the localisatiorVidentity of downstream

targets of BMP4/noggin signalling. Whether there is a direct interaction between HA and

BMP4/noggin or a more indirect link remains to be tested; however, such a mechanism could

provide a possible explanation for the lack of effect observed when HA activity was blocked

(i.e. due to the persistence of upstream factors).

The role of cell-cell adhesion ¡n regulating NC cell delamination

In vitro sfudies on the role of calc¡um dependant cell-cell adhesion on

the timing of NC cell emigration

In vitro studies investigating the possible mechanisms controlling the timing of NC cell

emigration from the neural tube have established that cell-cell adhesion within the

neuroepithelium is a major component regulating the timing of EMT (Newgreen and Gibbins,

I982;Newgreen and Gooday, 1985). Firstly, ultrastructural studies indicate that

neuroepithelial cells are connected via specialised adherens junctions that are lost when cells

begin to emigrate away from the neuroepithelium (Newgreen and Gibbins, 1982). Secondly,

mechanical shearing assays in vitro indicate that development of NC cells from a pre-

migratory to migratory cell type correlated with reduced cell-cell adhesion (Newgreen and

Gibbins, 1982). This provided unequivocal evidence that a change in adhesiveness between

NC cells coincided with their development into migratory cells, implicating a

developmentally regulated adhesion system in controlling the timing of NC cell emigration in

vivo (Figure 1.3), (Newgreen and Gibbins, 1982). Furthermore, exposure of neural explants

from pre-migratory levels (and therefore high cell-cell adhesion) to calcium channel

antagonists resulted in precocious emigration of NC cells (Newgreen and Gooday, 1985).

Importantly, enhanced emigration was not due to cytoskeletal-based changes in cell

spreading, as the neural anlagen began to disintegrate (indicative of a loss in cell-cell

adhesion) when explants were subject to proteolysis in the absence of calcium (Newgreen and

Gooday, 1985). Thus, a critical regulatory component of the onset of emigration stems from

developmentally regulated changes in cell-cell adhesion between neuroepithelial cells,

occurring in a calcium-dependant manner (Newgreen and Gibbins, 1982; Newgreen and

Gooday, 1985).
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Figure 1.3- Schematic diagram summarising experiments carried out by Newgreen et

at., (1982) that demonstrated a change in cell-cell adhesion coincident with the

developmental program of NC cells along the rostro-caudal axis.

Neural tube indicated on left with the neuroepithelial precursors indicated in red and

migratoryNC cells in grey. Migratory level neural tube explants left a deposit of migratory

cells on the plate after mechanical shearing whilst neuroepithelial cells from pre-migratory

level explants were removed with the neural anlagen. This indicated that changes in the

balance between cell-cell and cell-substrate attachment in neuroepithelial cells occurred

coincident with their development to a migratory cell. Adapted from (Newgreen and Gooday,

1e8s).
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Distribution and function of cell-cell adhesion molecules during NC

emigration

Based on expression and functional analyses in vivo, calcium-dependant cadherin and

calcium-independent molecules have been implicated in controlling the onset of NC

emigration. The cadherin family of cell-cell adhesion molecules have been shown to be

involved in multiple adhesive events throughout tissue development, wound repair and

tumourogenesis (Takeichi, 1988). Of the cadherin family, N-cadherin, cadherin6B (cad6B)

and cadherinT (cad7) have dynamic expression patterns in the dorsal neural tube and have

been shown to directly regulate the loss of cell-cell adhesion required for NC emigration

(Nakagawa and Takeichi,1995; Nakagawa and Takeichi, 1998). In addition, the calcium-

independent adhesion molecule, N-CAM is expressed in regions of the embryo relevant to

epithelial morphogenesis including epithelíalizatíon of the somite and EMT in the dorsal

neural tube (Duband et a1., 1988; Thiery et a1.,1982b).

N-cadherin is expressed on all cells of the ventral and lateral neural epithelium, being

concentrated at the apical regions (Duband et a1.,1988; Hatta et al., 1987;Hatta and Takeichi,

1986). Consistent with a role in regulating neuroepithelial cell adhesion, its expression is

down regulated at the dorsal most aspect of the neural tube where NC cells originate,

coincident with the loss of adherens junctions in neuroepithelial cells prior to migration

(Newgreen and Gibbins, 1982; Tosney, 1978). In a similar manner, N-CAM is up regulated in

the dorsal neuroepithelium; however, its expression is maintained on early migrating NC cells

(Akitaya and Bronner-Fraser, 19921; Thiery et al.,1982b). N-cadherin and N-CAM is then re-

expressed during condensation of the spinal ganglia, suggestive of a role in re-establishing

strong cell-cell adhesive contacts at the end of migration (Akitaya and Bronner-Fraser, 1992).

Thus, these two molecules have expression patterns that are intricately regulated with the

initiation and cessation of NC cell migration (summarised in Figure 1.4).
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Figure 1.4- Schematic diagram summarising the expression patterns of N-cadherin,

cad6B and cadT during NC cell delamination and migration.

Transverse view of the neural tube showing the distribution of cadherins during NC cell

development (increasing from left to righÐ.N-cadherin (grey) is expressed throughout the

neural tube except at the dorsal midline where cadherin6B is expressed (pink). CadherinT

(g¡een) is up regulated coincident with NC cell emigration. Adapted from (Nakagawa and

Takeichi, 1995).
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In a similar way to N-cadherin, both cad6B and cadT are expressed in a spatiotemporally

regulated manner with regards to NC cell emigration (Nakagawa and Takeichi, 1995). cad6B

is expressed in pre-migratory NC cells at the dorsal limit of the N-cadherin domain (Liu and

Jessell, 1998). In contrast, cadT is expressed weakly at the apical surface of cells (those that

have disrupted adherens junctions) in the dorsal neural tube and then strongly after NC cell

detachment . CadT then remains on a sub-population of ventrally migrating NC cells (Liu and

Jessell, 1998; Nakagawa and Takeichi, 1995).

Functional experiments in vitro have shown that disruption of cadherin-mediated adhesion

acts to inhibit cell-cell contacts (Akitaya and Bronner-Fraser, 1992). This has been

demonstrated in vitro in somite explants (Duband et aI.,7987) with antibody blocking of N-

cadherin and N-CAM (the latter phenotype being less penetrant), resulting in cellular

detachment and dissociation of explants (Duband et al., 1987). On the other hand, over-

expression of N-cadherin, cadT and cad6B resulted in calcium-dependant adhesion and

subsequent segregation of expressing cells into clusters of "like" molecules (Nakagawa and

Takeichi, 1995). This hierarchy of adhesive contacts in vitro also translates to the in vivo

situation, where developmentally distinct neuroepithelial cells are segregated based on their

selective cadherin expression (Nakagawa and Takeichi, 1998).

Ectopic expression experiments in vivo have shown that N-cadherin and cadT are both capable

of inhibiting NC cell emigration. Over-expression in the dorsal neuroepithelium of stage 14

chick embryos resulted in the formation of ectopic aggregates of neuroepithelial cells at the

dorsal neural tube and in some cases, an overflow into the lumen (Nakagawa and Takeichi,

1998). This effect was mediated by two possible mechanisms: firstly, elimination of the

differential expression of cadherins in the neural tube could perturb their ability to change

cell-cell adhesions or secondly, it could be through inhibition of mechanisms that would

normally down-regulate cadherin-based adhesion (Nakagawa and Takeichi, 1998).

Interestingly, the increased adhesion was found to be independent of ß-catenin, as expression

of a construct that lacked the catenin-binding domain (but had a functional N-terminal

domain) still caused apafüal inhibition of NC cell emigration, whilst dominant-negative ß-

catenin didn't have any effect (Nakagawa and Takeichi, 1998).

Despite the clear perturbation of NC cell emigration elicited by cadherin over-expression ir
vivo,blocking of N-CAM and N-cadherin with function-blocking antibodies did not elicit
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precocious emigration from the neural tube in the trunk (though did do so in the cranial

regions;(Bronner-Fraser et al., 1992)). There are a number of possible interpretations for this

result. Firstly, it has been a general phenomenon in vivo, that NC cell emigration at trunk

levels is less susceptible to inhibitors of cell-cell or cell-ECM interactions than cranial regions

(Bronner-Fraser, 1993b). This could be explained by a reinforcement of cellular adhesion that

occurs with neural tube maturity, particularly as in the head region, the levels of N-cadherin

and N-CAM increase with age (Bronner-Fraser et al., 1992). Secondly, N-cadherin may be

working in concert with cad7 and cad6b as well as other, as yet unidentified molecules, to

coordinate neuroepithelial cell contact and their subsequent loosening (Bronner-Fraser,

1993a). Lastly, NC cell movement requires that the balance between cell-cell and cell-

substrate adhesion is shifted towards the latter (Weston, 1970). Thus, environmental

permissiveness and the competency of NC cells to acquire motility and adhere to the substrate

are also likely to contribute to mechanisms controlling the timing of NC cell emigration.

Role of cell-EGM adhesions in NG emigration

Changes to the ECM coincident with the onset of NC cell migration

Temporal regulation of the onset of NC cell migration is therefore largely dependant on the

intrinsic adhesive capabilities of pre-migratory crest cells, rather than a physical barrier to

migration. Despite this, NC cells must be able to emigrate into an extracellular environment

that is favourable for migration. Whether this involves changes in the migration-supporting

potential of the matrix itself or altematively in the ability of NC cells to interact with the

matrix, it is a fundamental component of EMT.

Studies in the axolotl embryo have shown that NC cell emigration can be stimulated by

matrix derived from more developed regions of the axis, and is therefore regulated by

substrate permissiveness (Lofberg et al., 1985). The experiments utilised tissue from the

epidermal ECM or solely the sub-epidermal ECM adsorbed onto microcarriers, grafted pieces

from specific axial regions dorsally adjacent to the neural tube, and tested for migration-

promoting capabilities. Grafting of either tissue resulted in a site-specific, contact-mediated

stimulation of NC cell emigration, due to enhanced adhesion to the surrounding ECM (and

not increased proliferation) (Lofberg et al., 1985). Though there was a correlation between

increased quantities of ECM deposited and enhanced stimulatory behaviour of NC cells,

Lofberg and co-workers (1985) were unable to pinpoint whether the effect was strictly
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quantitative or determined by some qualitative change in the ECM that they were unable to

detect.

Likely candidates mediating this effect might be inductive signals emanating from the

epidermis, though the signals were not long-range as grafts from ventral or somite epidermis

did not elicit a similarly precocious EMT (Lofberg et al., 1985). Later studies in the white

mutant axolotl identified that a defective sub-epidermal matrix was the cause of reduced

migration of pigment cell precursors (Lofberg et a1., 1989). The nature of this defect has since

been correlated to an altered biochemical composition and deposition of proteoglycans at the

exact time when pigment cells require this substratum for migration (Perris, 1997). Thus, it

was the combination of a delayed developmental program in the ECM and the acquisition of

specific-interacting capacities of pigment cell precursors that resulted in their aberrant

migration (Lofberg et a1., 1989).

In comparison to the axolotl, TEM studies and antibodyprofiling in the trunk of the chick and

mouse embryo have not found any such significant changes in the distribution of ECM

components occurring coincident with the onset of NC cell emigration (Newgreen and Thiery,

1980). Despite this, there is an abundance of both highly adhesive ECM molecules such as

fibronectin (FN), laminin, collagen I, fV and VI as well as non-adhesive molecules, such as

proteoglycans, tenascin and hyaluronan that comprise the ECM adjacent to the neural tube at

the time of NC cell emigration (Duband et al., 1986; Duband and Thiery,l98l; Krotoski et

al., 1986; Mackie et al., 1988; Newgreen and Thiery, 1980; Newgreen et al., 1982; Perris et

al.,1993; Pratt et al., I975). Furthermore, in vitro studies analysing adhesion to extracellular

materials at the onset of migration suggest that changing ECM molecules (or combinations

thereof) does not affect the timing of NC emigration in either migratory or pre-migratory level

explants (Delannet and Duband,1992; Newgreen, 1982). Thus, although the ECM into which

NC cells initially migrate is favourable for their migration due to the deposition of migration-

promoting molecules, it is not thought to be the stimulus for migration (Newgreen and

Gibbins, 1982).
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Expression of substrate adhesion molecules on NC cells facilitates

migration competency

An additional important consideration is that during EMT, NC cell precursors become

competent to locomote via the acquisition of substrate adhesion receptors. The most direct

evidence that enhanced substrate adhesion is an integral component of EMT comes from

studies examining the adhesion profile of NC cells at the onset of their migration in vitro

(Delannet and Duband, 1992). Taking advantage of the in vitro culture system established by

Newgteen and colleagues, (1982), in which neural tubes taken from the last somites of an

E2.5 embryo migrate within 2 hours of explantation (migratory levels), whilst those taken

from the level of the segmental plate, experience some delay in their emigration (4-8 hours,

pre-migratory levels; REFER Figure 1.3), Delannet and Duband, (1992) were able to assay

for adhesive differences between cells from the two levels (Delannet and Duband,1992;

Newgreen and Gibbins,1982; Newgreen and Gooday, 1985). In cells of pre-migratory level

neural tubes the transformation from a presumptive to migratory NC cell correlated strongly

with an increase in substrate adhesion (Delannet and Duband, 1992). Given that no changes in

the timing or order of NC cell emigration in either pre-migratory or migratory neural tubes

occurred in the presence of different ECM substrates, the change in adhesive capacity was

attributed to intrinsic changes occurring within pre-motile NC cells (Delannet and Duband,

t9e2).

Studies comparing the distribution of fibronectin (FN) receptors between stationary and

motile NC cells have suggested that the switch from a stationary to migratory cell involves re-

distribution of FN receptors from concentrated bundles that are tightly associated with

microfilaments to a diffuse distribution around the membrane (maintaining loose connections

with microfilaments) (Duband et al., 1986). The integrin B1 subunit has been shown to mimic

the in ylyo substratum in a similar manner to FN (Duband, 1991). Thus, a main focus in the

search for receptors that might facilitate substratum adhesion of NC cells at the time of their

emigration has been the integrin family of molecules (Erickson and Perris, 1993).Integrins

are alarge family of heterodimeric proteins, containing s and B sub-units thaf act as vital

linking molecules between the extracellular matrix and intracellular proteins, and are essential

in maintaining tissue integrity (Gumbiner, 1996).

Studies investigating the expression of various integrin components on migrating NC cells

have revealed that there are at least 11 different heterodimers involved in NC cell migration
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(Testaz et al., 1999). Furthermore, application of TGF-ß1 and TGF-ß2, known to facilitate up

regulation of integrin molecules, elicited precocious emigration of NC cells from pre-

migratory neural tubes (Delannet and Duband, 1992). Despite this, few integrin heterodimers

have been implicated specifically in the process of NC cell delamination. For example, no

differential distribution of the ß1 sub-unit of integrin was observed in the presence of the NC

cell inducing molecules, TGF- ß1 and 2 (Delannet and Duband,1992).

One integrin subunit that has been specihcally involved in NC cell delamination is integrin a4

(Kil et al., 1998). Blocking of the o4 subunit in mouse neural tube explants inhibited NC cell

emigration from the neural tube, suggesting a role for o4 specifically in this process, as well

as in migration (Kil et a1.,1998). Consistent with this, o4Bl integrin is up regulated in

migratoryNC cells compared to pre-migratory, making it an excellent candidate for the

receptors up regulated in the presence of TGF-ß inducing molecules. Despite this, function-

blocking antibodies did not prevent NC cell emigration in vitro, suggesting that it is not

essential for delamination (Testaz and Duband, 2001). Further analysis of the individual

contribution of specific heterodimers to NC cell emigration in vivo is complicated by the

functional redundancy displayed by groups of integrin receptors (Delannet et al.,1994).

Recently, however, conditional gene deletion of the B1 integrin sub-unit in NC cells lead to

severe PNS segmentation defects suggesting an integral role for this sub-unit in PNS

formation (Pietri et a1.,2004). Thus, whilst in vitro studies have provided a functional link

between NC cell induction and increased substrate adhesion (Delannet and Duband,1992),

the analysis of mice with particular integrin mutations specifically in NC cells will be the key

to generating an integrative model for integrin function in EMT in vivo.

Regulation of NG cell EMT via protein phosphorylation

Studies utilising neural tube explant assays, that mimic the in vivo timeTable of events leading

to EMT, have shown that protein kinases (PKs) have an integral regulatory role (Minichiello

et a1.,1999; Newgreen and Minichiello, 1995; Newgreen and Minichiello, 1996). Inhibition

of protein kinase activity by staurosporine resulted in the precocious emigration of NC

precursors from the neural epithelium (Newgreen and Minichiello, 1995). Neural epithelial

cells adopted a mesenchymal morphology and emigrated uniformly from both the dorsal and

ventral neural tube regions after only 3 hours incubation with staurosporine. Utilising an

antibody to N-cadherin (termed ACAM), cells still maintained strong ACAM-positive

contacts suggesting that induced EMT primarily involved cytoskeletal changes leading to the
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subsequent dispersion of cadherin complexes from adherens junctions (Newgreen and

Minichiello,1996).Initial tests using a process of elimination indicated that precocious EMT

in the presence of staurosporine was mediated by protein kinase-C, a serine/threonine kinase

(Newgreen and Minichiello, 1995). More recently, by testing various combinations of protein

kinase modulators, it has been established that the atypical subclass of protein kinase-C is

likely to be involved. Consistent with their having a regulatory role in protein phosphorylation

during EMT, atypical isoforms l, and ( are expressed in the dorsal neural tube at the apical

borders of neuroepithelial cells prior to their emigration (Minichiello et a1., 1999).

Given that the regulation of NC cell outgrowth in vitro ocsxs in the normal rostro-caudal

gradient present in vivo (Newgreen and Minichiello, 1995), the observation that inhibition of

protein phosphorylation caused a uniform, precocious emigration of NC cells suggests that

staurosporine treatment was able to override the usual controls that regulate NC cell

delamination. Likely possible targets of staurosporine include TGF-p-like molecules, as they

are known to be serine/threonine kinases and have an essential function in NC cell induction

(Delannet and Duband,1992; Liem et al.,1995; Sela-Donenfeld and Kalcheim, 1999). The

model underlying the effects of PK phosphorylation suggests that it principally affects

closkeletal function, through such proteins as talin or vinculin, and the resultant balance of

F-actin/G-actin in pre-migratory NC cells. Given the dependence of cadherin-based adhesion

on cytoskeletal linkage at the adherens junctions, dispersion of F-actin would facilitate the

dissolution of cadherin complexes, resulting in the observed loss of ACAM-positive

junctions. Subsequent cytoskeletal extension and stress fibre formation would then enable the

rapid transfer of ECM receptors to substratum adhesion sites at the cell periphery (Newgreen

and Minichiello, 1996). In such a manner, whilst PKs act primarily on the cytoskeletal

architecture, extensive cross-modulation between cell-cell, cell-ECM and cytoskeletal

systems enables a precise, reversible control of EMT events, independent of genetic input

(Figure 1.5), (Newgreen and Minichiello, 1996).

26



I

1 ¡
t
L---

.1
1

l
1

-¿

Epithelial State Mesenchymal State

Figure L.5- Schematic diagram summarising the role of protein phosphorylation/de-

phosphorylation and cross-modulation of cell-cell, cell-ECM, and cytoskeletal changes in

EMT events.

Image reproduced from (Newgreen and Minichiello, 1996).

Despite experiments to suggest that PKs act primarily on the cytoskeleton, a common

consequence of reduced PK activity during either EMT or in motile cells is to enhance

cellular adhesion, suggesting possible redundancies in the response to changes in PK activity.

Similar studies have been conducted in motile cells investigating the influence of protein

tyrosine kinases (PTKs)/phosphatases (PTPs) on NC cell motility (Brennan et al.,1999;

Monier-Gavelle and Duband, 1995). Despite the slightly different cellular contexts, some

interesting parallels can be made between the experiments in motile cells and those

undergoing EMT that suggest similar functions in regulating the adhesive properties of NC

cells. Firstly, in the staurosporine experiments, treatment elicited a general increase in cellular

cohesiveness and speed of re-aggregation as well as ACAM stabilisation at cell junctions

(Newgreen and Minichiello, 1996). Similarly, inhibition of PTIIPTP activity in motile cells

enhanced the stability of ACAM-mediated junctions, causing a subsequent increase in cell-

cell adhesion (Brennan et al., 1999; Monier-Gavelle and Duband, 1995). This increased

l) î
q],
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cohesion could be reversed by ACAM function-blocking antibodies in the PTK/PTP

inhibition experiments but not for serine/threonine kinase-inhibited explants, suggesting that

the primary mode of action for distinct kinase groups (and/or cell type) might differ (Monier-

Gavelle and Duband, 1995). However, it is possible that a general response of NC cells

(migratory or during EMT) to alteration in kinase activity is to enhance cellular cohesion

between NC cells, suggesting a possible general mechanism for the action of PKs in NC cells

(Brennan et al.,1999; Monier-Gavelle and Duband,1995; Newgreen and Minichiello, 1996).

1.3 Gell/Tissue interactions dictating NC cell migration

through the somite

The earliest studies into NC cell development utilised tritiated thymidine ('Weston, 1963), and

quail-chick chimaeric embryos (Le Douarin and Teillet, 1974), as well as injection of vital

dyes to map the migratory routes of neural crest cells (Bronner-Fraser et al., I99I). Using

these approaches, there was some controversy regarding the exact pathway for NC cell

migration; 'Weston (1963) noted that NC cell migration was enhanced in the somitic

environment, whilst others believed the main migratory pathway to be between the somites

(Thiery et al.,1982a; Vincent and Thiery, 1984). More accurate analyses have since been

achieved using immunohistochemistry with the monoclonal antibody, HNK1 (Rickmann et

al., 1985). Studies using HNK1 have determined that the primary migratory pathway for both

NC cell and motor axons is through the rostral portion of each somite with some initial NC

cell migration occurring in the inter-somitic clefts (Bronner-Fraser, 1986a; Loring and

Erickson, 1987; Rickmann et a1., 1985; Teillet et a1.,1987). Classical embryological

experiments have found that the somitic mesoderm is the key patterning tissue that determines

the ultimate trajectory of PNS progenitors through the rostral half-somite; additional guidance

tissues include the notochord and dermomyotome. The various contributions of the multiple

different cell and tissue interactions are discussed below.

1,3.1 Role of the somitic mesoderm in PNS segmentation

NC cells emigrate uniformly from the dorsal neural tube, however migration becomes

segmental when cells reach the sclerotome tissue (Bronner-Fraser, 1986a; Loring and

Erickson, 1987; Rickmann et al., 1985; Teillet et a1.,1987). Microsurgical techniques

involving rotation of the somitic mesoderm and neural tube 180 degrees have established that
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segmental growth of NC cells is not intrinsic but imparted by molecules present in the somitic

mesoderm (Bronner-Fraser and Stern, l99I; Keynes and Stern, 1984). Given that the

segmentally-arranged DRG are derived from NC cells arising opposite both caudal and rostral

somites, the question arises as to whether a single DRG comprises NC cells arising opposite

multiple somites or exclusively opposite the somite in which the DRG forms? To address this

question, quail-chick chimaera studies showed that NC cells migrate along the length of the

neural tube to colonise DRG structure up to two somites away from the neural tube region of

origin; thus any one DRG is composed of NC cells arising opposite both rostral and caudal

halves possibly located somites away from their original site of emigration (Teillet et al.,

19S7). Thus, the migration-supporting capacity of the rostral half-somite, and the inhibitory

properties of the caudal half-somite, determine the segmental arrangement of the PNS (Lallier

and Bronner-Fraser, 1988; Teillet et a1., 1987).

The experiments previously discussed point to the rostral-half somitic mesoderm acting as a

permissive but not essential migration substrate for NC cells (Keynes et al., 1996; Tosney,

1988). Interestingly, Stern and Keynes, (1987) observed that placing multiple rostral somite

halves opposite the neural tube resulted not only in an unsegmented outgrowth but also

widened the migratorypathway taken byNC cells through this tissue (Stern and Keynes,

1987). Later studies focussing on the differentiation of NC cells into DRG, found that in the

presence of compound rostral-half somites, giant unsegmented "polyganglia" formed

compared to small dorsally located gangliawith caudal somites (Kalcheim and Teillet, 1989).

These data both suggested that the rostral somite not only supports the migration of NC cells

but also regulates the proliferative expansion of the DRG precursor population. Direct tests of

DRG precursor proliferation suggested that in compound rostral half-somites, the rate of

proliferation was increased, thereby supporting the idea that the rostral halÊsomite has

mitogenic properties (Goldstein et a1.,1990). There are two mechanisms through which the

rostral half-somite might facilitate proliferation: the first is that rostral half-somite cells

directly influence DRG cell proliferation; the second, that it merely provides a scaffold for

NC cell attachment and thereby enhances NC cell exposure to central nervous system (CNS)-

derived growth factors (Goldstein et a1., 1995; Goldstein et al., 1990; Gvirtzman et al,1992).

Whilst results from grafting experiments suggest that the latter might be the case (refer

below), a further discussion of how cells of the somite might facilitate proliferation is beyond

the scope of this review.
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Are all mesodermal tissues generally conducive to NG cell

migration/DRG formation?

Microsurgical studies investigating how the rostral halÊsomite influences the eventual shape

and size of the DRG have revealed that the rostral half-mesoderm has a specific role in

regulating DRG size (Goldstein et al., 1995; Goldstein et a1., 1990). Despite its role in

regulating size, the process of DRG condensation appears to be in large part determined by

NC cell intrinsic mechanisms rather than the somitic environment. This is supported by two

key observations. Firstly, in the presence of multiple caudal somite halves, though DRG were

reduced in size, they still formed compact ganglionic structures (Bronner-Fraser and Stern,

1991; Goldstein et al., 1990; Gvirtzman et al., 1992; Kalcheim and Teillet, 1989); secondly,

the cell-cell adhesion molecules N-CAM and N-cadherin are both up regulated in NC cells

during DRG condensation, and these have been shown to mediate cellular adhesion

suggesting that alterations in NC cell-cell adhesion might be the stimulus for condensation

(Akitaya and Bronner-Fraser, 1992; Lallier and Bronner-Fraser, 1988; Thiery et a1.,7982b).

Thus, if the rostral half-somite is dispensable for DRG condensation, the question arises as to

whether this tissue has a specific role in NC cell guidance or is just part of a more generalised

mechanism for mesodermal tissues in regulating cell migration?

During PNS development, trunk NC cells migrate through multiple different tlpes of

mesodermal tissues, however their migration is coordinated in a precise spatiotemporal

manner. Grafting experiments have been caried out to determine the migration-supporting

capacity of various different mesodermal tissues as well as artificial substrates (Bronner-

Fraser and Stern, l99I; Gvirtzman et aI,1992). Replacement of the somitic mesoderm with

segmental plate, intermediate or an artificial three dimensional collagen lattice did not support

NC cell migration (Bronner-Fraser and Stern, 1991; Gvirtzman et a1.,1992). This result was

not surprising given that none of these tissues support NC cell migration in vivo, and in vitro

collagen matrices promote NC cell movement only weakly compared to FN (Newgreen,

1982).In contrast, grafting of the lateral plate mesoderm replicated both the migration-

favourable character of the rostral halÊsomite (though obviously did not impose

segmentation) as well as the proliferative influence of this tissue on DRG cells (Brorurer-

Fraser and Stern, l99l; Gvirtzman et al., 1992). The latter result implied that the proliferative

properties of the rostral half-somite occurred secondarily to a migration-promoting

environment (Gvirtzman et al., 1992). To extend these observations to proliferative

mechanisms regulating DRG size, it could then be postulated that the somitic mesoderm does

not have a direct proliferative role but rather facilitates access of DRG precursors to mitogens
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secreted from the neural tube (Bronner-Fraser and Stern, 1991; Goldstein et al., 19951,

Gvirtzman et al, 1992). The lateral plate mesoderm is a tissue that is invaded by NC cells

during their migration to the limbs, however this is also under strict temporal control. These

data suggest that both the lateral plate and somitic mesoderm permit NC cell migration whilst

other mesodermal tissues in the developing embryo do not. This leaves open the possibility

that common molecular mechanisms might underlie migration permissiveness and these are

discussed below.

Molecular basls for migration "permrssiveness" of mesodermal frcsues

Correlating the results from grafting experiments (Bronner-Fraser and Stern, l99I; Gvirtzman

et a1., 1992) with more recent molecular data profiling the expression of noggin and BMP4 in

mesodermal tissues (Sela-Donenfeld and Kalcheim, 2000), suggest a possible novel molecular

mechanism driving migration-promoting qualities of the mesoderm. It is well established that

the gradient of noggin along the rostro-caudal axis of the dorsal neural tube regulates the

effective amount of BMP4, thereby regulating NC cell delamination (Sela-Donenfeld and

Kalcheim, 1999), ( refer Section 1.2). More recently, expression studies and later functional

analyses, suggested that noggin in the dermomyotomal lip (DML) is responsible for down-

regulating its expression in the dorsal neural tube, thereby coordinating somite maturation

with NC cell emigration (Sela-Donenfeld and Kalcheim, 2000), ( Figure 1.6). Furtherrnore,

surgical removal of differentiated somites resulted in the maintenance of noggin expression in

the dorsal neural tube, blocking NC cell emigration. Thus, this could provide a molecular

basis for the observed lack of NC cell emigration when segmental plate mesoderm was placed

adjacent to the dorsal neural tube in the grafting experiments carried out by Bronner-Fraser

and colleagues (1991) (Bronner-Fraser and Stern, 199I).

An additional line of evidence supporting noggin as the molecular basis driving the

permissiveness of mesodermal tissues to NC cell migration is that it is also expressed in the

medial edge of the lateral plate mesoderm at caudal levels of the embryo (Sela-Donenfeld and

Kalcheim, 2000). Its expression becomes more medially located coincident with somite
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Figure 1.6- NC cell delamination is dynamically regulated by noggin-derived signals

from the developing somites.

(A) Opposite segmental plate mesoderm, noggin expression is high in the dorsal neural

tube, leading to inhibition of BMP4 actívity and a subsequent inhibition of NC cell

delamination.

(B) Opposite epithelial or differentiated somites, expression of noggin in the dorsomedial

portion of the epithelial somite and subsequent dermomyotomal lip inhibits itself via

an autoregulatory loop. Thus, noggin expression in the dorsal neural tube is decreased

coincident with increasing somite maturity. A direct consequence of reduced noggin is

increased BMP4 activity and subsequent NC cell delamination.

Adapted from (Sela-Donenfeld and Kalcheim, 2000).
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maturation and is directly regulated by BMP4 expressed initially in the intermediate

mesoderm and then later in the neural tube of the developing embryo (Sela-Donenfeld and

Kalcheim, 2002). Thus, if lateral plate mesoderm was transplanted adjacent to the neural tube

as per (Bronner-Fraser and Stem, l99l), then it is possible that noggin-derived signals from

the lateral plate may then down-regulate its expression in the neural tube and facilitate NC

cell entry into the somitic environment. Similarly, the removal of somitic mesoderm and

replacement with a collagen ECM would not stimulate significant NC cell migration (due to

persistence of noggin signals in the dorsal neural tube in the absence of the DML) despite

collagen acting as a known migration-promoting factor in vitro (Perris et al., I99la). Thus,

correlating results from early microsurgical experiments with more recent molecular data

implicates a possible novel mechanism for coordination of NC cell development with

somitogenesis mediated by noggin/BMP4 signalling in a more general mechanism for

coordinating NC cell development with tissue morphogenesis.

Role of the dermomyotome in coordinat¡ng NG cell outgrowth

Studies involving the removal of the dorsal portion of the somite, the dermomyotome, have

demonstrated that the ventral sclerotome is the key patteming tissue in determining the rostro-

caudal, mediolateral and dorsoventral positioning of the PNS (Tosney, 1987). Despite this,

Loring and Erickson (1987) observed that NC cells were in close association with the

underneath surface of the dermomyotome (the myotomal basal lamina) during their initial

migration, implicating this as an important migration substrate (Loring and Erickson, 1987).

To determine the contribution of the myotome's basal lamina to the overall arrangement of

NC migration along the ventromedial pathway, dermomyotome deletion experiments were

carried out and the effect on NC cell trajectories analysed (Tosney et al.,1994). There were a

number of key findings from these experiments that not only revealed a novel migration

substrate for NC cells travelling ventromedially but also highlight the importance of detailed

phenotlpic analyses when determining subtle phenotlpes. Firstly, in embryos where the

myotome basal lamina was removed, no effects were observed on the gross organisation and

positioning of the DRG within the rostral half-somite. However, comparison of the

trajectories of NC cells at multiple precise levels of the trunk (with subsequent differing

extents of NC cell migration) in the presence and absence of the basal lamina indicated that

cells preferred this structure as a migration substrate than the sclerotome.
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Further discussion of these results cannot take place without first considering the progression

of somite development and how this is coordinated with NC cell migration. Breakdown of the

epithelial somite and differentiation into sclerotome occurs in a lateral-medial direction such

that at any one time, lateral sclerotome (near the notochord) is more mature than the medial

regions þroximal to the neural tube). In addition, cells within the lateral sclerotome are quite

loosely packed and therefore facilitate rapid NC cell migration, whilst the denser medial

region is less favourable to invading NC cells (at least in the early phases) (Christ et al., 20001'

Tosney et a1.,1994). Contrary to the lateromedial direction of somite development, the

dermomyotome (and subsequently, the myotome) differentiates in a mediolateral manner,

such that at any one time the extent of basal lamina formation (underneath the developing

dermomyotome) is most developed at the medial edge (Chen et a1.,2004). Thus, when

analysing the initial phases of migration, Tosney and colleagues (1994) found that NC cells

entered the somite region only briefly, turned laterally upon contact with the medial

sclerotome to contact the basal lamina and proceeded along this substrate until reaching the

rapid migratory surface of the lateral sclerotome (Tosney et al., 1994). In the normal in vivo

context, NC cells do not invade the medial sclerotome until moving as a mass of cells in more

mature somites (Guillory and Bronner-Fraser, 1986). However, in the absence of the

myotomal basal lamina, NC cells did not re-orient themselves to align laterally with this

surface but instead entered directly into the medial portion of the sclerotome. These data

suggested that whilst the myotomal basal lamina was not an essential migratory substrate, it

was preferred over cells in the sclerotome (Tosney et aI.,1994).

Whilst these experiments focussed on the single navigational trajectories of NC cells

travelling through the ventral sclerotome, they can be re-interpreted in light of other

experiments investigating the partitioning of NC cells into DRG and SG lineages (Gvirtzman

et a1.,1992; Tosney et al.,1994). 'Weston, (1963) observed that the first cells to exit the neural

tube contributed to distal derivatives via a rapid migratory route through the lateral somitic

mesoderm. Thus, the myotome may facilitate access of early migrating cells to the highly

permissive lateral sclerotome and thereby influence the decision to contribute to DRG or SG

lineages (Erickson and Perris, 1993; Tosney et al., 1994). In support of such a conclusion,

data from compound somite experiments has suggested that an additional mechanism

regulating DRG/SG partitioning is the medial sclerotome, such that in the presence of

multiple rostral halÊsclerotomes there was a bias towards NC cells contributing to DRG

lineages when compared to SG. An explanation for these effects is that the medial portion of

the rostral-half somite is unfavourable to NC cell migration and could act as a barrier to the
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further ventral migration of NC cells. Thus, it would be interesting to re-examine the original

dermomyotome/sclerotome ablation experiments conducted by (Tosney, 1987; Tosney, 1988)

to determine if firstly, they influenced DRG/SG size (without altering gross morphology) and

secondly, whether molecular cues expressed in the medial sclerotome could elicit such

partitioning functions.

1.3.2 Factors regulating the dorso-ventral positioning and

orientation of NC cell migration/ DRG formation and motor axons

Role of the neural tube

To determine the influence of the normal dorso-ventral orientation of the neural tube, on the

organisation of NC cell migration into two distinct streams, the neural tube was removed and

a donor neural tube inserted with the reversed dorso-ventral orientation (Stern et al.,I99I;

Weston, 1963). Despite their reversed dorsoventral (D-V) orientation, two migratory NC

streams still formed; one towards the original dorsal side of the embryo (ventral in relation to

the neural tube) and the other to ventral regions (dorsal with regards to neural tube

orientation) (Weston, 1963). This suggested that the directionality and organisation of NC cell

migration into two migratory streams was not under the control of the somitic environment

but instead NC cells exploited the tissue spaces open to them. These results can be re-

analysed in light of more recent molecular experiments describing the control of NC

delamination and also directionality of migration and are discussed below.

Combining molecular data with those from neural tube inversion experiments some

interesting comparisons can be drawn. Firstly, with regards to the timing of NC cell

delamination from a re-oriented neural tube, it could be imagined that noggin diffusing from

the DML would still be able to access the dorsal neural tube regions and facilitate NC cell

exit, despite neuroepithelial cells being much further away from this structure than originally

(Sela-Donenfeld and Kalcheim, 2000). Secondly, the data has interesting implications for the

regulation of NC cell entry into the dorsolateral pathway as it has been postulated that their

emigration is regulated by removal of proteoglycans from the region between the surface

ectoderm and somite (Oakley et al., 1994). Given that cells on the dorsolateral path no longer

directly face this migration pathway it implicates possible intrinsic mechanisms in

coordinating the timing of dorsolaterally migrating NC cells.
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In addition there are a number of key findings from these microsurgical experiments that have

important implications for the mechanisms underlying the direction of NC cell migration.

Firstly, the observation that NC cells formed two distinct streams despite the neural tube

rotation implied that ventral migration is not driven by ventrally-derived chemo attractants

(Weston, 1963). Secondly, in a closer examination of the effects of neural tube inversion on

NC cell colonisation of DRG/SG lineages, Stern and colleagues, (1991), observed that NC

cells formed segmentally arranged DRG with the correct D-V orientation for the inverted

neural tube. This result implied that the orientation and segmental organisation of the DRG

was dependent on the neural tube and somites, respectively (Stern et al.,l99I). Consistent

with the notochord having a role in SG development, NC cells that migrated in a sufficiently

ventral direction to contribute to the SG only differentiated when in close proximity to the

notochord or ventral neural tube (Stern et a1.,7991). Once again it would be interesting to re-

examine these experiments in light of the different guidance roles of medial versus lateral

sclerotomes and whether the inversion of the neural tube affected NC migration through

either of these somitic regions. One interesting possibility is that NC cells were able to pattern

the somitic environment. It has been shown that NC cells, via secretion of such molecules as

hyaluronan, are able to diffuse proteoglycans in the surrounding tissue, thereby creating space

through which to migrate (Tosney, 1978). The possibility that migratory NC cells might alter

the conformation of the somitic environment and subsequently, distribution of molecules

expressed within this tissue, are discussed further in Section l.4.Integral to these

experiments, however is the role of the notochord in patterning the somitic environment and

subsequent positioning of the PNS.

Role of the notochord in determ¡n¡ng the overall D-V organ¡sation of

ventromedial NG cell migration/ DRG

An additional tissue that regulates NC cell migration/DRG positioning in the D-V axis is the

notochord and surrounding perinotochordal mesenchyme (Newgreen et al., 1986; Pettway et

al.,1990; Stern et al.,I99l; Tosney and Oakley, 1990). In vivo NC cells migrating ventrally

avoid this region, creating a cell-free space of 50-100 Fm suffounding the notochord and

subsequently the DRG forms dorsally adjacent to this region (Bronner-Fraser et al., l99l;

Newgreen et al,, 1986; Pettway et a1.,1990; Stern et al., 1997; Tosney and Oakley, 1990). To

test the role of this tissue as an inhibitory guidance tissue, NC cells were confronted with

notochord tissue in vitro, resulting in a classic avoidance response that was independent of

contact with the notochord but mediated by the extracellular ECM deposited around the
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notochord (Newgreen et a1.,1986). A similar phenomenon has been observed in vivo, such

that placement of an ectopic notochord adjacent to the neural tube inhibits NC cell migration

near the graft (Pettway et a1.,1990; Stem et a1.,1991). This avoidance behaviour was

dependent on the presence of the notochord, suggesting that the notochord is an additional

tissue sculpting the D-V positioning of the DRG within the rostral half-somite (Newgreen et

al., 1986; Pettway et a1.,1996; Stern et al., 1991).

Studies involving removal of motor axons in vivo have revealed that they may also contribute

to the positioning of the DRG adjacent to the neural tube (Tosney and Oakley, 1990). In vivo,

motor axons lie between the sensory ganglia and perinotochordal mesenchyme, and thereby

prevent contact of migrating NC cells with the inhibitory mesenchyme. Loring and Erickson

(1987) proposed that motor axons might act to inhibit the ventral migration of NC cells and

facilitate their coalescence into the DRG (Loring and Erickson, 1987). In support of this

hypothesis, selective removal of motor neurons from the neural tube enabled the DRG to

become ventrally localised, so that it formed adjacent to the perinotochordal mesenchyme

(Tosney and Oakley, 1990). Further evidence to suggest that motor axons influence the

eventual dorso-ventral positioning of the DRG stems from experiments involving 90o rotation

of the neural tube. In this situation, the DRG still formed dorsal to the motor axon branch

despite its altered location with respect to the neural tube (Tosney and Oakley, 1990). Thus,

there is sufficient evidence to suggest that ventrolaterally extending motor axons also

influence D-V positioning of the DRG though the molecular basis of this guidance remains

unknown.

1.4 Segmentally expressed molecules and their putative

functional roles

The somitic mesoderm and perinotochordal matrix surrounding the notochord sculpt the

eventual metameric organisation of the PNS in the rostro-caudal and dorso-ventral planes.

However, what is the molecular basis of these guiding tissues? Many molecules have been

implicated in PNS segmentation based on their exclusive distribution (mostly) in the caudal

half-somite and also on functional studies in vitro and in vivo. These include chondroitin

sulphate proteoglycans (CSPG), ECM molecules such as F-spondin and tenascin, T-cadherin,

peanut agglutinin (PNA)-binding molecules, and EphB/ephrin-B interactions. Fewer

molecules have been implicated in directing the trajectories of PNS precursors through the
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rostral half-somite. The ECM molecules, fibronectin (FN) and laminin are distributed evenly

throughout the somite, and are thought to contribute to creating a permissive migration

substrate. In addition, thrombospondin-1 and a molecule described by Tanaka and colleagues

(1989), termed theM74l2 antigen, have been localised to the rostral half-somite during the

time of NC cell migration (Tucker et al., 1999).

Whilst the inhibitory and positive guidance roles of somite-expressed molecules might have

general implications in determining PNS segmentation, studies into the molecular basis of

PNS segmentation as well as microsurgical experiments, indicate that distinct sets of guidance

cues are responsible for regulating NC cell and motor axon migration through the somite

(Koblar et aI.,2000; Rickmann et al., 1985; Tosney, 1988). In somite ablation studies, motor

axons showed a clear dependence on the ventral sclerotome tissue, becoming unsegmented

upon removal of this tissue. ln contrast, the DRG became unsegmented when the dorsomedial

sclerotome was removed in a manner that correlated with the volume of sclerotome deleted

(Tosney, 1988). Thus, not only do these two PNS precursors interact with distinct sclerotome

regions, but also the eventual morphogenesis of the DRG appears also to depend more closely

on the rostral half-somitic tissue (Gvirtzman et a1.,1992; Tosney, 1988).

An additional key factor when considering candidates for regulating segmentation is the

timing of their appearance in the somite. Thus the molecule would be required to be expressed

exclusively in the rostral or caudal regions of the somite prior to PNS cell entry (Krull,200I;

Perris and Perissinotto, 2000). However, as more knowledge about the mechanics of NC cell

migration in vivo is acquired through time-lapse analyses (Krull et al., 1995; Ikull et al.,

1997;KtlJesa and Fraser, 2000) and NC cell migration studies in vitro (Duband et al., l99l;
Newgreen, 1989; Rovasio et al., 1983), a more dynamic view of PNS segmentation must be

considered. Thus, segmental NC cell migration appears to be controlled by a hierarchy of

guidance cues within the somite, starting from caudally-derived repulsive molecules, whose

expression is NC cell independent and followed by molecules localised to the rostral half-

somite that appear to influence migration by restricting NC cells to particular migration-

permissive regions within the rostral halÊsomite and whose expression is NC cell-dependent

(Perris, 1997). Finally are the group of ECM molecules that are uniformly distributed across

both somite halves and influence NC cell movement in a generally positive manner (Duband

et al., 1986; Duband and Thiery 1982; Duband and Thiery, 1987;Newgreen and Thiery,

1980; Thiery et al.,1982b). This section reviews the current molecules known to contribute to

NC cell segmentation.
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1.4.1 PNA-binding glycoproteins and T-cadherin: general inhibitory

molecules with multiple roles in trunk development?

PNA-binding molecules

The first molecular marker found to differentiate between rostral and caudal somite halves is

the plant lectin, peanut agglutinin (PNA), which binds exclusively to molecules in the caudal

somite region during the time that PNS precursors are migrating through the rostral-half

(Davies et al., 1990; Oakley and Tosney,l99l; Stem et al., 1986). In addition, PNA

immunoreactivity is also found in the perinotochordal ECM along with chondroitin-6-

sulphate (Davies et al., 1990; Krull et a1.,1995; Oakley and Tosney,l99I; Tosney and

Oakley, 1990). PNA-binding in the caudal and not rostral portion of the somite was

suggestive of these molecules playrng an inhibitory role in segmentation. To test this

hlpothesis, using an explant culture assay that mimics the normal environment for NC cell

migration, Krull and colleagues (1995), showed that addition of exogenous PNA was

sufficient to allow NC cell entry into the caudal half-somite in vivo (Krull et al., 1995). In

addition, confrontation of DRG axons with somite material elicited growth cone collapse ir

vitro, andthis effect was eliminated with immobilised PNA (Davies et a1., 1990). Thus, PNA-

binding molecules might represent a general mechanism to inhibit NC cell migration as well

as motor and sensory axon outgrowth through the caudal somite.

These data place PNA-binding proteins as very strong candidates for mediating a general,

contact-repulsive guidance mechanism in the caudal half-somite; however, the proteins

responsible for this repellent activity are unknown (Vermeren et a1.,2000). Studies utilising

PNA affinity chromatography have identified two significant binding fractions at 48 and 55 K

(Davies et a1., 1990). Analysis of the binding of candidate molecules, known to be exclusively

localised to the caudal half-somite revealed that PNA-agarose beads did not adsorb to ephrin-

81, Semaphorin-3A or F-spondin, implicating a novel repellent fraction (Vermeren et al.,

2000). This is not surprising given that Semaphorin-3A is largely expressed in the

dermomyotome, a non-essential tissue in mediating segmentation (Shepherd; Tosney, 1987

#50SÌ. Furthermore, whilst ephrin-B1 is critical for maintaining the normal migration of NC

cells through the rostral somite, it does not affect motor axon segmentation, implying a NC

cell-specific function for these interactions (Koblar et al., 2000; Krull et a1.,1997). Finally, a

possible PNA-binding candidate might be the clotactin binding proteoglycan (CTB), which

is expressed in the caudal half-somite and has chondroitin sulphate moieties that are
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recognised by PNA (Tan et al.,1987). V/hilst the repellent properties of this protein have been

shown in vitro, the individual contribution of this molecule to segmentation in vivo remains

unknown (Tan et a1.,1987).

PNA binds to multiple other axonal repellent regions in the embryo many of which are pre-

chondrogenic tissues, including the perinotochordal mesenchyme and limb plexus, and

suggests that PNA binding proteins might also be involved in chondrogenesis (Oakley eI al.,

1994). Support for an independent role for PNA binding proteins separate from their role in

segmentation, stems from experiments involving unilateral neural tube deletion whereby the

distribution of PNA-binding material remained unchanged in the absence of outgrowing PNS

precursors (Oakley and Tosney, 1991). V/hether the repellent functions of these proteins are

related specifically to their role in chondrogenesis is currently unknown however in a similar

manner to the proteins in caudal half-somite, pre-chondrogenic tissues also undergo extensive

carbohydrate modifications (Christ et a1.,2000). This leaves open the possibility that

regulated carbohydrate attachment might underlie the contact-repulsive/chondrogenic

capacity of PNA-binding proteins. Thus, in future, the search for specific PNA-binding

proteins might be better targeted towards differentially expressed biochemical modification

enzymes or carbohydrate moieties rather than distinct contact-repellent molecules.

T-cadherin

This cell-cell adhesion molecule belongs to the cadherin family of adhesion molecules and is

expressed in the caudal half-somite from the onset of NC cell migration, approximately 3

somites rostral to the first formed somite (Ranscht and Bronner-Fraser, 1991). T-cadherin

expression in the caudal halÊsomite begins in the third or fourth most newly formed somite of

E2.5 embryos, coincident with the emigration of NC cells into the rostral half-somite, and

becomes progressively stronger as somites mature (Ranscht and Bronner-Fraser, 1991). The

selective distribution of this molecule in the caudal half-somite was suggestive of it acting as

a repellent for migrating PNS precursors. In vitro studies have shown that T-cadherin

substrata inhibit motor neurite outgrowth (Fredette et al,1996) however deletion of T-

cadherin in mice does not result in a PNS segmentation defect (C.E., Krull., personal

communication).

Interestingly, ablation of the dorsal neural tube did not alter the pattern of T-cadhenn

expression (Ranscht and Bronner-Fraser, l99I) indicating that like PNA-binding molecules,
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T-cadherin may have a more generalised function in morphogenesis of the vertebral column.

Certainly, the caudal half-somite/chondrogenic tissues are packed more tightly and contain

high levels of chondroitin sulphate proteoglycans, consistent with their later differentiation

into cartilaginous tissue of the vertebral arches (Erickson and Perris, 1993; Tosney, 1988). It

is possible that T-cadherin via its adhesive properties might mediate compaction of the caudal

halÊsomitic mesoderm, creating an ECM conformation that is unable to be diffused byNC

cells (Ranscht and Bronner-Fraser, 1991). Given that ablation of T-cadherin did not affect

segmental NC cell migration (CE Krull personal communication), it would be interesting to

determine whether it also caused any skeletal defects.

1.4.2 CSPG's and their role in directing NC cell migration through

the rostral somite

Proteoglycans (PG), in particular those with chondroitin sulphate moieties (CSPG) are

proteins that are bound to glycosaminoglycan (GAG) aggregates and are thought to influence

PNS segmentation and more specifically, NC cell migration via inhibitory guidance

mechanisms (Perris and Perissinotto, 2000). CSPG's are deposited in the ECM lining NC cell

pathways through the rostral half-somite, as well as defining banier tissues during PNS

development such as the perinotochordal mesenchyme and caudal half-somite (Newgreen et

al.,1982; Oakley and Tosney,I9gl; Pintar, 1978). Early studies reported that NC cell

migration was inhibited in the presence of CSPG's identified from cartilage tissue (Newgreen

et al., 1982; Perris and Johansson, 1987). Furthermore, inhibition of CSPG function by

enzymatic degradation results in the suppression of notochordal-derived repulsion in vitro and

in vivo (Newgreen et a1., 1986; Pettway et a1., 1990). Thus, there is substantial evidence to

suggest that proteins covalently bound to chondroitin sulphate moieties mediate repulsion of

NC cells from the perinotochordal matrix as well as the caudal halÊsomite.

Whilst in vitro data points to an inhibitory guidance mechanism for these factors in NC cell

migration, much of this data was based on proteins extracted from embryo regions not

spatiotemporally specific to the inhibitory function of the notochord (Ken and Newgreen,

1997; Newgreen et al., 1986; Perris et aI.,1991b; Perris et al., 19961' Pettway et al., 1990).

More recently, analyses using specific antibodies have identified the hyaluronan-binding

proteoglycans aggrecan and versican (Perissinotto et al., 2000), and collagen IX (Ring et al.,

1996) as important ECM constituents for directing NC cell migration. Their possible
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mechanisms of action on PNS segmentation based on in vitro and some in vivo functional

analyses are detailed below.

Aggrecan

Aggrecan is a CSPG originally isolated from adult cartilage and is thought to be the molecular

basis of the repulsive activity of the notochord (Bundy et al., 1998; Kerr and Newgreen,1997;

Perissinotto et a1., 2000). During early phases of NC cell development (E2.5 mid-trunk),

aggrecan is expressed weakly in the notochord and then later as development proceeds,

becomes localised to the perinotochordal ECM (Domowicz et al,1995). Coincident with

chondrogenesis in the ventral sclerotome, its expression in the perinotochordal mesenchyme

expands dorsolaterally and ventrally in a metameric pattern that alternates with the formation

of the peripheral ganglia (Bundy et a1.,1998; Perissinotto et aL,2000; Pettway et al., 1996).

This expansion of aggrecan expression continues until it surrounds the neural tube, defining

the tissue destined to become the vertebral column (Perissinotto et al., 2000). Thus, in a

similar manner to PNA-binding proteins, aggrecan distribution delineates chondrogenic

regions, further supporting a common molecular mechanism underlying repulsive guidance

functions andcartilage differentiation (Bundy et al., 1998).

There is a large body of evidence to support that aggrecan has an inhibitory effect on NC cell

motility in vitro and is therefore likely to comprise the key inhibitory component of the

notochordal ECM (Newgreen et a1.,1982; Perris and Johansson, 1990; Perris et al.,l99Ib;

Yamagata et a1.,1989). Furthermore, the inhibitory functions can be attributed to the GAG

side chains attached to this protein as chondroitinase treatment abolished any inhibitory

effects (Newgreen et a1.,1986; Pettway et a1.,1996; Pettway et al., 1990). The exact GAG

composition of the notochord-derived aggrecanhas been the subject of much controversy, and

has subsequently limited the interpretation of in vitro experiments that utilised non-

notochordal derived aggrecan forms to investigate the mechanism of aggrecan-based NC cell

guidance (Ken and Newgreen, 1997). This discrepancy has since been resolved using an

antibody specific for the chick cartilage aggrecaî core protein, termed S103L (Domowicz et

a1.,1995; Kerr and Newgreen, 1997; Pettway et a1.,1996). Further molecular and biochemical

analysis of products isolated with the S103L antibody has revealed that the notochord

aggrecan, expressed during E2-84 is biochemically distinct from the cartilage-type,

expressed from E10-16, though the core protein is the same in each case. This is therefore an

example whereby regulated post-translational protein modification underlies different
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identities and subsequent functions for aggtecan isoforms in cell guidance/tissue

morphogenesis (Domowicz et al., 1995).

In a re-examination of earlier notochord implantation experiments, Pettway and colleagues

(1996) found that the notochordal aggrecan ''vas co-expressed with HNKI, and their

combined expression correlated with repulsive function from the notochord (Pettway et a1.,

1996). HNKl-positive E2 and E3 notochords were the most potent in repelling NC cells, and

this potency declined with age through E4 and E5, coincident with the loss of HNK1

reactivity and onset of chondrogenesis in the sclerotome (Pettway et a1., 1996). Furthermore,

pre-incubation of ectopic notochords with HNK1 blocked the repulsive activity of the

notochord; whether this was directly related to the HNK1 reactive carbohydrate epitope

attached to aggrecan or a conformational change in aggrecan side chains (induced by the

HNKI antibody) is unknown (Pettway et a1.,1996). More recent experiments testing the

function of aggrecan in vivo have uncovered a complex response to ectopic aggrecaî

placement wherein NC cells aggregated close to the implant. This result implied that the

environmental context of aggrecan and/or presence of the HNK1 epitope could induce

conformational changes/protein modification that regulates its activity (Perissinotto et al.,

2000). In sum, the GAG side chains attached to the aggrecaî core protein comprise the key

inhibitory component of the perinotochordal ECM and this may be regulated in a complex

manner by the presence of the HNKI epitope (Domowicz et al., 1995; Perissinotto et al.,

2000; Pettway et a1., 1996).

PG-M/ vers¡can

Versican belongs to the same group of aggregating proteoglycans (PG) as aggrecan, and has

some overlapping expression domains including in the notochord (Perris et a1., 1991b).

Despite this, in vitro and in vivo studies have shown that versican influences NC cell

migration in a quite different way than aggrecan (Perissinotto et al., 2000; Perris and

Johansson, 1990). Versican is initially distributed diffusely in the epithelial somites, and is

then rearranged to the caudal half-somite coincident with the infiltration of NC cells into its

rostral half (Landolt et al., 1995; Perissinotto et al., 2000), (Figure 1.8). Given its distribution

in the caudal half-somite, it was suggested that versican acted via a similar inhibitory

mechanism as aggrecan, contributing to the exclusion of NC cells from the caudal half-somite

(Tan et al.,1987). One of the key requirements for a molecule to be considered a barrier to

cell migration/ axon advance is that its expression must occur independently of the invading
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cells (Oakley and Tosney, 1991). Whilst initial studies suggested that versican staining

preceded NC cell entry into the somite (Henderson et a1.,1997; Landolt et a1.,1995; Tan et

a1.,1987), a recent analysis of the effects of NC ablation on versican distribution

demonstrated that its re-arrangement is dependent on NC cell invasion of the rostral halÊ

somite (Perissinotto et al., 2000).

Thus, the question arises as to how versican might elicit guidance of NC cells. In addition to

being distributed in the caudal half-sclerotome, versican also appears in an increasing dorso-

ventral gradient in the rostral half-somite during ventromedial NC cell migration and

surrounds NC cells once they have begun to form DRG (Landolt et al., 1995; Perris et al.,

1991b). Thus, ventromediallymigrating NC cells move in a haptotactic manner towards a

versican-rich ECM during their colonisation of ventral structures (Perris, 1997).It has been

hypothesised that the migration of NC cells along a gradient of PG's might occur via a

"mechanical exclusion effect", whereby increased secretion of tenascin-C and hyaluronan (on

NC cells) progressively displaces PG's in the ECM and diffuse the migration-unfavourable

matrix components (Perris, 1997). More recent analyses have provided support for such a

hlpothesis whereby placement of ectopic versican-coated micromembranes resulted in a re-

direction of NC cell trajectories towards the increasing versican gradient. Furthermore, this

effect was only observed in the dorsolateral sclerotome where versican expression is normally

low (Perissinotto et al., 2000).

Mechanistically, versican has been described to act in a similar marur.er to aggrecan, slowing

the movement of NC cells on in vitro substrates such as FN and laminin, although aggrecan is

the more potent of the two (Perris and Johansson, 1990; Perris et al., I996;Yamagata et al.,

1989). These proteins are thought to modulate cell-substrate adhesivity by directly competing

with FN for substrate binding sites (Perris et al., 1996;Yamagata et al., 1989). Although

thought initially to be a negative regulator of NC cell motility, studies have shown that

versican, when distributed in low concentrations can increase the speed of movement via de-

adhesion (Tucker and Erickson, 1984). This observation correlates well with the distribution

of veriscan in the rostral half-somite whereby its co-expression with FN might be an

important means of facilitating cell movement (Perris, 1997). This is supported by the

observation that in Splotch mutant mice, that display severe NC cell defects, versican

expression is up regulated in (normally) NC-positive regions, suggesting a causal link

between increased concentrations of versican and aberrant NC migration (Henderson et al.,

1997).In contrast, the refractory response of NC cells to both aggrecan and versican in vitro
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might more closely reflect their roles in NC avoidance zones, such as the perinotochordal

matrix and caudal half-somite respectively, where they are distributed in high concentrations

(Henderson et al., 1997; Perris et al.,1996).
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Figure 1.7- Summary of the remodelling of ECM components during the course of

ventromedial NC cell migration.

Molecules on the left represent those that are remodelled into the caudal half-somite upon NC

cell invasion of the rostral half-somite and include, fibronectin, collagens I and Itr and

versican. Those on the right side are interspersed amongst NC cells during their migration and

remain associated with NC cells during DRG gangliogenesis. Adapted from (Perris, 1997).
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Gollagen lX

Collagen IX is a CSPG that is expressed exclusively in the caudal half-somite during NC cell

migration and motor axon outgrowth (Perris et al., I991a).In vitro both sensory and motor

neurites from DRG and motor neurons respectively, avoid regions containing collagen IX.

Furthermore, plating of neural tube explants on alternating stripes of collagen IX and

fibronectin, resulted in a clear preference for fibronectin, whilst collagen IX almost

completely inhibited NC cell emigration (Ring et al.,1996). The inhibitory effects of collagen

IX were abolished by chondroitinase treatment, implicating the chondroitin sulphate side

chain as the inhibitory component (Ring et a1.,1996). This is consistent with the generally

positive influences of collagens on NC cell migration (refer Section 1.5.2 below). Thus

collagen IX could be an additional important contributor to the exclusion of migrating PNS

precursors mediated by the caudal half-somite.

1 .4.3 ECM molecules arso have dynamic express ion patterns

coincident with NC cell migration

Multiple extracellular matrix (ECM) molecules have been implicated in coordinating the

migration of NC cells through the rostral half-somite, largely through the creation of scaffold

that is permissive for NC migration (Perris, 1997; Perris and Perissinotto, 2000). Whilst

perturbation of single molecules in vivo may not effect the overall organisation of NC cell

migration, their combined actions contribute to the precise spatiotemporal coordination of NC

cell movement.

F-Spondin

F-spondin is an ECM molecule that has a dynamic distribution with respect to NC migration

and consequently, somitogenesis. In epithelial somites, F-spondin is localised to the staging

area (between neural tube and somite) as well as the inner ECM of the somitic epithelium.

Following somite dissociation, F-spondin is rearranged to demarcate the ventral

perinotochordal mesenchyme in rostral and caudal halves as well as the dermomyotome,

though the strongest expression is in the caudal half-sclerotome. Thus, as NC cell migration

proceeds, F-spondin is localised to regions of NC cell avoidance including the

perinotochordal mesenchyme and caudal sclerotome (Debby-Brafrnan et al., 1999). Although

F-spondin is distributed in NC cell-negative regions during their migration, post-
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gangliogenesis, it is expressed on Schwann cells associated with the DRG (Debby-Brafman et

a1.,7999).

Function-blocking and over-expression approaches both in vivo and in vitro have revealed a

key role for F-Spondin in defining permissive areas for migration within the somite (Debby-

Brafman et al.,1999). Addition of exogenous F-spondin protein to whole trunk explants

inhibited the emigration of NC cells into the somite, causing cells to remain at the dorsal

neural tube or in the neural tube lumen. On the contrary, neutralisation of F-spondin signal in

caudal half-somite preparations in vitro induced a mesenchymal NC cell morphology

compared to the tlpical rounded morphology observed. Furthermore, in vivo neutralisation

perturbed the normal dorsoventral organisation of NC cell migration through the rostral halÊ

somite as well as partially removing inhibition from the caudal half-somite (Debby-Brafrnan

et a1.,1999). This suggests that F-spondin influences NC cell homing decisions during their

ventromedial migration through the rostral half-somite, implementing a highly localised

contact-dependent control of cell movement. In contrast, the influence of F-spondin on the

eventual segmentation of DRG was less significant; suggesting that it is not required for the

higher order metameric arrangement of the PNS (Debby-Brafman et a1.,L999;Tzarfai-Majar

et a1.,2001).

Tenascin/ cytotactin

Tenascin/ cytotactin is an extracellular ECM glycoprotein involved in neuron-glia adhesion

and is expressed in the basement membranes of ECM in tissues such as the neural tube,

notochord and somitic boundaries as well as in the mesench¡rmal edge of the somite lumen.

(Mackie et al., 1988; Stern et al., 1989; Tan et a1.,1987). It has an expression pattern that is

closely associated with NC cell migration. In epithelial somites, it is expressed diffusely. At

intermediate phases of NC cell migration it is more strongly localised to the caudal halÊ

somite (Stern et al., 1989), but becomes progressively localised to the rostral-half coincident

with NC cell infiltration (Mackie et al., 1988; Tan et al., 1987). Interestingly, its expression in

the rostral half-somite is restricted to the rostro-dorsal portion surrounding HNK1-positive

NC cells during DRG formation (Mackie et al., 1988; Stern et al., 1989; Tan et al.,1987).

The dynamic distribution of tenascin with respect to NC cell migration posed two important

questions: Firstly, is tenascin secreted byNC cells themselves or are somitic cells the source

of the specific tenascin distribution? Secondly, is the reorganisation of tenascin due to the
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invasion of NC cells into the rostral half-somite? The earliest studies describing tenascin

distribution reported that medium conditioned by NC cells in vitro was tenascin-negative,

whilst tenascin immunoreactivitywas associated with medium conditioned by somite cells

(Mackie et a1., 1988; Tan et al., 1987). In addition, dorsal neural tube ablation experiments

suggested that the re-organisation of tenascin distribution was not dependent on NC cells (Tan

et a1., 1987). However, when these experiments were repeated, paying close attention to the

number of somites required to completely eliminate NC cells, it was found that tenascin no

longer re-arranged to the rostral somite, remaining laryely localised to the caudal halÊsomite

(Stern et al., 1989). These findings were later complemented by in situ hybridisation studies

using a tenascin-C probe, that indicated that tenascin was secreted by NC cells during their

ventromedial migration (Tucker and McKay, 1991). This implicated a NC-derived factor

(rather than derived from the caudal half-somite) in regulating the migratory trajectories of

NC cells through the somite.

How might the anti-adhesive molecule, tenascin, secreted by NC cells into the rostral half-

somite affect NC cell migration? Functional studies in vitro have indicated that when plated

on FN, tenascin inhibits NC cell migration, causing excessive cell rounding, though not

completely inhibiting migration on FN (Mackie et al., 1988; Tan et a1., 1987). Given its

inhibitory effect on substrate attachment in vitro, a possible mechanism explaining tenascin

secretion by NC cells is that it reduces NC cell adhesion to FN, facilitating movement through

FN-rich areas (Tan et a1.,1987). There are a number of in vivo expenments supporting a key

role for tenascin in mediating NC cell migration via an anti-adhesive mechanism (Bronner-

Fraser, 1988; Mackie and Tucker,1999; Tucker, 2001). Firstly, micro-injection of anti-

tenascin antibodies prevented the emigration of cranial but not trunk NC cells (Bronner-

Fraser, 19SS). The apparently cranial-specific mechanism might be an artefaú of the technical

difficulty associated with achieving high local concentrations of antibody when injected in the

trunk. In support of this putative explanation, more recently, electroporation of morpholino

anti-sense oligonucleotides (to inhibit the production of tenascin protein) caused a build-up of

NC cells at the dorsal edge of the neural tube, indicative of increased adhesion (Tucker,

2001). Secondly, although tenascin knock-out mice develop normally, they have an impaired

response to trauma and stress, possibly due to compensatory mechanisms for the loss of the

anti-adhesive tenascin protein (Mackie and Tucker,1999). Finally, tenascin is the natural

versican ligand whose secretion from NC cells is thought to mediate a "mechanical exclusion

effect" and enable migration through a proteoglycan-rich matrix (Perris, 1997). Thus, tenascin
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might aid NC cell migration through the rostral half-somite by modulating the adhesive

properties of the ECM and thereby facilitating their movement through this tissue.

1.4.4 Eph receptors and their ligands, ephrins

The Eph family of Receptor Tyrosine Kinases (RTKs) and their interacting proteins, ephrins,

are a family of guidance molecules that have previously been implicated in PNS

segmentation. The family comprises 14 Eph molecules and 10 ephrins, including ephrin-46, a

novel ephrin-A ligand isolated in aves (Menzel et a1.,2001). The Eph family spans vertebrate

and invertebrate species and is expressed widely in the developing and adult nervous system

(Wilkinson, 2000). In vertebrates, there are two clear subclasses of Eph/ephrin molecules, A

and B, and these are based on binding affinities of Eph receptors to ephrins. Thus, EphA

binds ephrin-A and EphB to ephrin-B (Kullander and Klein, 2002). However as more is

leamed about the molecular nature of Eph/ephrin interactions it is likely that many more will

be added to this list. There are currently two known exceptions to this rule: the first is EphA4,

which can bind ephrin-B2 and ephrin-B3 proteins as well as ephrin-A (Gale et a1.,1996; Xu et

a1.,1999) and the second is EphB2 that has recently been shown to interact with ephrin-A5

(Himanen et a1.,2004). Both Eph and ephrin molecules are membrane-bound and require

membrane attachment for function (Davis et a1.,1994); thus they have been largely implicated

in contact-mediated interactions between cells and tissues during embryogenesis. Eph/ephrin

interactions have been shown to play a role in multiple different examples of tissue

morphogenesis including: formation of segment boundaries (Xu et al.,1999); axon guidance

(O'Leary and Wilkinson, 1999); vasculogenesis (Adams et a1., 1999); and in segmentation

(Koblar et a1.,2000; Krull et al.,1997; 'Wang 
and Anderson,1997).

Previously, it has been demonstrated that EphB and ephrin-B proteins are distributed in a

complementary manner in the somite, suggestive of a role in PNS segmentation. ln avian

embryos, EphB3 is distributed on neural crest cells and on cells in the rostral half-somite

whilst ephrin-B1 is in the caudal-half somite, suggestive of a repulsive interaction (Koblar et

aL,2000; Krull et al.,1997).In neural tube explants, application of exogenous blocking

proteins to perturb endogenous EphB3/ephrin-B1 interactions in vivo resulted in NC cells

traversing both the rostral and caudal somite halves (Krull et al.,1997). A similar situation

has been described for EphB/ephrin-B interactions in rodents though the ligand utilised in this

organism is ephrin-82 instead of ephrin-B I (V/ang and Anders on, 1997). It has been shown in
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vitro asingrodent neural tube that both ephrin-Bl and ephrin-82 can mediate repulsive

guidance of NC cells (Wang and Anderson, 1997).

Despite the apparently critical effects for EphB/ephrin-B interactions in determining NC cell

migration in vitro, no PNS segmentation defects are observed in ephrin-B2 knock-out mice

(Adams et al.,1999; Wang et al., 1998). Interestingly, however, both ephrin-81 and

EphB2lB3 mutants exhibit skeletal defects, suggesting that ephrin-Bl signalling maybe

important for chondrogenesis in the trunk (refer 7.4.1 for discussion of other caudal halÊ

somite factors with putative chondrogenic capacity; (Compagni et a1.,2003; Davy et al.,

2004). This suggests that although EphB/ephrin-B interactions are important contributors to

NC cell exclusion from the caudal somite, they are just one component of multiple

functionally redundant guidance mechanisms regulating PNS segmentation (Krull, 1998).

This also leaves opens the possibility that there might be other, as yet unidentified Eph/ephrin

guidance systems involved in PNS segmentation. To this end, EphAT has been described in

the caudal-half somite during PNS segmentation (Araujo and Nieto, 1997), whilst more recent

evidence suggests that ephrin-A ligands are expressed in the dorsal root ganglia (Eberhart et

al.,2000).

During the course of this research, ephrins-A2, -45 and -46 were found to be co-expressed

along with EphA4 on recently delaminated NC cells and in the initial phases of their

emigration into the somite (Mclennan and Krull, 2002). Functional studies in vitro

demonstrated that perturbation of EphA4/ephrin-A interactions disrupted the segmental

migration of NC cells. ln addition, growth of NC cells on a substrate coated with a

combination of EphA4 and ephrin-A2 or ephrin-A5 Fc proteins (mimicking the receptor

distribution on surrounding NC cells in vivo) acted to positively regulate NC migration, whilst

ephrin-A proteins alone were refractory for migration (Mclennan and Krull, 2002). Thus, the

possible role of these molecules in the coordinated migration of NC cells in the somite must

be considered.
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1.5 Positive influences of ECM molecules on NG cell

migration- creating a permissive environment

The final group of molecules that contribute to the segmental migration of NC cells through

the rostral half-somite via positive cell adhesion interactions, includes fibronectin, laminin

and collagens I, III and IV. In addition, thrombospondin-1 is more specifically localised to the

rostral halÊsomite during NC cell invasion (Tucker et al., 1999) as is theli474l2 antigen

identified by Tanaka and colleagues, (1989) in a screen of rostral-specific molecules (Tanaka

et a1., 1989). The latter however is expressed following the initiation of NC cell migration and

is unaffected by NC removal, suggesting perhaps a more critical role in motor axon

segmentation (Tanaka et a1., 1989). Whilst in vivo studies have revealed a non-essential role

for these molecules in facilitating NC cell segmentation, in vitro studies have suggested that

their combined actions in vivo are important for the positive regulation of NC cell guidance

(Perris, 1997).

1.5.1 fibronectin (FN) and laminin

Both FN and laminin are distributed along the pathways of NC cell migration, in the basement

membranes of epithelial structures and also in the somite (Krotoski et al., 1986; Newgreen

and Thiery 1980; Newgreen et al, 1982; Thiery et al., 1982a). At the initial phase of NC cell

migration, (at the level of epithelial somites) FN and laminin are present on the basement

membranes of the neural tube, epithelial somites, and the ectoderm, and to a lesser extent FN

is on the membrane lining the ventral neural tube and notochord (Newgreen and Thiery

1980). Ultra-structural studies have indicated that as NC cells exit the dorsal neural tube they

are suffounded by interstitial bodies anchored in the ECM that contain FN, only occasionally

contacting the laminin-positive basement membrane of the neural tube (Ebendal,1977; Mayer

et al., 1981; Tosney, 1978). For this reason laminin is not seen as a primary migration

substrate for NC cells, (Newgreen et al., 1982) though it does have migration-promoting

effects in vitro (Perris et al., l99la).

As NC cell migration proceeds further ventrally, FN remains distributed along key areas of

ventral migration such as the basal lamina of the myotome and surrounding the aorta

(Newgreen and Thiery, 1980). However, during the period of active cell migration through

the rostral somite, there is no differential distribution of either FN or laminin, though FN is
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diffusely expressed on sclerotome cells surrounding the NC (Krotoski et a1.,1986). During

condensation of NC cells into DRG, FN is removed from the the sclerotome sulrounding NC

cells, whilst laminin is up-regulated around the DRG (Duband et a1., 1987;' Duband et al.,

1986; Newgreen and Thiery, 1980). NC cell adhesion to laminin increases with

developmental age in vitro (Rovasio et a1.,1983) suggesting that the timed expression of these

molecules in the ECM contributes to NC cell morphogenesis. In addition to the

developmentally regulated expression of adhesive ECM components, NC populations also

have differential competencies to respond to FN. For example unlike the cranial neural crest,

truncal NC cells don't s5mthesise FN, possibly enhancing their sensitivity to narrow FN-

defined pathways during migration (Erickson et a1., 1980; Newgreen and Thiery, 1980).

In vitro, plating of neural tube explants on FN (plasma form) or laminin, results in the rapid

emigration of NC cells with a flattened morphology indicative of extensive substrate

attachment (Newgreen et al, 1982; Rovasio et al., 1983). Studies have investigated the

function of FN in NC cell morphogenesis bothin vitro andin vivo using antibodies

(CSAT/JG22) that recognise a 140-kD FN-receptor complex on the surface of NC cells, to

block substratum adhesion of NC cells (Boucaut et a1.,1984; Bronner-Fraser, 1985; Bronner-

Fraser, 1986b; Duband et a1., 1986; Krotoski et al., 1986; Rovasio et a1.,1983). Application of

the antibody to NC cell cultures in vitro inhibited adhesion, causing cell blebbing, rounding,

and also blocked their emigration from the neural tube (Bronner-Fraser, 1985; Rovasio et al.,

1983). Furthermore, analysis of the distribution of the 140 kD FN-receptor complex indicates

that it co-distributes with NC cells in vivo and localises with similar structures to FN in motile

cells in vitro, suggestive of it acting as an intermediary between substrate adhesion and the

cytoskeleton (Duband et a1., 1986). Thus given the prevalence of FN in NC cell migratory

pathways, and its role in mediating NC cell attachment at least in vitro, it is likely to be a

major contributor to the creation of a permissive migration substrate in vivo (Mayer et al.,

1981;Newgreen and Thiery, 1980;Newgteen et al., 1982).

Though FN and laminin have clear motility-promoting properties in vitro, application of the

same antibodies in vivo suggest that NC cell migration can occur in the absence of FN, at least

in the trunk region (Boucaut et al., L984; Bronner-Fraser, 1986b). In cranial regions, loss of

cell adhesion to FN at the time of NC cell emigration results in the abnormal localisation of

cells in the lumen of the neural tube and migration along aberrant pathways. In the trunk, no

such effects \Mere observed (Bronner-Fraser, 1986b). A similar phenomenon has been

observed in a variety of other experiments blocking cell-ECM interactions, (for example,
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tenascin-C) suggesting that these interactions have less relevance for trunk NC cell migration

compared to cranial (Bronner-Fraser, 1993a). This may be in part due to molecular

differences between the ECM receptors expressed on the two NC populations and that this

then dictates their preferences for particular substrate t1,pes and conformations (Lallier et al.,

1992). Additionally, the influence of inhibitory guidance tissues in the trunk such as the

caudal half-somite and perinotochordal mesenchyme may be sufficient to channel NC

migration, whilst molecules such as FN or laminin might play a less instructive role (Bronner-

Fraser, 1993b). Lastly, as the experiments with tenascin-C demonstrated, (refer Section 1.4.3),

the lack of effects observed in truncal regions might be due to problems in achieving high

enough concentrations of blocking antibody in the trunk (Bronner-Fraser, 1993b).

1.5.2 Collagen

As NC cells emigrate from the neural tube, they enter into a cell-free space containing a

meshwork of fibrillar structures that are collagenous in nature (Ebendal, I9l7; Tosney, 1978).

Subsequent studies have found that the predominant collagen isoforms expressed in these

fibrils at the dorsomedial edge of the somite and also in the somite itself are collagens I and

III (Perris et al,l99Ib). In addition, collagen fV is expressed in basement membranes and is

co-distributed with laminin in epithelial structures (Duband et aI., 1987). Similar to other

ECM molecules, versican and tenascin (Landolt et al., 1995; Stern et a1.,1989) that undergo

d¡mamic changes with NC cell migration, collagens I and III are displaced from the rostral

somitic mesoderm during NC cell migration and into the caudal somite (Perris et al., 1991a).

Interestingly, this remodelling is NC cell dependent, suggesting that NC cells themselves are

capable of reorganising the distribution of collagenous material, in a similar way to that

described for versican (Perissinotto et al., 2000). NC cells move with varied efficiency

through collagen substrata in vitro depending on the concentration/density and conformation

of collagen tlpes (Davis and Trinkaus, 1981; Perris et al.,l99la; Tucker and Erickson, 1984).

The migration efficacy of NC cells is greatly improved with the addition of FN suggesting

that in vivo, collagens may act in concert with FN to facilitate NC cell motility (Newgreen et

al.,1982; Rovasio et a1.,1983).
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1 .5.3 Thrombospondin-1

Thrombospondin-l is a human ECM molecule that is distributed along the pathways of NC

cell migration; indicative of a molecule that promotes NC cell motility. Thrombospondin-1 is

expressed along the ventral surface of the myotome, co-localising with NC cells migrating

laterally along the myotome and in more rostral regions of the embryo trunk it is distributed in

the dorsal sclerotome (Tucker et al., 1999). Co-localisation of the earliest Thrombospondin-1

expression with HNK1 indicated that the source of immunoreactivity was not NC cells, but

instead the ECM undemeath the myotome (Tucker et a1.,1999; Tucker and McKay, 1991). A

high rate of NC cell migration was achieved on Thrombospondin-1 substrata in vitro at low

levels (equivalent to endogenous levels) whilst at higher concentrations it caused excessive

cell attachment and increased proliferation. It is hard to extrapolate the latter effects to the in

vivo environment, as this molecule is not distributed in such high concentrations in the somite.

Thus, in vivo, Thrombospondin-l is likely to facilitate movement of NC cells by promoting

weak ECM attachment, thereby facilitating migration (Tucker et al., 1999).

1.6 Gellular basis of NG cell migration= in vitro and in vivo

time-lapse analyses

The results of multiple function blocking experiments in vitro have suggested that during their

migration, NC cells obey a hierarchy of cellular guidance cues affanged in order of increasing

importance; from repulsion mediated by the caudal half-somite to inhibitory or anti-adhesive

ECM molecules, to the classic ECM attachment glycoproteins that positively influence

migration (Perris, 1997). The question remains however, as to how NC cells achieve directed

migration through the somite? Although this decision may in part, be determined by regulated

NC cell-ECM interactions, as the experiments implanting versican-coated micro-membranes

suggest (Perissinotto et a1., 2000), such interactions are likely to have a general sculpting

influence rather than influencing local cellular interactions (Krull, 2001). More precise in

vitro and in ovo time-lapse imaging techniques have suggested that communication between

NC cells is important for the coordination of isolated NC cell movement into organised

streams (Bronner-Fraser, 1993b; Krull, 1998). The specific contacts and consequences of NC

cell interactions for orienting and directing NC migration are discussed below.

59



1.6.1 ln vitro súudres of the adhesion mechanisms underlying NC

cell motility

The first hl,pothesis to explain the driving force for NC cell movement away from their

source in the dorsal neural tube to ventral locations was based on extensive in vitro studies as

well as ultra-structural studies of NC emigration in vivo and stated that NC cells moved

according to the principles of contact inhibition of movement (Davis and Trinkaus, 1 98 I ;

Ebendal, 1977; Newgreen, 1982; Newgreen, 1989; Newgreen et a1.,1979; Rovasio et al.,

1983; Tosney,1978; Tucker and Erickson, 1984). This h¡lpothesis implies that upon contact,

cells experience a local membrane paralysis resulting in the movement of a population of cells

away from regions of high density (at the neural tube) to low-density (away from the source)

and in vitro the forming of a monolayer of "contact-inhibited" cells (Carter, 1965). Although

this theory may have concurred with observations of NC cell movement at a population level,

it was unable to explain control of NC movement at a cellular level for a number of reasons.

Firstly, although NC cells exhibited the correct morphology for contact-inhibited cells in vivo

(Ebendal, 1977; Newgreen et al., 1982; Tosney, 1978), time-lapse analysis of migration in a

three-dimensional collagen lattice indicated that they migrated in a chain-like fashion,

maintaining leading{ail edge cellular adhesions (Davis and Trinkaus, 1981). In addition,

placement of ectopic NC cells in the midst of a stream of ventromedially migrating NC cells

did not necessarily lead to ventral migration of these cells (towards the less dense region)

alongside their endogenous counterparts (Erickson et al., 1980). Thus although it could be

argued that cells obey a specialised form of contact inhibition of movement (Newgreen et al.,

1982), these data suggested that NC cells might communicate with one another to regulate

their movement in a precise, localised manner.

Despite contact inhibition of movement not being able to completely explain the local control

of cell movement, in vitro studies have demonstrated that cell density is an important means

of controlling NC cell directionality (Krull et al., 1995; Newgreen et a1.,1979; Rovasio et al.,

1983; Tosney,1978). Analyses both in vivo and in vitro have indicated that NC cells show

consistent cellular alignment when placed amongst a dense population of cells, whilst those in

isolation exhibit more random movements (Rovasio et al., 1983; Tosney,1978). Thus, when

the trajectories of leading edge cells versus those behind the migratory front were compared, a

clear persistence of movement was observed amongst those cells surrounded by neighbours

(Figure 1.8) (Rovasio et a1., 1983). The observation that movement persisted in cells behind

the migratory front, implicates contact guidance between NC cells as a mediator of NC cell

directionality, at least in vitro (Newgreen et al., 1979; Rovasio et al., 1983).
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An additional factor when considering the directed movement of NC cells is how local

changes in the distribution/availability of ECM receptors within the membrane contribute to

the net direction of movement, Firstly however, this requires an understanding of the

mechanics of ECM receptor/ECM interactions. In stationary cells FN-receptors are

concentrated in particular sites within the cell membrane and attached to microfilaments to

form stable cell-substrate adhesions (Figure 1.8B). In contrast, in motile cells FN-receptors

are distributed diffusely throughout the membrane enabling rapid recruitment and subsequent

disassembly of microhlaments to facilitate movement (Duband et a1., 1986). Thus, it could be

imagined that regulated changes in the distribution of FN-receptor complexes at particular

sites within the membrane (in response to particular ECM substrates), will influence local

adhesion and subsequent movement. Consequently, interactions between receptors on the cell

surface and the ECM facilitate a highly localised regulation of cell directionality by directly

influencing the retraction and/or consolidation of membrane protrusions extended by NC cells

during migration Q.{ewgreen et al.,1979).

1.6,2|n vivo time-lapse analyses suggesf wC cell-cell contacts

coordi nate thei r migration

In vivo, time-lapse analyses have demonstrated that NC cells move as an increasingly dense

population of cells in highly coordinated streams (Krull et a1., 19951, Kulesa and Fraser, 2000).

In addition, mitoses amongst migratory NC cells leads to small groups of clonally related

cells travelling together, maintaining close contacts (Krull et a1.,1995). Interestingly, in the

presence of exogenous PNA or ephrin-81-Fc, both of which alleviate caudal half-somite-

derived repulsion, the trajectories of NC cells in this tissue lacked the clear organization of

NC cell streams in the rostral half-somite (Krull et al., 1995; Krull et a1.,1997). V/hether the

loss of PNA-based channelling mechanisms enabled the loosening of cell-cell contacts

between NC cells, or that it was related to a subsequent loss of rostral half-somite cues (due to

the blocking antibodies) remains unknown. However, this implicates contact guidance

between NC cells, (via regulated cell adhesion) in combination with somite-localised factors,

as key regulators of the defined navigational routes taken by NC cells through the rostral halÊ

somite (Krull, 2001). Although the molecular basis of these NC cell-cell contacts is currently

unknown, cadT is a good candidate as it is expressed in a sub-population of NC cells and its

over-expression causes cell aggregation, which is suggestive of adhesion defects (Nakagawa

and Takeichi, 1998). In addition, the observation that NC cells travel in groups of dividing
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cells (Krull, 1998) and that high cell densities are required for persistent movement (Rovasio

et al., 1983), suggests that spatiotemporally regulated NC proliferation might be an important

mechanism for regulating NC cell directionality.

1.7 Mechanisms of Eph/ephrin-A signalling

Recently the molecular dissection of Eph/ ephrin signalling via classical biochemical, gene

deletion studies and in vitro cellular response assays have opened up a wide array of possible

signalling mediators and mechanisms for this family of RTKs and their ligands (for review

refer (Holmberg and Frisen, 2002)). For the pu{poses of this review, therefore, only a few

relevant signalling topics have been addressed and these include: modes of Eph "forward"

and ephrin "reverse" signalling; the role of EphA4 in regulating cell movement and adhesion

during tissue remodelling events such as hindbrain segmentation (Mellitzer et al., 1999; Xu et

al., 1995; Xu et al., 1999) and somite formation (Barrios et a1.,2003; Durbin et al., 1998); and

possible downstream mediators of EphA4 signalling that lead to alterations in the

cytoskeleton (Kullander and Klein, 2002).

1,7.1 "Forward" and "reverse" signalling pathways

EphA4 is a unique member of the Eph family because it shows promiscuous binding across

subclasses, binding both ephrin-A and ephrin-B2, -B3 proteins (Wilkinson, 2000). Given that

ephrin-B proteins contained a cytoplasmic domain, it was not surprising to discover that

activation of ephrin-B expressing cells facilitated signalling through "ligand-expressing"

cells, implicating bi-directional signalling mechanisms in Eph-ephrin activation (Figure

1.9)(for review refer (Kullander and Klein, 2002). Analyses of EphA4-ephrin-B interactions

in mouse knock-out studies (Henkemeyer et a1.,1996; Kullander et a1., 2001b) and zebrafish

cell sorting experiments (Mellitzer eI a1.,1999; Xu et aI., 1999) have been useful in the study

of the mechanics of Eph ("forward") and ephrin ("reverse") signalling. On the other hand,

ephrin-A proteins, that are anchored to the membrane via a glycosyl-phosphatidylinositol

(GPD anchor (Figure 1.9), were initially not thought to be capable of intracellular signalling

(Gale et a1.,1996). However, mouse knock-out studies and in vitro cell adhesion assays have

shown that ephrin-A proteins can also facilitate adhesion, thereby mediating "reverse"

signalling (Davy et a1.,1999; Davy and Robbins, 2000; Holmberg et al., 2000).
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To test the molecular mechanisms driving Eph signalling, multiple different dominant

negative approaches have been utilised (reviewed by (Kullander and Klein, 2002)). One

approach that has been used successfully in amphibians and also higher vertebrates has been

to introduce a C-terminally truncated Eph protein that competes with endogenous receptors

for binding to ephrin ligands (Durbin et al., 1998; Henkemeyer et a1.,1996; Xu et a1., 1995).

However, the discovery of possible signalling pathways mediated through ephrin-B

(Henkemeyer et al., 1996; Holland et a1.,1996) and more recently ephrin-A proteins (Davy et

a1.,1999; Davy and Robbins, 2000) has complicated the analysis of phenotypes generated

using this dominant-negative strategy.

Biochemical analysis of specific residues in the Eph proteins has revealed that the

juxtamembrane tyrosine residues on the C-terminal side of the membrane (Figure 1.9)play a

critical role in regulating Eph catallic function (Binns et a1., 2000). Upon ephrin-binding,

these residues are auto-phosphorylated, facilitating a conformational change that enables

signal transmission through the catalytic domain (Binns et al., 2000; Kullander and Klein,

2002). Genetic dissection by mutation of these residues and others within specific Eph

domains has revealed distinct kinase-dependent and kinase-independent functions for EphA4

in the formation of major axon tracts in mice (Kullander et a1.,2001a). In addition, clustering

of Eph receptors into oligomeric complexes appears to be an important means of generating

context-specific cellular responses; an effect possibly mediated by the sterile o motif (SAM)

located at the C-terminal end of Eph receptors and ephrin-B proteins (Stein et a1.,1998).

Furthermore, biochemical analyses of the downstream mediators of Eph signalling have

implicated specific interacting proteins, leading to the identification of specific Eph signalling

pathways with multiple cellular outcomes including cytoskeletal re-arrangement and adhesive

functions during embryogenesis (Kullander and Klein, 2002). Thus, the elucidation of

separate and distinct functions not only for Eph "forward" but also ephrin "reverse" signalling

via mutational analysis has enabled a much more targeted approach to understanding the

molecular mechanisms of Eph signalling.
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Figure 1.8- Factors influencing NC cell trajectories ìn vitro.

(A) NC cell trajectories at the leading edge of the migratory front (cell 1) show a less

persistent direction of movement than those in the middle of the migratory stream (cel12). nt:
neural tube. Image taken from (Rovasio et al., 1983).

(B) Cell movement is regulated by interactions between the FN-receptor complex and the

ECM such that localised changes in the distribution of these complexes within the membrane

directly influence the direction of migration. In stationary cells, actin microfilaments are

clustered with FN-receptors to form a stable adhesive complex. In motile cells, the

dishibution of FN is diffuse along the entire surface of the cell, enabling rapid recruitment

and de-stabilisation of actin microfilaments.
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Figure L.9- Schematic diagram illustrating the structure and critical residues involved in

(a) Eph or (b) ephrin-A or ephrin-B signalling pathways.

Eph protein structure consists of a cysteine rich N-terminal domain followed by two

fibornectin tlpeIII (FNtrÐ repeats, the hydrophobic transmembrane domain. Two

juxtamembrane tyrosine residues lie on the cloplasmic side of the membrane. The kinase

domain represented in green and followed by the C-termínalPDZ binding region.

Ephrin-A proteins are anchored in the membrane via a glycosyl-phosphatidylinositol (GPI)

anchor.

Ephrin-B proteins are transmembrane proteins containing N-terminal core domain,

hydrophobic mebrane-spanning region and intracellular kinase domain. Similar to Eph

receptors, ephrin-B proteins have a PDZ-binding region at their C terminus.

Image taken from (Tosch,2002)
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Ephrin-A proteins have largely been implicated in mediating repulsion of cells upon contact

with an Eph receptor (O'Leary and Wilkinson, 1999). In vitro experiments have shown that

cellular repulsion can be mediated by regulated cleavage of the ephrin-A molecule from the

membrane upon binding to an EphA receptor, leading to movement of the ephrin-A-

expressing cell away from the EphA-expressing cell (Hattori et al., 2000). However, analysis

of neural tube closure defects in ephrin-A5 mutant mice, have suggested that in addition to

contact repulsion, ephrin-A5 signalling might also be capable of mediating adhesion

(Holmberg et al., 2000; Holmberg and Frisen, 2002). Given that the ephrin-A5 receptor,

EphAT was also expressed in the dorsal neural tube, along with three other splice variants, it

was hypothesised that the defects arose through an adhesive interaction between EphAT and

ephrin-A5. Over-expression of a truncated form of EphAT altered the balance between

adhesive and de-adhesive (forward signalling) signalling pathways resulting in a switch from

repulsion (in the presence of full-length EphAT) to adhesion (with the truncated Eph receptor

and subsequent repression of Eph-mediated signalling) (Holmberg et a1., 2000). Thus, ephrin-

A5 activation can lead to adhesion (in the cell on which ephrin-A5 is expressed) and not just

repulsion of the Eph-expressing cell (Holmberg and Frisen, 2002).Later characterisation of

ephrin-A5 signalling pathways in vitro has demonstrated that these proteins are organised into

lipid rafts along the cell membrane and facilitate integrin-mediated adhesion in neuronal cells,

via Fyn tyrosine kinase (Davy et al., 1999;Davy and Robbins, 2000).

1.7.2 EphA4 contribuúes fo cell-cell adhesion and motility

mechanísms required for tissue morphogenesis

Two major examples of EphA4-mediated regulation of cell-cell adhesion in the developing

embryo include the establishment of segmental restriction and the subsequent separation of

adjacent cell populations in the vertebrate hindbrain (Mellitzer et al., L999; Xu et a1.,1999)

and also in somite epithelialization (Barrios et al., 2003). An additional site of Eph-mediated

cell-cell adhesion during embryogenesis is in the gastrulatingXenopus embryo, possibly

acting through C-cadherin (Winning et al., 1996). The cellular and molecular mechanisms of

EphA4 actions on cell-cell adhesion are discussed in detail below.

In the vertebrate hindbrain, EphA4 is expressed in rhombomeres (r) 3 and 5 whilst ephrin-B

proteins are distributed in 12, 14 and 16 (Nieto et al., 1992). Utilising a carboxy-terminal

truncated EphA4 receptor to compete with endogenous receptors for binding, Xu and

colleagues (1995) showed that EphA4 is important for the maintenance of cellular boundaries

69



between rhombomere segments (Xu et a1., 1995). Mosaic activation of Eph receptors in 13

and 15 by injection of ephrin-B2 messenger RNA, resulted in ephrin-expressing cells sorting

to the boundaries of the Eph-receptor containing segments, whilst their behaviour in ephrin-

expressing segments was uniform. This indicated that the expression of receptor on one cell

and ligand on the other at the interface between two boundaries was necessary to prevent cells

intermixing between boundaries (Xu et al., 1999). Furthermore in an in vitro cell-

intermingling assay, it was established that bi-directional signalling between adjacent cells

expressing EphA4 or EphB2 receptor and ephrin-82 was suffrcient to prevent cell mixing,

whilst unidirectional signalling through ephrin-B2 prevented cell communication through gap

junctions (Mellitzer et al, 1999). Thus, bi-directional signalling between Eph receptors and

ephrins in the hindbrain is required to maintain a de-adhesive response between cells of

adjacent rhombomere populations preventing cells from mixing with one another, whilst uni-

directional signalling between populations restricts cell-cell communication (Mellitzer et al.,

leee).

Similar to hindbrain segmentation, EphA4lephnn-B2 interactions have also been shown to

play akey role in boundary formation during segmentation of the vertebrate paraxial

mesoderm (Barrios eta1.,2003; Durbin et al., 1998). EphAa and ephrin-B2 define the

presumptive anterior and posterior segments respectively, in the pre-somitic mesoderm (PSM)

in chick, mouse and fish. Disruption of Eph signalling by injection of dominant negative Eph

or ephrin constructs perturbs the final stages of somite formation (Durbin et al., 1998). More

recently, the mechanisms through which EphA4 might regulate somite boundary formation

has been investigated using the zebrafish segmentation mutant,fused somites (7ßy' (Banios et

a1.,2003). Zebrafish embryos lacking/.rs (normally expressed in the PSM) fail to undergo the

mesenchymal-to-epithelial transformation required to form distinct somite boundaries

(Barrios et al,2003). Preliminary analysis suggested that Eph/ephrin expression was

disrupted in the presumptive somites of/.rs J- mutants, making Eph/ephrin signalling a good

candidate as a possible cell surface mediator of the effects observed (Barrios et a1.,2003). To

test this hl,pothesis a number of different experiments were conducted, and the results are

summarised as follows: Firstly, restoration of EphA4 signalling in wildtype cells led to the

formation of a boundary between EphA4-expressing and endogenousfss -/- cells; and

secondly, EphA4 expression infss -l- cells activated an epithelial morphology, including

apical redistribution of p-catenin and the adoption of a columnar cell shape (Banios et al,

2003). Thus, EphA4 appeffs to be a key regulator of the morphological and cell-cell adhesive
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changes required for somite formation (Barrios eI a1.,2003; Durbin et al., 1998; Durbin et a1.,

2000).

In the Xenopus embryo, perturbation of EphA4 signalling using a chimeric receptor

containing the extracellular domain of human Epidermal Growth Factor Receptor (EGFR)

attached to the intracellular domain of EphA4 (termed EPP), have provided valuable insights

into the possible signalling mechanisms of EphA4 (Park et al., 2004; Winning et a1.,1996;

Winning et a1., 2002; Winning et a1., 2001). ln addition to a restricted expression pattern in

the hindbrain and other sites of nervous system development, EphA4 mRNA is expressed at

low levels in the mesoderm during gastrulation (Winning and Sargent,1994).Injection of

EPP mRNA into fertilised frog eggs resulted in significant cell-cell dissociation prior to

gastrulation, in a marurer that was dependent on the presence of functional intracellular

signalling through EphA4 (Winning eI a1.,7996). Co-injection of C-cadherin messenger

RNA, a molecule that is a known key regulator of cell-cell adhesion during gastrulation,

rescued the EPP phenotype. Thus, C-cadherin might be a downstream target of EphA4, acting

as an additional local regulator of cell-cell adhesion in concert with the more ubiquitous

cadherin-based adhesion system (Winning et al.,1996).

Molecular analysis of putative downstream targets of EphA signalling that might mediate

changes to cellular adhesion has revealed multiple distinct signalling systems (Kullander and

Klein, 2002). One of these is via Focal Adhesion Kinase (FAK), which acts as an

intermediary between the cell surface and signalling through integrins bound to the ECM

(Kullander and Klein, 2002).In prostrate carcinoma cells, activation of endogenous EphA2

receptors inhibited integrin function and subsequently perturbed cell spreading, adhesion and

migration. In addition, activation of EphA2 by ephrin-Al induced dephosphorylation of FAK

and as a consequence, further inhibited cell-substrate attachment (Miao et a1., 2000).

Providing a possible link between the action of EphA proteins on cellular adhesion (both cell-

substrate and cell-cell) and effects on the cytoskeleton, it has recently been demonstrated that

FAK can activate RhoA via a specific pl9ORhoGEF pathway in mouse neuroblastoma cells

(Zhai et a1.,2003). Thus, negative regulation of FAK activity by EphA receptors could

indirectly inhibit RhoA activation in neuronal cells. Alternatively, EphA4 could directly

interact with the plgORhoGEF and inhibit RhoA activity specifically through this protein. In

sum, this provides just one example whereby EphA interactions with a specific cloplasmic

kinase, can elicit changes in cellular adhesion and cytoskeletal architecture, thereby

influencing multiple cellular processes during development (summarised in Figure 1 .10).
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Figure 1.10- Schematic diagram summarising downstream interactors of EphA proteins

and the subsequent effects on cell-substratum adhesion/cytoskeletal extension.

EphA receptors interact with Focal adhesion Kinase (Faþ to negatively regulate cell-

substratum adhesion. In addition, via pl90RhoGEF, EphA receptors influence cytoskeleetal

dynamics. In neurons, EphA4 interacts with ephexin to stimulate Rho activity simultaneously

inhibiting RaclCdc42 and thereby influencing the cytoskeleton and also neurite extension. In

non-neuronal cells, EphA4 inhbits RhoA activity, via an ephexin-independent-pathway.

Schematic adapted from (Kullander and Klein, 2002).
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1,7.3 EphA4 and Rho

EphA4 has been shown to interact with the Rho family of GTPases, known to be involved in

actin reorganisation in response to extracellular signals (Braga, 2000). The outcome of EphA4

interactions with Rho proteins and subsequently on the cytoskeleton, are dependent on the

cellular context in which it is acting and are summarised in Figure 1.10. EphA4 signalling in

growth cones activates RhoA through the RhoGEF, Ephexin, leading to growth cone collapse

(Shamah et a1.,2001). In contrast, in non-neural cells, EphA4 activation appears to have a

negative effect on RhoA activity, leading to cell-cell dissociation (Kullander and Klein,

2002). The actions of EphA4 on Rho proteins (and subsequently on the cfioskeleton) within

different cell types are compared and contrasted below.

The most well documented scenario in which EphA4 interacts with Rho proteins has been in

retinal ganglion cell (RGC) axons, where it activates RhoA, causing subsequent growth cone

collapse. Addition of the RhoA inhibitor, C3 transferase, abolished ephrin-A5 induced growth

cone collapse, suggesting that RhoA was a critical component of the action of ephrin-A5 (and

resultant EphA activation) on RGC's. Furthermore, immuno-precipitation and westem

analysis of growth cone extracts grown on ephrin-A5 indicated that the activity of RhoA

increased whilst Rac activity decreased in ephrin-A5 stimulated growth cones, providing a

direct link between EphA activation and RhoA activity (Wahl et a1.,2000). These studies

suggested that Rho proteins are likely possible mediators of ephrin-induced growth cone

collapse, a response that in vivo, results in the correct targeting of retinal axons to the nasal

and not temporal retina (Wilkinson, 2000).

In a screen aimed at identifying possible mediators between EphA signalling pathways and

Rho proteins in axon growth cones, a novel RhoGEF was identified, termed Ephexin (Shamah

et al., 2001). Ephexin belongs to the Dbl family of guanine nucleotide exchange factors

(GEF's), and facilitates the exchange of bound GDP for GTP, thereby activating Rho

GTPases (Shamah et al., 2001). GEF's act in concert with negative regulators of Rho, the

GTPase activating proteins (GAP's), to achieve regulated changes in the actin cytoskeleton

that are coordinated with local environmental cues (Schmitz et al., 2000). In retinal ganglion

cell axons, EphA4 interacts with Ephexin through specific residues in the kinase domain and

promotes RhoA activity in RGC axons, causing growth cone collapse (Shamah et al., 2001).

Furthermore, the activated EphA4/ephexin complex bound preferentially to RhoA, only

weakly activating Racl and Cdc42 (Shamah et a1.,2001). Studies in fibroblasts have
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established that activation of each of the three main subsets of the Rho protein family (i.e.

RhoA, Cdc42 and Racl) has a distinct characteristic effect on cell morphology (Nobes et al,

1998). RhoA promotes stress fibre formation, Rac activity promotes lamella formation whilst

Cdc42 activity is associated with membrane ruffling (Schmitz et a1., 2000). Thus, EphA4

inhibiting RhoA concurs with its role in promoting growth cone collapse in neuronal cells.

Similar effects have been found in vascular smooth muscle cells, wherein EphA4 promotes

actin stress fibre formatiorV contractility through RhoA activation, and this effect is mediated

by the Ephexin homologue, Vsm RhoGEF (Ogita et a1.,2003). These data implicate Ephexin

as an important mediator of EphA signalling in axon guidance and also vasculature

remodelling (Kullander and Klein, 2002; Ogita et al., 2003).

In contrast to the positive influence of EphA4 on RhoA activity in axonal growth cones,

EphA4 inhibits the function of Rho in the gastrulating Xenopus embryo, causing cell-cell

dissociation and significant disruption to embryo morphology (Winning et al,2001) (refer

Section 1.7.2). An interdependence between EphA4 signalling and RhoA pathways in the

blastula of Xenopus embryos was demonstrated in two ways: firstly, addition of the Rho

inhibitors, C3 transferase and Toxin A (a general Rho function inhibitor) reproduced the EPP

phenotype; and secondly, co-injection of constitutively active RhoA prevented EPP-induced

cell dissociation. Thus, this implicated EphA4 as a negative regulator of RhoA activity

(Winning et a1.,2002). To determine if the inhibitory activity of EphA4 on Rho was also

mediated by ephexin, (the RhoGEF interacting with EphA4 in retinal growth cones), V/inning

and colleagues (2002) co-expressed ephexin with the over-active EphA4 construct, EPP, and

found that co-injection of these two molecules rescued the dissociation phenotlpe. On the

basis of this "rescue" phenotlpe and the assumption that ephexin was activating RhoA in this

cellular context (rather than inhibiting it), the authors concluded that EphA4 was acting

through an ephexin-independent pathway to inhibit RhoA during Xenopus gastrulation

(Figure 1.10)(V/inning et a1.,2002). However, no biochemical analysis accompanied this

data, making it difficult to draw any precise conclusions about the role of ephexin in these

EphA4-mediated effects. Furthermore, the exact protein distribution of EphA4, RhoA or

ephexin in these cells at the time of regulated changes in cell-cell adhesion during gastrulation

has not been detailed, therefore putting into some doubt the possible in vivo role of EphA4. In

sum, characterisation of this phenotype has yielded interesting insights into the modes of

EphA4 action on the cytoskeleton in an in vivo environment.
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1.8 Benefits of using the chicken embryo for the

investigation of NG cell development

The chick was chosen as the vertebrate model in which to focus the analyses in this work for a

number of reasons. Firstly, owing to its extemal gestation, the chicken embryo is a highly

accessible organism for experimental manipulation. Thus, operations can be carried out and

the embryo re-incubated for later analysis. Secondly, with the advent of in ovo

electroporation, both gain-of-function and loss-of-function analyses can be carried out in this

species in a spatiotemporally specific manner (Krull, 2004). Thirdly, the use of quail-chick

chimaeras have provided a reliable means of cell labelling and thus, an extensive body of

knowledge, detailing the exact timetable of NC cell development in chicken embryogenesis,

is available for use in experimental analyses (Le Douarin and Kalcheim, 1999). Finally, the

short gestation period and relative affordability of avian embryos make this a highly suitable

organism for the study of avian NC cell segmentation.

Prior to in ovo electroporation, gain and loss-of-function experiments in the chick were

limited to exogenous blocking proteins/bead experiments or more descriptive studies on

particular cell and tissue interactions during development (Bronner-Fraser, 1985; Bronner-

Fraser, I993b; Koblar et a1., 2000; Krull et al.,1995). In ovo electroporation has enabled a

wave of targeted genetic approaches to now be utilised in the avian embryo (Itasaki et al.,

1999). Electroporation is a procedure that utilises an electric current to burst open cell

membranes and thereby allow entry of negatively charged plasmid DNA into a cell.In ovo

electroporation applies this basic principle of DNA transfection to the chicken embryo and

involves injection of plasmid DNA into an embryonic cavity and the subsequent application

of a current to drive DNA expression into particular regions of the embryo (Krull, 2004). As

the main key requirement for successful electroporation is the presence of a cavity in which to

inject plasmid DNA, this technique has been applied to multiple different tissue regions

during both embryogenesis and also in the adult (Itasaki et a1., 1999; Krull, 2004; Momose et

al., 1999; Swartz et al.,200la). Some of these areas include in the eye and somite (Chen and

Ruley, 1998; Swartz et a1., 2001a; Swartz et a1., 2001b); whilst the neural tube has been

exploited as an electroporation target,partIy because of its fundamental role in embryogenesis

and also the ease of injection into this tissue (Swartz et al., 200Ia). As well as the analysis of

specific gene function, electroporation also offers potential for studies into promoter
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regulation and has been used to successfully dissect critical Hox promoter regions during

axial specification (Itasaki et al.,1999).

After injection of plasmid DNA into the region of interest, precise spatio-temporal targeting

of particular tissues can be achieved by specific placement of electrodes or microelectrodes

(Momose et al.,1999; Swartz et al., 200Ia).In the neural tube, placement of electrodes in a

dorsoventral orientation enables the direct targeting of a specific quadrant of the neural tube

(Figure I . I 1). Thus, electroporation of the dorsal quadrant can lead to expression in NC cells

delaminating from this region (as in Figure 1.11) as well as in specific neuron populations and

has been used extensively to test the role of various proteins in both NC cell development and

regulation of CNS neuron specification (Cheung and Briscoe ,2003; Dottori et a1., 2001; Poh

et a1.,2002). By reversal of the electrode polarity, electroporation can also be used to target

ventralregionsoftheneuraltube(Eberhartetal.,2}}4;Eberhart eta1.,2002).

Previously in oyo electroporation studies have been limited to gain-of-function approaches

and loss-of-function analyses using dominant negative constructs (Cheung and Briscoe,2003;

Dottori et a1.,200I; Eberhart et a1.,2004; Eberhart et a1.,2002; Kos et a1.,2001). More

recently however, specific knockdown approaches have been applied to chicken embryos

including the use of dsRNA, RNAi (Pekarik et aI,2003) and also morpholinos (Kos et al.,

2001; Kos et aL,2003). Although these techniques still require some optimisation to achieve a

similar degree of reliability as standard dominant negative approaches, they promise to add to

the growing list of gene manipulation techniques available for use in the chick embryo (Krull,

2004).
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Figure 1.11- Schematic diagram illustrating targeted electroporation of the dorsal

quadrant of the neural tube and subsequent expression of EGFP on delaminating NC

cells.

(A) Schematic diagram of neural tube in transverese section showing injection of plasmid

DNA into the neural tube lumen and dorso-ventral orientation of electrodes to target the

dorsal quadrant ofthe neural tube.

(B) Transverse section of stage 20 embryo expressing EGFP (green) and stained with PaxT to

highlight the dorsal neural tube and developing somite (red).
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1.9 Aims of this research

As described in the above review, the coordinate regulation of NC cell migration by multiple

environmental cues within the somite and between PNS precursor cells creates the metameric

patterning of the PNS. Given the role previously described for Eph/ephrin-B interactions

(Koblar et al., 2000; Krull et al., 1997 ; Wang and Anders on, 1997) in dictating trunk NC cell

segmentation, and the absence of a phenotype in ephrin-B or EphB2/83 mouse mutants

(Birgbauer et a1., 2000; Compagni eta1.,2003;Davy et al., 2004; Henkemeyer et a1., 1996:'

Orioli et al.,1996), it is clear that there is still much more to learn about the mechanisms

driving PNS segmentation and how Eph/ephrin interactions are involved. In addition to the

described role for Eph/ephrin-B interactions, the expression of EphAT in the caudal half-

somite during the migration of PNS precursors through the rostral-half (Araujo and Nieto,

1991) and reports of ephrin-A2 and -45 distribution on the DRG and their co-expression

along with EphA4 on motor axons in the hindlimb region (Eberhart et al., 2000), suggests that

interactions between Eph/ephrin-A might contribute to the segmental migration of NC cells.

The overall aim of this research was therefore to determine whether interactions between

Eph/ephrin-A might contribute to the segmental migration of NC cells.

The initial specific aim of this research was to further characterise the expression of

Eph/ephrin-A proteins during segmentation of the PNS, taking advantage of receptor-F and

ligand-Fc proteins that enable a global view of the distribution of ephrin-A and EphA proteins

in the embryo respectively. Having established possible candidate Eph/ephrin-A molecules, a

more detailed analysis of their expression patterns was carried out. Based on the outcome of

the experiments that addressed the first aim, the second aim was to address the role of

Eph/ephrin-A candidate genes in PNS segmentation utilising in ovo electroporation. This

technique is a transient, transgenic system for gene expression that enables gain and loss-of-

function approaches to be conducted in vivo (Swartz et a1.,2001a). Pending the outcome of

these functional analyses, the final aim was to further dissect the results from in vivo

experiments using a well-established in vitro culture system for quail neural tube explants

(Newgreen and Gibbins, 1982). Quail embryos have been used as a reliable alternative to

chicken embryos as they have a similar program of NC cell development but are more

amenable to culture conditions (Newgreen, 1999). The culturing technique involves

electroporation and subsequent plating of electroporated neural tube explants on substrate-

bound FN. Following processing for various markers of EMT, analysis of these explants
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would then enable the identification of specific roles for candidate Eph molecules in NC cell

EMT (Newgreen and Minichiello, 1995; Newgreen and Minichiello, 1996).
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Chapter 2 - Materials and Methods

2.1 Materials

2,1.1 Antibiotics

Antibiotic Concentration Source

ampicillin

kanamycin

25¡tglmI

30¡rg/ml

Sigma

Sigma

2.1,2 Antibodies

Primary Antibodies

Antibody Host Concentration Dilution Source

anti-B-catenin mouse 250pglml 1:100

anfiserum

0.52¡tglml

mouse ascites

fluid

Transduction

Laboratories

David Wilkinson

Elena Pasquale

Elena Pasquale

Rockland

Sigma

Murray Hargraves

Don Newgreen

Cathy Krull

Don Newgteen

Sigma

C. Ordahl

In Situ Cell Death

Detection Kit, TMR

anti- pI[I Tubulin monoclonal

(TuJl)

anti-EphA4

anti-ephrin-A5

anti-ephrin-B1

anti-GFP

anti-laminin

anti-SC-l

anti-Sox 9/ 10 (Sox E)

HNKl

HNKl

N-Cadherin (anti-A cell

adhesion molecule

monoclonal)

quail Pax-3 monoclonal

Terminal deoxynucleotidyl

transferase (TdT) (TUNEL

mouse lmg/ml 1:1000 Promega

1:3000rabbit

rabbit

rabbit

goat

rabbit

rabbit

rabbit

mouse

mouse

1:500

1:400

l:200

1:2000

1:6000

l:2

l:20

mouse

mouse

1:100

I:200

bovine
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reaction) red, Roche

Secondary Antibodies

Antibody Concentration Dilution Source

Alexa488 anti-sheep

A1exa488 goat anti-rabbit

IgG

biotinylated anti-mouse IgM

Cy3 donkey anti-mouse IgG 0.7mglml

Cy5 donkey anti-mouse IgG O.7mglml

Cy5 donkey anti-rabbit IgG 0.75mglml

Cy5 goat anti-rabbit IgG

donkey anti-rabbit Alexa59 4

RITC goat anti-mouse IgM

Streptavidin AMCA

TMR red labelled

nucleotides (TUNEL

reaction)

TRITC-Phalloidin

alkaline phosphatase (AP)

anti-digoxigenin Fab

1:400 Molecular Probes, OR

Imglml 1:500 Molecular Probes, OR

Imglml 1:2000

1:2000

Jackson ImmunoResearch, PA

Jackson ImmunoResearch, PA

Jackson ImmunoResearch, PA

Jackson ImmunoResearch, PA

Catþ l(rull

Molecular Probes, OR

Cathy Krull

Jackson ImmunoResearch, PA

In Situ Cell Death Detection Kit,

TMR red, Roche

Sigma

Boehringer Mannherm

1:100

l:200-

1:500

l:200-

1:500

l:200-

1:500

1 :150

1 :1 500

I :150

l:250
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2,1.3 Buffers and Solutions

Buffer/solution Ingredients

Agarose gel loading buffer (10x)

Blocking solution (BS)

Colony cracking solution

PBT

PhenoV chloroform

Phosphate buffered saline (PBS)

Ringer's solution

2.5m1glycerol

2.4m10.5M Na2EDTA

O.}2{gbromophenol blue (SIGMA)

PBT +10% horse serum (horse semm

heat inactivated for 10 min at37"C)

125¡:,10.4M NaOH

50pl 10% SDS

1Opl 0.5M EDTA

125¡tl80% Glycerol

715¡lJ dHzO

touch bromophenol blue

PBS + 0.01% TritonX

50% Phenol

48% chloroform

2o/o isomyl alcohol

stored under TE

7.5mM NazHPO+

2.5mM NaHzPO¿

145mM NaCl

4000m1of ddHzO

28.8g NaCl

0.689 CaClz or 0.909 CaClz.2HzO

1.48g KCI

0.4609 NazHPO¿
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Buffer/solution Ingredients

TAE

TE

RIPA

(0.2 ¡rm filter sterilised)

(for 100m1, RNAse free)

4%o p ar a-formaldehyde (PFA)

(for 50m1, make fresh, RNAse free)

PG-PBT þost-fixative)

(for 10 ml, make fresh, RNAse free)

40mM Tris-acetate

20mM sodium acetate

lmM EDTA pH 8.2

l0mM Tris-HCL p}J7.4

lmM EDTA

89.8 ml HzO

150mM NaCl (3ml of 5M stock)

1% Nonidet-P-40 (1 ml)

0.5o/o w lw sodium deoxycholate (500mg,

allowing that the l00ml weigh 100 g)

0.1% SDS (1 ml of 10% SDS stock, pIJ7.2)

lmM EDTA (200 ¡.rL of 0.5M stock, pH 8.0)

50mM Tris (pH 8.0) (5ml of I M stock, pH 8.0)

42.5mlHz0 at67-70'C (use temperature stirrer

in hood, heat level No. 3)

29 PFA (can use the non-RNAse free, but be

careful with it)

12.5¡tl4M NaOH (soln. should now turn clear)

1.25 ml5M NaCl

5 ml 0.1 M PO+ (actually a mix of NaHzPO¿ and

NazHPO¿), p}J7.4 (from stocks) -> p}l7.52

add 2.5¡.rl conc. HCI -+ p}J7.3

let cool in hood to room temp., then filter (0.2

¡rm), and chill at 4'C

4%PFA

O.2%EM-grade glutaraldehyde in PBT {80 ¡rL

of 25o/o glutaraldehyde stock made in PBT
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Buffer/solution Ingredients

Hybridisation buffer (HB)

(For 50 ml, make fresh, RNAse free)

SSC (20x)

(for 500m1, RNAse free)

SSC-FT

(post-HB, more stringent than HB)

(for 50 ml, make fresh)

(stored at -20" C) into l}ml4Yo PFA)

12.4ml}J2O

25ml50% ultrapure formamide (stored at -

20.c)

5x SSC, pH4.5 (use a 20x SSC stock solution.*

pH4.05, acidified with citric acid). The acidified

stock maybe made ahead of time (500m1)

{12.sml}

50 ¡tglml heparin (25¡:,1of 100 mg/ml

stock)

0.1% Tween-20 (50p1)

*NB: It's easier to make a non-RNAse-free 20x

SSC stock solution. and then DEPC{reat the

final solution. Use 130p1 (:0.26 pllml) DEPC,

stir overnight, and then autoclave x45 minutes at

I2O'C

400m1HzO

87.7gNaCl

31.5g Øa.Igper Maniatis) citric acid

monohydrate (NOT trisodium dihydrate) {pH -
1.0Ì

adjust to pH 4.05 wlNaOH pellets

(about 12.49) and adjust volume to 500 ml

20ml H2O

5ml 2x SSC, pH 4.5 (OK to use the20x stock)

25ml50o/" formamide

50p10.1% Tween-2O

5ml HzO (to start; obviously you needTBST (10x)
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Buffer/solution Ingredients

Dilute (100m1 for washes) to lx from a

stock.

(for 100m1)

Tris pH 7.5

(for 100m1)

Alkaline phosphate buffer (APB)

(make fresh daily from stocks, 100 ml)

(2pm filter sterilised)

NBT **

(75mglm| in 70%o DMF)

BCIP**

eventually to bring up the volume to l00ml)

8g NaCl

0.2g KCI

25ml lM Tris pH 7.5

1Oml 10% Tween (: lVo Tween; use lml

Tween-20 in 9 ml H2O)

22.3m1lM Tris

77.7m1lM Tris HCI

Adjust pH as necessary

l00mM NaCl (2ml of 5M stock)

50mM MgCl2 (5m1of lM stock; 20.339MgC12

(s) into 100m1HzO : lM)

0.1% Tween-20 (100p1)

100mM Tris, pH 9.5 (10m1 of lM stock;

94.83m1base + 5.17ml Tris HCI -+ pH 9.5,

100m1)

HzO, 83ml

2mM Levamisole (48mg)

3.5m1DMF

1.5 ml HzO

0.375gNBT in APB

Store at -20"C and dilute as needed

5Omg/ml in 100% DMF

Store at -20" C and dilute as needed

*:l' **These are made together, as one solution,

with aliquots of NBT and BCIP in APB/ 2mi|l4

Levamisole
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Buffer/solution Ingredients

NBT/ BCIP/ APB

(for 10ml)

PBT/ lYo acelíc acid/ lmM EDTA

(to stop in situ colour reaction)

TBST/ 2m]|l4 Levamisole

45pl NBT

35pl BCIP

9.92m1APB

500ml PBS (13m1 5M NaCl, 50ml 0.1M POa,

43lmlH2O)

5ml glacial acetic acid

0.5m1Tween-20

lml0.5M EDTA

100m1 lx TBST

48mg Levamisole
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2.1 .4 Reagenfs and Enzymes

Reagent/enzyme Details Source

lKb Plus Ladder

Agarose

Avidin

BigDye Reaction Mrx

Biotin

Calf Intestinal Alkaline Phosphatase

(CP)

ethidium bromide

Low melting point agarose

Pfu DNA polymerase, Pfu reaction buffer

(10x)

T4 DNA ligase, ligase buffer (2x)

TritonX-100

Trizol

Gibco

LE, analytical grade Promega

Avidin/ Biotin Blocking

Kir

Avidin/ Biotin Blocking

Kit

ultra low gelling

temperature

Vector Laboratories

Applied Biosystems

Vector Laboratories

Boehringer

Mannheim

Sigma

Roche

Stratagene

Promega

Sigma

Sigma

Tween-20

92

Sigma



Reagent/enzyme Details Source

Fast Green

Indian Ink Calligraphy Solution

2.1.5 Kits

Kit Source

Avidin/ Biotin Blocking Kit

In situ Cell Death Detection Kit, TMR Red

Plasmid Midi Kit

PGEMT-easy Sub-cloning system

Plasmid Mini Kit

QlAquick gel extraction kits

Vector

Roche

QIAGEN

Promega

QIAGEN

QIAGEN
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2.1.6 Plasmids

Electroporation constructs :

pMES- Cathy Krull

EphA4- Gallus gallus EphA4 cDNA sequence inserted via a Pstl site into pMES (obtained

from CatþKrull)

KiEphA4- Gallus gallus EphA4 oDNA sequence containing point mutation in kinase domain

(obtained from Cathy Krull)

EphA4Â cyto- N-terminal region of EphA4 including trnasmembrane domain and truncated

prior to the Jx1 region of EphA4 (constructed by Rena Hirani)

Ephrin-A5- Made by Edwina Ashby (full length ephrin-A5 fragment encoding ephrin-A5

isoform inserted into pMES)

pCAX- (obtained from CathyKrull)

Subcloning vectors:

PBS (KS), Stratagene

PGEMT-easy, Promega
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2.1 .7 Oligonucleotides

Name Sequence (5'to 3')
T,n

('c)

Sequencingprimers

pUC/M13 Primer, Forward (-40)

pUC/M13 Primer, Reverse

GFPN1-5'

GFPN1-3'

GPFNl-3'R

GFP47O5

EGFP-N

b-act963r (chick)

b-actl265r (chick)

pMESseqfivd

pMESseqrev

EA4seçrimer

B-actF

B-actR

GTT TTC CCA GTC ACG AC

CAG GAA ACA GCT ATG AC

GAG GTC TAT ATA AGC AGA GCT G

GAC TTG AAG AAG TCG TGC TG

CAG CAC GAC TTC TTC AAG TC

CTG TGG ATA ACC GTA TTA CCG C

CGT CGC CGT CCA GCT CGA CCA

CAC GAT TAC CAT AJ{A AGG C

AAC ATG GTT AGC AGA GGC

CTT CTC CAT CTC CAG CC

TAG ACA AAC GCA CAC CGG

CTG ACA GTT CGA AAC CTG GC

ATC ATG TTT GAG ACC TTC AA

CAT CTC TTG CTC GAA GTC CA

53

56

56

53

67

49

50

62

46

52

EphB2 and ephrin-A5 constructs

EphB2DNF

EphB2DNR

DNB2ires

DNB2iresR

CA5ires

Ca5IREST

GGA ATT CCT TCT GAT GCC CG

GGG GTA CCC CGT TCA AAG CC

GGA ATT CCT TCT GAT GCC CGG CCC G

CGC GGA TCC TTA AGC ACG TTC fuAA. GCC

CCG TC

GGA ATT CCC CGC GAT GCC GCA CGT G

CGC GGA TCC CTA TAA TAT CAA AAG CAT

TGC CAG

62

66

64

68

66

63
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2.2 Methods

2,2.1 DNA manipulation

Standard molecular genetic techniques were performed as described in (Sambrook J,, 1989).

2.2.2 Preparation of l Kb Plus Ladder

20¡rl of lKb Plus ladder stock (1pg/ml) was added to 15p1of loading buffer and 165pI of

dHzO for a final concentration of 10Ong/pl.

2.2.3 Agarose gel electrophoresis

Molten Io/o agarcse dissolved in lx TAE was poured onto a glass plate and set with loading

well combs in place. The gels were placed in an electrophoresis tank and submerged in lx

TAE. The samples were mixed with loading buffer and loaded alongside a suitable size

marker and then separated by applying 40-100V to the tank. The gel was stained with

ethidium bromide to visualise the DNA under UV light.

2.2.4 Purification of DNA from agarose gers

QlAquick gel extraction kits from QIAGEN were used to purify DNA bands cut from agarose

gels following the manufacturer's instructions.

2.2.5 De-phosphorylation of vector DNA

Re-circularisation of vectors with compatible ends was prevented by de-phosphorylation.

During or after restriction enzpe digestion, 1-2 units CIP was added to the reaction and

incubated for at least t hour at37"C.

2,2.6 Ligation

A reaction mix of purified insert and vector DNA fragments (typically in a ratio of 3: 1,

insert:vector), lunit of T4 DNA ligase and lx ligation buffer was incubated at 18'C

ovemight. For transformation by electroporation, the ligation was phenol/ chloroform
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extracted and precipitated with 1/10 volume 3M Sodium acetate (pH 5.2) and2.5 volumes

ethanol. The pellet was washedin70%o ethanol and resuspended in 10pl of dHzO.

Ligation of PCR products generated by standard Taq polymerase reactions into pGEMT-Easy

was carried out essentially as described, Promega. Amplicons generated using Pfu Taq

polymerase into pGEMT-easy was A-tailed and then inserted into pGEMT-Easy as described,

Promega.

2,2.6 lsolation of RNA from chick frcsue

RNA was isolated from chick tissue using the TRZOL reagent, (Sigma), according to the

manufacturers instructions.

2.2.7 RT-PCR

Reverse transcription reactions were carried out using M-MLV reverse transcriptase,

Promega.

2.2.8 Amplification of chick Ephlephrin genes for expression

construcfs usrng Pfu DNA polymerase

Pfupolymerase was used all reactions according to the manufacturers instructions. PCR

conditions were using 05U Pfu polmymerase, 1 ng template DNA, 0.lng primers and0.2

mM dNTPs in Pfu PCR buffer. Reactions were performed using a MJ Research, PTC-200

peltier, thermal cycler with the following conditions: 34 cycles at95"C for 90 secs, 60'C for

60 1 min, 72"C for 3 mins, followed by a72"C extension step for 10 mins.

2.2.9 Electrocompetent cel I generation

Fresh DH5o cells were inoculated in 5ml of LB and incubated ovemight at37oC. Theywere

then diluted into 500m1of pre-warmed LB and left to incubate at37oC with agitation for

approximately 2.5 hours or until the cells had reached an optical density at Aooo of 0.4-0.5.

Once they had reached this value, cells were cooled down on ice for fifteen minutes and kept

cool throughout the following protocol. Cells were harvested by centrifugation at 3000rpm in

cold 250m1 ocheridge tubes at 4oC for fifteen minutes. The supernatant was removed and cell
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pellets were gently re-suspended in 500m1 of cold ddH20. The above centrifugation step was

repeated, the supernatant removed and pellet re-suspended in 250m1 of cold ddHz0. Cells

were then centrifuged at 4000rpm for 15 minutes at 4oC, the supernatant was removed and

pellet gently re-suspended in 1Oml of I}Yo cold glycerol. Cells were harvested by

centrifugation at 5000rpm at 4oC for fifteen minutes, and finally resuspend in lml of ßo/o

cold glycerol. Cells v/ere snap-frozen in liquid nitrogen in 50¡rl aliquots and stored at -80'C

2.2.1 0 Bacterial transformation

Ligations were electroporated into the electrocompetent cells using BioRad electroporation

cuvettes with a 2mm gap. The ligation was incubated with freshly thawed cells for lmin on

ice, transferred into a chilled cuvette and electroporated with the BioRad Gene Pulser set at

2.5V,200 ç>,25 ¡rFD and the Capacitance Extender set to 500¡rFD. Immediately after

electroporation, cells were revived by incubation in lml SOC at 37'C for t hour before

plating on the appropriate selective antibiotic plate.

2.2.11 Colony cracking

Individual colonies were picked from a stock plate with a pipette tip. These were first used to

inoculate a master plate then placed into 19p1of freshly made cracking solution, with the tip

left in the tube. They were then incubated for l5mins at 65'C. The samples were then dry-

loaded into the wells of a Io/o agarose gel and run at 40V for 1Omins. Enough TAE was then

added to submerge the gel and the voltage was increased to complete eletrophoresis of the

plasmid DNA.

2.2.12 Plasmid DNA amplificationl purification

Plasmid DNA was prepared using QIAGEN Plasmid Purification Midi and Maxi Kits

following the manufacturers instructions.

2.2.1 3 Automated sequencing

DNA templates were prepared for sequencing using a Qiagen purification kit. BigDye

chemistry was used to generate sequence fragments as per the manufacturer's instructions

Reactions were cycled through 25 cycles of: 95'C for 10sec, 50"C for 5sec, and 60'C for
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5min in a PTC-200 DNA engine (MJ research). The 20pl reactions were then isopropanol

precipitated before sequencing. Automated sequencing equipment at the Department of

Molecular Pathology, IMVS, Adelaide was used to analyse the sequence reactions.

2,2.14 lsopropanol precipitation of sequencing reactions

80pl of freshly made 75% isopropanol was added to the 20pl sequencing reaction mix and

precipitated for 15mins at RT. The sample was then centrifuged for 2Omins at 14,000rpm and

then washed with 250¡iT5Yoisopropanol. It was then centrifuged for lOmins at 14,000rpm

and the pellet was air-dried.

2.2.15 Ringer's solution protocol

In a 4litre flask, the ingredients were added, in order and the solution was continuously stirred

until each ingredient had dissolved. The solution was adjusted to pH 7.4 and then filter

sterilised.

2.2,16 Embryo preparation and collection

White leghorn cross New Hampshire Red chicken (Gallus gallus) or quail (Coturnix coturnix

japonica) fertilised eggs from HiChick P/L, Gawler or Lago Game, Melbourne, respectively,

were incubated at approx 38"C in a humidified incubator until the embryos had reached the

required developmental stage (according to Hamburger and Hamilton).

For in ovo electroporations the eggs were incubated lying sideways. A syringe with an

lSYzgauge needle was used to remove 5ml of eggwhite from the egg after piercing the

eggshell at one end. The eggs were then windowed and Pelikan calligraphy ink, diluted l/10

in ringer's solution, was injected underneath the vitelline membrane for easier visualisation of

the embryo.

To harvest embryos for analysis, the embryos were removed from the egg, placed into ice-

cold PBS and dissected under the microscope as required.
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2.2.17 In ovo electroporation technque

Preparation of DNA for injection

DNA was dissolved in PBS to a final concentrati on of 2-3 ¡rg and picolitre volumes were

placed with a drop of Fast Green (small end of pipette tip dissolved into PBS to yield a dark

mouldy colour) on a piece of parafilm and then transferred to a glass caplllary needle using a

Hamilton Syringe (or variations thereof). Glass capillaries, 1.Omm OD x 0.78mm ID thin wall

with inner filament, were sourced from Clark Electromedical Instruments c/- SDR Clinical

Technology, 213 Eastern Valley V/ay Middle Cove NSV/ 2068. Capillaries were pulled using

Sutter needle pulling instrument.

lnjection apparatus

The loaded capillary was mounted into an MPPI-/PH needle holder attached to a MPPI-2

Milli-Pulse pressure injector (ASD. For the control of needle movement, the capillary/needle

holder unit was inserted into a MM-3 Micromanipulator (Narishige group, Olympus),

attached to the workbench using a retort stand. Finally, to enable "hands-free" injections, an

MPPI-ÆS foot pump regulated the MPPI-2 pressure injector. The needle was tipped and

pressure adjusted to approximately 20 psi with 2 and 3/4 turns anti-clockwise for back-

pressure, to facilitate a steady small flow of solution out of the capillary. Altematively, for

quail electroporations, DNA was mouth-pipetted into the lumen of the neural tube.

Embryo preparat¡on

Stages 12- 14 (82.5) embryos were staged according to (Hamburger and Hamilton, 1951)),

windowed and injected with Indian Ink (diluted 1:10 in PBS) to directly visualise the embryo

structure. Immediately prior to electroporation, a hole was inserted into the vitelline

membrane directly above the region of injection using a fine tungsten needle. This was

followed by a drop of ringer's solution to tease away the membrane from the site of injection

(dorsal neural tube) as well as preventing dehydration and providing a good source of

electrolles for electroporation. Tungsten needles were prepared using a basic electrolysis

approach. The negative electrode was placed in 10M sodium hydroxide solution and positive

electrode clamped onto blunt tungsten wire. Using standard DC voltmeter, with voltage set to

approximately 6.5V, the tungsten needle was dipped into the solution several times, with

bubbles indicating good circulation. Check the tip of the needle under a stereomicroscope and
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continue (long dipping makes a finer tip) until a satisfactory level of fineness is achieved.

Bend the fine end 90" so that it lies at right angles with the rest of the needle (and is

approximately 7-8 mm long).

Electroporat¡on parameters

All electroporations were carried out using an ECM 830 square wave electroporator (BTX).

Electroporation parameters depended on the age of embryo and particular region targeted.

Type of electroporat¡on Parameters (volts, pulse duration,

number of pulses)

Standard (stages 12-14 chick embryos)

Japanese Quail embryos

Somites

l5-25V,3x,50ms

25Y,5x,50ms

50V,3x,50ms

Electrodes also varied depending on the type and exact region of electroporation. To

electroporate the entire dorso-ventral extent of the neural tube, BTX Genetrodes with a 3mm

plate were used in a BTX Genetrode holder. To target the dorsal neural tube specifically,

platinum electrodes were constructed with a 3mm plate and the anode inserted underneath the

embryo surface and cathode at the dorsal surface to facilitate movement of DNA into the

dorsal right hand side of the neural tube. The orientation of the anode and cathode was

reversed to electroporate the ventral neural tube regions. Irr quail embryos, two consecutive

electroporations were delivered to each embryo (swapping orientation of electrodes) to

achieve expression on both sides ofthe dorsal neural tube.

2.2.18 Neural tube culture

Quail embryonic day2 embryos \Mere electroporated with the same parameters as above then

left to recover for l-2 hours in the humidified incubator. Embryo dissection and plating of

explants onto FN was carried out essentially as described in Chapter 21, Developmental

Biology Protocols, volume III,p 201(Newgreen,1999). For each embryo, two pieces of

neural tube were dissected; neural tube at the axial level of migrating neural crest cells, neural

tube migratory (NT-), and neural tube at the axial level prior to the outgrowth of neural crest

cells, neural tube pre-migratory (NTp').
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2.2.1 9 Vibratome Secfio ning

7o/olow melting point agarose in PBS was melted in the microwave for 10-20sec or until just

melted. Fixed embryos were placed onto parafilm and the excess fluid removed with a

kimwipe. A small amount of melted agarose was placed into the base of a Tissue-Tek@

cryomold and allowed to begin to set. The embryo was then laid on the agarose, care taken to

aligu the embryo correctly, and the mould filled to the top with more melted agarose. After

the agarose had well set the blocks were removed from the moulds and trimmed of excess

agarose to - 5mm3. The trimmed block was then attached to the Vibratome 1000P1us

Sectioning System chuck with superglue, the vibratome interior vessel filled with cold PBS

and ice-filled 1Oml tubes and the dial adjusted to the desired section depth. Sections were

transferred into PBS before further treatment.

2.2.20 Whole-emhryo in-situ hybridisation

Dissection and fixation

All solutions and glassware from the dissection/ fixation step (excluding the actual dissection

itself) through to the hybridisation, inclusive, were RNAse free. Water was used that was

diethyl pyrocarbonate (DEPC){reated (01% DEPC for 12 hours, stining) followed by

autoclaving and glassware was baked. Reagents, stir bars, spatulas, etc., used were RNAse-

free and all solutions were mixed wearing gloves. Care was taken not to contaminate

solutions with pipettes. The pH meter was not used to check the pH of the entire volume of

solution. Instead, either pH strips were used or 1Oml of solution was taken and adjusted to

correct pH, then the volume of acid/ base needed was calculated to adjust the pH for the bulk

of the solution.

Embryos were dissected in a petri dish with sterile cold PBS. Needles were used to dissect

away all of the extra-embryonic membranes and the amnion. Embryos were then gently

transferred with a transfer pipette into a small jar with freshly prepared 4%PFA and fixed

overnight at 4" C on a neutator. Embryos were washed 2x 5min with PBT. For all rinses

except as noted, 4mls of the appropriate solution was used.

In the need for storage of embryos, they were dehydrated through serial changes of 25%o,

50yo,75yo methanol-PBS and 2x l00o/o methanol for 5min per wash, on ice and stored at -

20oC inmethanol. To resume the protocol embryos were re-hydrated through a methanol-PBS

senes.
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Pre-treatments, Pre-hybridisation and Hybridisation

Embryos were washed 3x 30min with RIPA at RT, postfixed for 20min in PG-PBT at RT on a

neutator then washed 5x 5min in PBT at RT. Embryos were washed for l5min with a 1:1 mix

of HB and PBT (2ml each) at RT on a neutator then for 5-10min with lml HB at RT on a

shaker. They were then pre-hybridised in lml HB + 100 ¡rglml tRNA and 100 pùml

sheared denatured salmon spenn DNA (both which had been phenol extracted) for 1-5 hours

af 70" C with agitation. The digoxigenin-labelled riboprobe was denatured at 95oC for 3min

with 1 ml HB/ tRNA/ DNA solution then equilibrated at70"C.lml HB/ vial was added

containing the tRNA/ DNA mixture and the denatured riboprobe then mixed well. They were

then hybridised overnight with agitation at70"C in a chamber humidified with 50%

formamide in water. The embryos were washed in pre-warmed HB for 2x 30min at70oC,2x

5min in SSC-FT at RT, then 3x 30min with pre-warmed SSC-FT at 65'C. The embryos were

cooled to RT then washed for 3x 5min at RT in lx TBST.

Antibody binding

Embryos were blocked by incubating for 1-3 hours at RT in TBST + l0o/o heat-inactivated

sheep serum (-300p1 of solution per vial).

To heat-inactivate the mouse powder 2mg mouse powder and 1ml TBST each was addedto 2

centrifuge tubes. They were vortexed and then placed in a70"C water bath for 30min. The

tubes were then centrifuged, the supernatant discarded and the tubes vortexed to break up the

pellets. lml TBST + 10¡.rl heat-inactivated serum was added to each tube then 0.5 ¡rl of anti-

dig antibody (1:2000 dilution).

The anti-dig antibody was pre-adsorbed by incubating the antibody (in TBST + l%oheat-

inactivated sheep semm and heat-inactivated mouse powder as prepared above) with agitation

for t hour aT 4oC. The tubes were centrifuged for 5min at 4C, the supernatant transferred to

fresh tubes and the mouse powder discarded.

The embryos were incubated in the antibody conjugate solution (600p1/ vial) overnight at

4C.

Washing and colour development

The antibody conjugate was removed and the embryos washed with TBST at RT for 3x 5min.

The embryos were transferred to fresh vials, washed in TBSTI 2mlllI Levamisole for 5x 1-1.5
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hours then washed for 3x lOmin at RT in APB. For the colour reaction 3mll vial of NBT/

BCIP/ APB was added to the embryos and incubated on a shaker, well covered from light.

The progress of the reaction was observed with a dissecting microscope at brief intervals. As

appropriate according to extent/ darkness of staining, the embryos were removed from vials

and transferred to a plastic tissue culture well for rinsing. The colour reactions were stopped

by rinsing embryos at RT for 3x 5mins in the dark in PBT/ lmM EDTA/ I%o glacial acetic

acid. The embryos were post-fixed for at least t hour in 4Yo PFA in PBTI I% acetic acid,

washed for 3x 15min in PBT/ lmM EDTN f% acetic then cleared with serial l0min

incubations of 20o/o,40yo,600/0 and80o/o glycerol/ PBT ll% acetic and stored in the dark.

2.2.21 Neural tube culture immuno-histochemistry

After fixationin4o/o PFA for l5min at RT, the neural tube cultures were washed for 3x 5min

in PBS, blocked and permeabilised in lml PBS/ 1% BSA/ 0.1% TritonX for 5 mins then

washed well for 3x l5min in PBS. The area of the culture dish around the explant was

carefully dried, 100prl of 1o antibody in PBS/ 1% BSA was applied as a drop onto the explant,

which was then incubated in a humidified box ovemight at 4oC. The cultures were then

washed for 3x 15min in PBS and the area of the culture dish around the explant carefully

dried again. The 2o antibody was applied as above, incubated at RT for 2 hours then washed

for 3x l5min in PBS. The cultures were then covered with a coverslip with anti-fade for

imaging.

2.2.22 Eph and ephrin immuno-histochemistry

(Combined protocol for wholemounts and sections of chick embryos).

After fixationin 4o/o PFA either OA{ at 4oC or 2 hours at RT, the samples were washed 3x

l5mins in PBS. They were then blocked in BS + 4 drops of avidin per ml of BS at RT for 1

hour incubating on a neutator (with gentle agítation).

The 1o antibodies were added in BS + 4 drops of biotin per ml BS then incubated at 4"C

overnight on a neutator (no øgitøtion). The samples were then washed for 3x 10-15mins at

RT with PBT on a neutator (with gentle agitøtion), The 2o antibodies (for the antibody to be

amplified) were then added in BS and incubated for 5-6 hours (2 hours øt RT). They were

then washed for 3x 10-15mins at RT on a neutator (with gentle agitation).

The 2" antibodies were added for the monoclonal antibody and 3o antibodies for the amplified

antibody in BS. They were incubated at 4"C overnight on a neutator (RT for 1-2 hours) then
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serially incubated for 1 0- 1 5mins at RT in l\yo, 30o/o, 50Yo and 80o/o glycerol before mounting.

(No incubøtion in glycerol. Sectíons were pløced in dHz0 beþre mountíng, slíghtly drìed

then covered with a coverslip).

The edges of the coverslip were sealed with nail polish for imaging.

2.2.23 Immunostaining of electroporated embryos

After fixation and dissection of electroporated embryos, embryos were placed in blocking

solution containing PBT (PBS, 0.1% Tritonx 100) + l0o/o HIHS for half hour. Incubate in

primary antibody in blocking solution. Embryos were viewed using Olympus AX70 upright

microscope and processed using Adobe Photoshop 6.

2.2.24 TUNEL reaction

As per In Situ Cell Death Detection Kit, TMR red (Roche)

2,2.25 Confocal microscopy

Images were produced using the BioRad Radiance 2100 confocal microscope (at Detmold

Imaging Core Facility, Hanson Institute) equipped with three lasers, Argon ion 488nm

(14mw); Green HeNe 543nm (1.5mw); Red Diode 637run (5 mw) outputs and Olympus IX70

inverted microscope. The objective used v/as a 10x or 20x UPLAPO with NA water. The dual

or triple labelled tissues were imaged with three separate channels (PMT tubes) in a

sequential setting. The Green fluorescence (Alexa 488 or GFP) was excited with Ar 488 nm

laser line and the emission was viewed through a HQ515/30nm narrow band barrier filter in

PMTI. The red fluorescence (Cy3) was excited with Green HeNe 543nm laser line and the

emission was viewed through a long pass barrier filter (570LP) to allow only red light

wavelengths longer than 570nm to pass through PMT2. The far-red fluorescence (Cy5) was

excited with Red Diode 637nm laser line and the emission was viewed through a long pass

barrier filter (660LP). Automatically all signals from PMTs I,2 and 3 were merged. The

image data were stored on a CD for further analysis using a Confocal Assistant software

program for the Microsoft@'WindowsrM (Todd Clark Brelje. USA). All images were

processed using Adobe Photoshop 6.
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2.2.25 Quantification of in vivo phenotypes ustng in vitro culture

model

Using the in vitro model, the observations regarding EphA4 and kiEphA4 phenotlpes in vivo

were quantified. A total of eight separate experiments were conducted, each one consisting of

a combination of EphAâlkiBphA{ and control constructs. For the quantification of the

phenotlpes, neural tubes pooled from 4 individual experiments were stained with GFP, SoxE

and HNKl. For all counts, a column of a defined width (170 pixels) was drawn from the

neural tube (in the region of highest expression along the neural tube) directly out towards the

edge of the outgrowth. The neural tube was lined horizontally along the bottom of the page so

that the direction of the outgrowth went from the bottom to top. For estimation of cell density

and/or the efficiency of EMT, counts were presented as the total number of cells in the

mesench¡rmal region. For quantification of how cells expressing different constructs

progressed through EMT, the number of GFP cells in the proximal (neuroepithelium) and

distal (mesenchymal) regions of the cultures was counted and presented as a percentage of the

total cells present.
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Ghapter 3: Spatiotemporal patterns of expression of

EphA4 and ephrin-As during avian trunk PNS

pattern ing

3.1 lntroduction

NC cells and motor axons originate from distinct regions of the neural tube and migrate into

the periphery in a precise spatiotemporal manner (Rickmann et al., 1985). NC cells migrate

on two stereotypical pathways in the trunk and these specify their differentiation into multiple

cell types (Weston, 1963). The first is a ventromedial route through the somitic mesoderm,

involving segmental migration through the rostral but not caudal halÊsclerotome; cells

travelling along this pathway colonise the DRG, SG, and glial derivatives (Le Douarin and

Kalcheim, 1999). Approximately 24 hours later, NC cells navigate the dorsolateral pathway in

a non-segmental manner between the overlying ectoderm and somites (Erickson et al., 1989).

Shortly after NC cell migration has begun, motor neurons (originating in the ventral neural

tube) extend their axons segmentally through the rostral half-sclerotome (Loring and

Erickson, 1987).

Classical microsurgical experiments have demonstrated that the caudal half-somite mediates

repulsion of PNS precursors, facilitating a dominant influence on PNS segmentation

(Bronner-Fraser and Stern, 199I; Keynes and Stem, 1984), Many molecules have been

ascribed a role in repulsion of PNS precursors from the caudal halÊsomite, one family of

which includes the Eph/ ephrin-B subclass of receptors (reviewed by (Krull, 1998). In both

rodents and chick, EphB3 is expressed on NC cells during their migration through the rostral

somite-half and ephrin-81 in the caudal somite-half (ephrin-B2 in rats), generating a

complementary expression pattern that is suggestive of a guidance role. Functional blocking

experiments in vivo and in vitrohave shown that this interaction contributes to the repulsion

of NC cells from the caudal somite-half (Krull et al., 1997; 'Wang 
and Anderson,1997).

Motor axons also express EphB receptors, however, perturbation of these interactions is not

sufficient to elicit axon entry into the caudal somite (Koblar et a1.,2000). Despite these

apparently critical roles for Eph/ ephrin-B interactions, EphB or ephrin-B knock-out mice do

not display any segmentation defects (Adams et a1.,1999; Compagni et a1.,2003; Davy et al.,
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2004; Orioli et a1.,1996), suggesting a combinatorial role for factors localised to the caudal

halÊsomite in mediating the overall arrangement of the PNS (Vermeren et al,, 2000).

Much less is known about cellular interactions between NC cells/ motor axons and the rostral

somite (Krull, 1998). The migration of NC cells through the rostral half-somite is highly

organised and spatiotemporally regulated with regards to somite morphogenesis (Krull, 1998;

Perris and Perissinotto, 2000; Sela-Donenfeld and Kalcheim, 20001' Tosney et a1.,1994).

Many ECM molecules, known to promote NC cell migration, are expressed in the rostral half-

somite and multiple in vitro and in vivo studies have indicated a positive guidance role for

these molecules, however gene deletion studies point to functionally redundant roles in

determining the overall pattern of PNS segmentation in vivo (reviewed by (Perris and

Perissinotto, 2000). In addition, time-lapse analyses have revealed that NC cells migrate in a

chain-like fashion in vivo, making extensive contacts with one another during their migration

(Krull et a1.,1995; Kulesa and Fraser, 2000).

Eph/ ephrin-A molecules have been described in a spatiotemporally correct manner for a

possible role in PNS segmentation. EphAT is expressed in the caudal portion of the somite

throughout trunk development (Araujo and Nieto, 1997), whilst ephrin-A proteins are

expressed in the DRG (Eberhart et al., 2000). The aim of the work in this chapter is to

describe the precise distribution of Eph/ephrin-A's in the somitic tissue during the course of

PNS segmentation, with the intention of further understanding PNS cell guidance mechanisms

mediated by the rostral half-somite. More recently and during the course of this research,

EphA4 along with ephrin-A2, -A5 and -46 were found on NC cells during their initial

emigration into the somite (Mclennan and Krull, 2002). Furthermore, in vitro data suggested

that these interactions contributed to the coordinated migration of NC cells through the

somitic environment (Mclennan and Krull, 2002).
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3.2 Results

To gain a broad understanding of Eph/ ephrin distribution in avian embryos during trunk

segmentation, embryos aged between stages Il- 20 as described by Hamburger and Hamilton,

1951, were analysed (Hamburger and Hamilton, 1951). Because trunk PNS development is

tightly co-ordinated with somitogenesis, occurring in antero-posterior wave along the embryo

axis, any single embryo displays a differing extent of NC cell and motor axon outgrowth

depending on the axial level analysed. Thus throughout the analyses, the mid-trunk region

(between forelimb and hindlimb) was focussed on in embryos ranging from stages 17-20; at

this level somites have differentiated into dermomyotome and sclerotome and both NC cells

and motor axons have begun to migrate segmentally into the rostral half-somite.

3.2.1 Complementary and overlapping distribution of A-subclass

Eph and ephrins in the developing peripheral nervous sysfem

As a general indicator of the distribution of EphA/ ephrin-A proteins during trunk

segmentation, fusion proteins comprised of the extracellular region of ephrin-A5 or EphA3

fused to the Fc portion of human Immunoglobulinl (Fc) were used to stain whole chicken

embryos (Krull et a1.,1997). Both ephrin-A5-Fc and ephrin-A3-Fc proteins bind

promiscuously to a variety of EphA receptors, including EphA3, 44, A5 and A7, but each of

these has a different affinity profile for each of the receptor subtlpes (Gale et al., 1996).

EphA3-Fc binds ephrin-A2 and ephrin-A5 with high affinity (Flanagan and Vanderhaeghen,

1998; Lackmarur et al., 1997). The use of these Fc proteins enabled an overall perspective of

EphA and ephrin-A distribution during avian trunk segmentation without identifying the

specific members of the sub-class involved.

Ephrin-A5-Fc localised strongly to cells in the caudal-half somite at Stage 17 (Figure 3.14),

and was distributed in a manner that was coincident with somite morphogenesis, such that at

caudal regions no ephrin-A5-Fc binding was detected (compare affow with arrowhead, Figure

3.14). This caudal half-somite localisation was also found in stage 20 embryos (data not

shown) and was consistent with that previously reported for EphAT in the caudal halÊ

sclerotome during PNS segmentation (Araujo and Nieto, 1997). In vitro studies indicate that

ephin-A5 binds EphAT with highest affinity, providing an explanation for the strong staining

of ephrin-A5-Fc to the caudal halÊsomite in these embryos (Holmberg et a1.,2000). Ephrin-
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A5-Fc also weakly stained the rostral portion of the anterior-most somites in the region

dorsomedially adjacent to the neural tube; however the staining was quite diffuse (asterisks,

Figure 3.14). Given the unique binding affinities of particular ephrins to their respective

partners, and the possible distribution of EphA proteins in the rostral half-somite, the staining

pattern of ephrin-A3-Fc was also analysed in stage 20 embryos. Ephrin-A3-Fc staining was

found at a very low level in the caudal half-somite, (asterisk, Figure 3 . 1B), and much more

intensely in the dermomyotome (arrow, 3.18). In the fore- and hindlimb regions, ephrin-A3-

Fc stained a defined cell population present dorsomedially adjacent to the neural tube at the

boundary between rostral and caudal somites (arrowheads, Figure 3.1B).

To detect ephrin-A ligands, the EphA3-Fc fusion protein was used to stain whole embryos

and revealed a strong localisation of ephrin-A proteins in the rostral region of the somite in

stage20 embryos (Figure 3.1C). A strong line of EphA3-Fc staining demarcated the dorsal

neural tube (arrow, Figure 3.1C), whilst intense staining was also found in the lateral plate

mesoderm. To more closely analyse EphA3-Fc binding in the rostral half-somite, whole-

mount embryos were viewed longitudinally in high magnification (Figure 3.1D). This

confirmed that EphA3-Fc protein bound to cells in the dorsal region of the rostral half-somite

in a position spatiotemporally consistent with ventromedially migrating NC cells (asterisks,

Figure 3.1D). Ephrin-A proteins did not appear to be expressed on NC cells of the

dorsolateral pathway at any stage.

To localize ephrin-A3-Fc and EphA3-Fc labelling at the cellular level in the rostral half-

somite, the top 12 somites of stage 20 embryos were cut into 100 ¡rm transverse sections after

Fc immuno-histochemistry and stained with the NC cell marker, HNK1 (Bronner-Fraser,

I986a; Loring and Erickson,1987; Newgteen et al., 1990). Transverse sections revealed a

compartmentalised expression pattern for EphA and ephrin-A proteins in the rostral somite.

Ephrin-A3-Fc strongly stained the dermomyotomal lip (DML) of the dermomyotome

(asterisk, Figure 3.2A) and sclerotome cells around the DRG, leaving a region devoid of any

ephrin-A3-Fc staining in the teardrop shape of the DRG (Figure 3.2A and D). Overlay of the

ephrin-A3-Fc image (Figure 3.2A) with HNK1 (Figure 3.28) to indicate the distribution of

EphA proteins with respect to NC cells of the DRG anlage, showed that ephrin-A3-Fc

demarcated the dorsolateral border of the DRG (ventral to the DML) (Figure 3.lC). High

magnification view suggested that there ìù/as some overlap between HNKI cells and cells

stained with EphA3-Fc protein (arrows, Figure 3.2D&F). The tight configuration of EphA

proteins around the DRG was no longer observed in sections taken through the caudal edge of
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the DRG (asterisk indicates the absence of HNK1 cells, Figure 3.2H), suggesting a role

specific to the rostral somite-half (arrows, Figure 3.1G).

Transverse sections of the top somites of stage 20 EphA3-Fc stained embryos and co-

labelling with HNK1 indicated that ephrin-A proteins localised within the DRG structure in

the rostral half-somite (Figure 3.3). EphA3-Fc strongly co-localised with neural crest cells

during their ventromedial migration and also with NC cells that had condensed into DRG

(data not shown and Figure 3.3). EphA3-Fc cells were present in the core of the DRG

(arrows, Figure 3.34 and C), as outlined by HNKI staining (Figure 3.38 and C). In addition

to the positive staining within the DRG, EphA3-Fc stained the dorsal neural tube intensely

(asterisk, Figure 3.34). High magnification view of the same section indicated that EphA3-Fc

bound to a subset of cells within the DRG that were largely HNK1-negative, suggestive of

NC cells that had differentiated into sensory neurons. EphA3-Fc cells were not observed in

association with NC cells of the sympathetic lineage at any of the stages analysed (Figure 3.3

and data not shown).
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Figure 3.1- \ühole-mount EphA3-Fc and ephrin-A5-Fc screen in stage l7- 20 embryos

reveal varying distribution patterns for ephrin-A and EphA proteins, respectively, in

PNS segmentation.

(A) Stage 17 embryo trunk stained with ephrin-A5-Fc to detect EphA proteins. Asterisks

indicate weak diffuse staining in the rostral somite. Arrow indicates strong staining in the

caudal somite. Anowhead indicates lack of ephrin-A5-Fc staining in the caudal regions of the

trunk.

(B) Stage 20 embryo trunk stained with ephrin-43-Fc, asterisk indicates weak staining of

caudal half-somite, arrow indicates dermamyotomal staining, and arrowheads highlight strong

staining at forelimb and hindlimb regions dorsomedially adjacent to the neural tube.

(C) Stage 20 embryo stained with EphA3-Fc to detect ephrin-A proteins. Arrow indicates

staining in dorsal neural tube. (D) High-magnification view of mid-trunk region of embryo

stained with EphA3-Fc. Asterisks show rostral halÊsomite.

R: rostral; nt: neural tube; lpm: lateral plate mesoderm.

Scale bar: 200 pm (4, D); 500 ¡rm (B, C).
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Figure 3.2- Ephrin-A3-Fc surrounds the DRG in transverse sections from the top 12

somites of stage 20 embryos.

(A-F) 100 ¡rm transverse section taken through the rostral portion of somite 10 from a stage

20 embryo stained with ephrin-A3-Fc and co-stained with HNK1. Images presented as

ephrin-A3-Fc alone (A,D,G), HNKI (red, B,EH,) and merged (C,F). Asterisk in (A) indicates

dermomyotome.

(D-F) A high magnification view of (A), presented in the same order as (A-C). Arrows in (D)

and (F) highlight ephrin-A5-Fc binding at the edge of the DRG.

(G) Transverse section of the caudal limits of the DRG (asterisk); section also stained with

HNKI (red, H). Arows in (G) and (H) indicate diffuse staining at the lateral somite region.

dm: dermomyotome; drg: dorsal root ganglion; nt: neural tube; scl: sclerotome.

Scale bar: 100 pm (A-C), (D-F), (G-H).
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Figure 3.3- EphA3-Fc stains the DRG in transverse sections through rostral half-somites

taken from the top 12 somites of stage 20 embryos.

(A-F) 100 pm transverse section taken through the rostral portion of somite 10 from a stage

20 embryo stained with ephrin-A3-Fc and co-stained with HNK1. Images presented as

ephrin-A3-Fc alone (A,D), HNK1 (red, B,E) and merged (C,F). Arrows in (A&C) shows

EphA3-Fc positive regions in the dorsal root ganglion; (A) asterisk shows strong dorsal neural

tube staining.

(D-F) High magnification view of left-hand side DRG from (A-C); (F) merged image of (D)

and (E). (F) Anows point to compartmentalised staining of EphA3-Fc in the dorsal root

ganglion.

drg: dorsal root ganglion; nt: neural tube.

Scale bar: 100 prm (A-C), (D-F).
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3.2,2|n Situ Hybridisation analyses of ephrin-Aí and EphA4 during

NC cell development

The complementary expression pattems of EphA and ephrin-A proteins in the rostral halÊ

somite were suggestive of a role for these proteins in contributing to NC cell guidance during

their ventromedial migration to form DRG. Possible candidate receptors and ligands were

then decided upon based on previous studies profiling the expression of EphA receptors

during trunk segmentation. EphAT was ruled out as a candidate for the rostral-localised

expression of EphA receptors as its expression had alreadybeen described in the caudal halÊ

somite (Araujo and Nieto, 1997). EphA4 was chosen for fuither investigation for a number of

reasons. Firstly, it was a likely candidate based on previous reports describing expression in

the dermomyotome of the hindlimb region and not in the DRG (Eberhart et al., 2000; Patel et

al.,1996). Secondly, the specific distribution of ephrin-A3-Fc in the limb mesenchyme (data

not shown) matched previous reports describing EphA4 expression in this tissue (Patel et al.,

1996). Finally, EphA4 is a unique member of the EphA subclass as it interacts with both

ephrin-B and ephrin-A proteins (Gale eI al.,1996; Xu et al.,1999). Ephrin-B proteins are

involved in PNS segmentation (Koblar et a1., 2000; Krull et al., 1997; 
'Wang 

and Anderson,

7997), whilst multiple different ephrin-A proteins, including ephrin-A2 and ephrin-A5, are

expressed on DRG sensory neurons in the hindlimb (Eberhart et a1., 2000). Thus, EphA4 was

a good candidate for further investigation and ephrin-A5 was chosen as a candidate ligand

expressed. The expression of EphA4 and ephrin-Aï was initially examined in whole-mount

embryos and then later in transverse and longitudinal sections, and in some cases, co-localised

with HNKl. All embryos were analysed in the mid-trunk at stage 19, during the period of

active NC cell segmentation through the rostral halÊsomite.

Ephrin-A| was expressed in a repeating metameric pattern in the rostral half-somites in stage

19 embryos and along the dorsal midline of the neural tube, mimicking the pattem of EphA3-

Fc staining observed in Figure 3.1C (Figure 3.44). 100 pm longitudinal vibratome sections of

ephrin-A5 stained embryos in the dorsal (Figure 3.48) and ventral (Figure 3.4C) regions,

indicated that ephrin-Aï transcript was restricted to the dorsal regions of the embryo,

expressed in the rostral half-somite and dorsal neural tube. This was a similar pattern to what

would be predicted for NC cell precursors in the dorsal neural tube and also during their

emigration into the somite (arrows, Figure 3.4B). Sense controls indicated that staining

pattems in Figure 3.48 were specific to ephrin-A5 transcript and not caused by background

staining (Figure 3.4D).
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Figure 3.4- Ephrín-Aí in silu hybridisation on stage 19 embryos indicates a strictly

rostral half-somite expression pattern ïor ephrin-Lï.

(A) Sagittal view of whole-mount embryo trunk stained for ephrin-Aí. Note high staining in

lateral plate mesoderm (lpm).

(B) and (C) 100 pm longitudinal sections of the boxed region in (A) demonstrating staining

patterns at dorsal (B) and ventral (C) positions of the embryo trunk. (B) Arrows indicate

rostral half-somite staining.

(D) 100 pm longitudinal section stained with sense probe for ephrin-Lí.

R : rostral; nt : neural tube; lpm : lateral plate mesoderm.

Scale bar: 200 pm (A); 50 pm (B-D).
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EphA4 was expressed more widely throughout the embryo, including the rostral portion of the

two newly formed somites, in the hindbrain and also in the distal tip of the limb bud (arrows,

Fig 3.54), (Nieto et al., 1992; Patel et al, 1996).In the somite, EphA4 was expressed in the

dorsal region, demarcating the caudo-rostral boundary of each somitic structure, (asterisks,

Figure 3.5B). This staining pattem replicated that of ephrin-A3-Fc in the rostral somite,

suggesting that the EphA receptor that was observed is likely to be EphA4 (Figures 3.1 and

3.2).In longitudinal sections stained with HNK1, regions of EphA4 expression surrounded

NC cells as they were coalescing into DRG, creating a "cup-like" effect (Figure 3.5C-E).

Transverse sections of the mid-trunk region of EphA4-stained embryos showed EphA4-

positive cells in somitic regions normally devoid of NC cells (asterisks, Figure 3.5F).

However, high magnification view of this region indicated a small number of EphA4-positive

cells in a position indicative of early migrating NC cells (arrows, Figure 3.5G; (Mclennan

and Krull, 2002)).In ventral regions, EphA4 was expressed in ventrolateral cells of the neural

tube and the ventral motor root (arrows, Figure 3.5H) as well as in the floorplate (asterisk,

Figure 3.5H; (Eberhart et a1.,2000).
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Figure 3.5- EphA4 in sítu hybridisation on stage 19 embryos reveals a dynamic

expression pattern for EphA4 within the rostral half-somite with regards to NC cell

development.

(A) Sagittal view of whole-mount embryo hybridised with EphA4 probe. Arrows point to

regions of intense staining in the embryo including rhombomeres 3 and 5, distal tip of the

limb bud and in the anterior half of the presumptive somites. 
'Whole-mount embryos

processed for EphA4 in situ hybridisation by C.Jayasena, PhD student, 2003.

(B) Sagittal view of boxed region in (A) showing staining in the rostro-dorsal quadrant of

successive somites and highlighted by asterisks.

(C-E) 100 pm longitudinal sections of an EphA4 stained embryo taken from the mid-trunk

region of a stage 19 embryo and presented as Hnkl alone (red, C), EphA4 (D) and co-

localised in (E).

(F-H) Transverse sections of EphA4 stained embryo taken from the mid+runk region of a

Stage 19 embryo. (F) Transverse section through the rostral half-somite. Asterisks indicate

staining in NC avoidance zones. (G) High magnification view of (F) focussing on the somitic

region through which ventromedially migrating NC cells travel (denoted by arrows). (H) High

magnification view of (F) focussing on the ventral region of the neural tube. Arows shows

EphA4 positive ventrolateral neural tube; asterisk indicates floor plate staining. dm :

dermomyotome; fp : floorplate; no : notochord; nt: neural tube; R: rostral . Scale bar:

500 ¡rm (4, F);200 ¡rm (B); 100 ¡.rm (C-E), (G); 50 pm (H).
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3.2.3 Dynamic distribution of ephrin-Aí and EphA4 as NC cells

invade the rostral half-somite

The dynamic expression of ephrin-Aï and EphA4 within the rostral half-somite suggested that

these two proteins were good candidates for mediating NC cell guidance. To determine the

protein distribution of these cells with regards to the exact spatiotemporal localisation of NC

cells in the somite, avian-specific antibodies to EphA4 and ephrin-A5 (Eberhart et a1.,2000)

were used on transverse sections in conjunction with the HNKI antibody. To determine the

distribution of these molecules during the infiltration of NC cells into the rostral somite,

transverse sections were taken from the mid-trunk region of Stage 17 embryos.

Consistent with the previously described data, ephrin-A5 protein clearly demarcated the

truncal neural crest population, from the point of delamination from the neural tube to their

migration into the ventral regions of the rostral half-sclerotome (Figure 3.64-C). As NC cells

flooded into the somite, ephrin-A5 protein was maintained on NC cells, and expression was

slightly up regulated at the ventral motor exit point, where motor axons exit the neural tube

and begin to navigate their way through the somite (Figure 3.6C, arrowhead). In addition to

this, ephrin-A5 positive staining defined an intermediate region of the neural tube (arrow,

Figure 3.6C).
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Figure 3.6. Ephrin-A5 and EphA4 proteins are distributed in complementary domains

within the rostral half-somite in the mid-trunk region of stage 17 embryos.

(A-C) 10 ¡rm stack of a 100 pm transverse section labelled with avian-specific anti-ephrin-A5

antibody (green; A) and anti-HNKl (red; B) and co-localised in (yellow, C). (C) Arrow

indicates staining in intermediate neural tube; arrowhead highlights ephrin-A5 distribution at

the ventral motor exit point. Ephrin-A5 image provided by R. Mclennan, PhD student,2002.

(D-H) Transverse sections labelled with avian-specific anti-EphA4 antibody (green, D, F, G,

H) and HNKI (red, E, F, G, H) presented as single optical slices. (F) Arow highlights

staining atlateral edge of HNK1 stream; arrowhead shows co-localisation at the ventral motor

root exit point. (G) High magnification view of boxed region in (F); affo\¡/s highlight edge of

NC stream. (H) High magnification view of different section also for EphA4 and HNKl, but

approximately 2-5 somites anterior to section in (F). Arows highlight lateral edge of NC

stream. (G, H) Asterisks indicate ventral extent of NC migration. dm: dermomyotome; nt:
neural tube; no : notochord. Scale bar: 100 pm (A-F); 50 ¡rm (G, H).
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In contrast to ephrin-A5, EphA4 at Stage 17 demonstrated a complementary distribution to

NC cells within the rostral half-somite. EphA4-positive regions seemed to compartmentalise

the rostral somite region, creating a "channel" in which NC cells were able to migrate (Figure

3.6D-F). In addition, EphA4-positive cells were distributed at the ventral motor root exit

zone, co-localised with NC cells (arrowhead) and also lining the ventrolateral edge of the

neural tube (Figure 3.6F). A common feature of the distribution of EphA4 in the somite was

that EphA4 appeared to delineate the region between the basal lamina of the myotome and

NC cells (arrow, Figure 3.6F), and the extent of this staining depended on the size of the NC

cell mass. Comparison of EphA4 distribution at the point where NC cells enter into the

ventral sclerotome region, (adjacent to the ventral motor root exit point), illustrated the extent

of co-localisation in two sections with slightly differing extents of NC migration (though both

still in the mid-trunk stage 17). In the younger section (Figure 3.6G, boxed region from 3.6F),

EphA4 contacted the edge of the NC stream on both lateral and medial sides (arrows, Figure

3.6G). Approximately 2-5 somites anterior to this, where NC cell migration had progressed

further ventrally (compare asterisks, Figure 3.6G and 3.6H), EphA4 still appeared in contact

with NC cells on the lateral side but no longer on the medial edge of the migratory stream

(arrows, Figure 3.6H).

To determine when EphA4 expression was first present in the somite and at an early stage of

NC migration, EphA4 immunohistochemistry was performed on transverse sections and

whole-mount embryos at stage 14 and 15. Apart from expression in the rostral portion of the

two most newly formed somites, (seen in Figure 3.54), the first detectable level of EphA4

staining in the somite was in the recently formed somites of Stage 15 embryos (Figure 3.7),

EphA4 was restricted to a line of expressing cells underneath the forming myotome, but

dorsal to NC cells migrating along the edge of this tissue, creating a high degree of

complementarity between EphA4 and HNK1 stains (Figure 3.lA-C). High magnification of

the region of EphA4/HNK1 complementarity indicated that there was extensive co-

localisation possibly reflecting EphA4 expression on NC cells (asterisks, Figure 3.7D). In a

somite approximately two somites anterior, the distribution of EphA4 in the rostral somite

appeared different again (Figure 3.7E-H). EphA4 was localised to the lateral edge of the

neural tube, in the region adjacent to migratory NC cells (arrows) and also at the ventral

motor root exit point where NC cells were contacting the ventrolateral neural tube

(arrowheads, Figure 3.78-G). High magnification of the region where NC cells were entering

into the sclerotome (boxed in G), suggested that the extent of co-localisation between EphA4

and HNK1 increased as cells progressed ventrally (compare asterisks, Figure 3.7TI).
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Figure 3.7- EphA4 is closely associated with ventromedially migrating NC cells during

the early phases of migration into the rostral half-somite.

(A-F) 100 pm transverse sections taken through the mid-trunk region of a stage 15 embryo

through the roshal somite stained with anti-EphA4 (green; A, E) and HNK1 (red, B, F),

presented as single images and co-localised in (C, D) and (G, H). (A-D) Section is

approximately two somites posterior to image in (E-H). Arrows in (A-C) indicate extent of

co-distribution between EphA4 and HNKI. (D) High magnification view of boxed region in

(C); asterisks indicate co-distribution between EphA4 and HNK1.

(E-G) Arrow shows staining at the lateral edge of neural tube; arrowheads point to

ventrolateral staining. (H) High magnification view of boxed region in (G); asterisks highlight

difference in co-localisation between EphA4 and HNKI in dorsal and ventral regions. dm:

dermomyotome; nt: neural tube; scl: sclerotome. Scale bar: 100 ¡rm (A-C), (E-G); 25 ¡tm

(G), (H).

Images in (C-L) provided by A. Stokowski, 2001.
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3,2.4 EphA4 and ephrin-A5 show complementary patterns of
distribution within the rostral somite during dorsal root

gangliogenesrc

To gain a three-dimensional perspective on EphA4 and ephrin-A5 distribution during dorsal

root gangliogenesis, transverse vibratome sectioning and whole mount immunohistochemical

analyses of the mid-trunk region of stage 20 embryos was performed. At stage 20,EphA4

demarcated the dorso-medial boundary of the DRG, and to a lesser extent in the ventral

regions (Figure 3.84). Similar to the distribution at stage 17 (Figure 3.7), EphA4 was present

at the lateral and ventrolateral neural tube in the region where spinal motor neurons lie

(arrows, 3.84) as well as on NC cells at the ventral motor root exit zone (arrowhead, Figure

3.8B). Conversely, ephrin-A5 strongly co-localised with cells in the central portion of the

DRG (arrow, Figure 3.8D) and was distributed in a line extending ventrolaterally through the

sclerotome, indicative of expression on the axons of spinal motor neurons (arrowhead, Figure

3.8D). In addition, EphA4 and ephrin-A5 defined distinct regions of the neural tube; EphA4

was characterised by an absence of staining in the region dorsal to the floorplate (arrow,

Figure 3.88) whilst ephrin-A5 was present as a band of expression in the intermediate neural

tube (Figure 3.8C and D). Analysis of whole embryos stained with EphA4 and viewed in the

sagittal plane, provided an interesting insight into further possible roles for EphA4 in DRG

axon guidance (Figure 3.88-J). EphA4 cells lined the edge of this structure at both the rostro-

caudal and dorsolateral boundaries, creating a "cup-like" structure (arrows, Figure 3.8E). The

extent of EphA4 staining around the DRG and ephrin-A5 in the DRG was more pronounced

in the brachial ganglia (Figure 3.8E-H) than those located approximately four somites further

posterior in the mid-trunk region (3.8I-L).

135



Figure 3.8- EphA4 is distributed around the DRG whilst ephrin-A5 is expressed in the

DRG in the rostral half-somite at stage 20.

(A-D) 100 pm transverse sections of the mid{runk region stained for EphA4 (green; A, B, E,

F, I, J) or ephrin-A5 (green; C, D, G, H, K, L) and HNKI (red; B, D, F, H, J, L) and presented

as single optical slices. Asterisks indicate the dorsal root ganglion in (4, C, E, G, I, K). (A)

Arows point to EphA4 staining at the lateral and ventral neural tube edges. (B) Arrow

highlights EphA4-negative region in the ventral neural tube; arrowhead indicates co-

localisation between NC cells at the ventral motor root exit zone and EphA4. (C) The DRG is

stained for ephrin-A5 (asterisk). (D) Arow indicates the extent of co-localisation between

ephrin-A5 and HNKI in the DRG; arrowhead points to intense staining along the spinal motor

axons. (B, D) The grey dorso-ventral lines illustrate plane of sections in (E -L).

(E-L) Sagittal oblique images are all presented with neural tube on the left and

dermomyotome on the right side of the image. (E-L) Images of whole-mount trunks (forelimb

region) at the level of somite 9 (E-H) and somite 11 (I-L) stained with EphA4 (green, left

panels) or ephrin-A5 (green, right panels) and co-stained with Sc1 (red, F and J) or HNK1

(red, H and L). (E,I) Arrows indicate EphA4 staining around the DRG. d: dorsal; v:
ventral; nt: neural tube. Scale bar: 50 pm (A-D); 50 ¡.rm (E-L).
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3.2.5 EphA4 closely surrounds sensory axon trajectories as they

sprout from DRG towards fhe CNS an also to meet the spinal motor

neurons

To further investigate the relationship between EphA4 on the lateral sclerotome and the axons

of the recently formed DRG, EphA4 distribution was analysed in stage 20 embryos in the

mid-trunk region with the axonal marker, TUJ1. As previously observed, EphA4 defined the

dorso-medial and to a lesser extent, ventrolateral boundaries of sensory axonal trajectories

(Figure 3.94-C). Consistent with the ephrin-A3-Fc data (Figure 1B), EphA4 was also present

on the dorso-medial lip of the dermomyotome at stage 20 (Figure 3.94). High magnification

of the dorsolateral sclerotome region suggested that EphA4-presenting cells in this tissue

abutted DRG axons extending back into the neural tube (arrows, Figure 3.9D). At the ventral

horn, EphA4 was expressed on the cell bodies of spinal motor neurons (asterisk, Figure 3.9E)

and also to a lesser extent on spinal motor axons (arrowheads, Figure 3.9E).
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Figure 3.9- EphA4-positive cells in the dorsolateral sclerotome closely surround DRG

axons in the rostral half-somite of stage 20 embryos.

(A-C) 100 pm transverse section from the mid-trunk region of a stage 20 embryo and

presented as a 5 pm optical stack. Sections were stained with anti-EphA4 (green) and the

microtubule marker, TUJ1 (red), to label axonal processes. (D) and (E) high magnification

view of dorsal (D) and ventral (E) neural tube regions in C. Arrows in (D) indicate degree of

co-localisation between DRG axons extending back into the CNS and EphA4 in the

sclerotome. Arowheads in (E) indicate degree of co-localisation between EphA4 and spinal

motor axons; asterisk shows EphA4 on spinal motor neurons. drg: dorsal root ganglion; nt:
neural tube; no: notochord. Scale bar: 50 ¡rm (A-C), (D-E).

Section stained by A. Stokowski, 2001.
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3.3 Discussion

The expression analyses in this chapter show a highly dynamic expression pattern for EphA

and ephrin-A proteins during ventromedial NC migration into the DRG. Utilising a whole-

mount Fc screen, EphA and ephrin-A molecules were found in complementary domains

within the rostral somitic mesoderm during PNS segmentation. Further analyses explored the

precise spatiotemporal distribution of EphA4 and ephrin-A5 during three main phases of

ventromedial NC cell migration; during delamination and the emigration of NC cells into the

somite; infiltration into rostral half-somites and subsequent condensation into DRG; and

during DRG formation/axon outgrowth. These data revealed that ephrin-A5 \Mas expressed on

NC cells from their delamination at the dorsal neural tube to their emigration into the somite

and condensation into DRG. In comparison to ephrin-A5, EphA4 had a highly dynamic

distribution during the three phases of NC cell guidance. The expression of EphA4 on and

around NC cells appeared to be bi-phasic. Initially, it was associated with NC and somite cells

along the ventromedial NC cell pathway and then later defined the sclerotome regions

surrounding NC cells. Finally, during differentiation and axonal extension of DRG precursors,

EphA4 continued to surround the DRG, particularly in the dorsolateral sclerotome adjacent to

DRG axons extending back towards the central nervous system (CNS). The implications of

these dynamic expression pattems are discussed in the context of early NC cell migration into

the somite; condensation of NC cells into DRG; and DRG differentiation and axon guidance.

The expression of EphA4/ ephrin-A5 in ventral NC cells is also discussed with reference to

the maintenance of CNS:PNS boundaries.

3.3.1 EphA4 is co-distributed with ephrin-A's on migratory NC cells

at the initial phases of migration

Time-lapse analyses have shown that NC cells migrate in highly organised streams through

the rostral somite, maintaining leading-to-tail edge contacts (Krull et a1., 1995; Rovasio et al.,

1983). These data suggest that cell-cell communication between NC cells might be important

for coordinating their highly organised migration through the somite (Krull et a1., 1995; Ikull

et a1.,1997). A common observation in both the EphA3-Fc and ephrin-A5 analyses was that

ephrin-A ligands (and in particular ephrin-A5) were strongly expressed on NC cells during

their delamination and subsequent ventromedial migration to form DRG. This data was in

accordance with previous studies demonstrating expression of ephrins -42, -45 and -46 on
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NC cells during delamination and their migration into the somite (Mclennan and Krull,

2002), and also expression of ephrin-A5 and -42 on the DRG at hindlimb levels (Eberhart et

a1., 2000). Given the extensive distribution of ephrin-A proteins on NC cells throughout the

various migratory phases of NC cell migration, it is likely that spatiotemporally specific

expression patterns for each of these underlies defined functions throughout NC development

Interestingly, ephrin-A5 has recently been shown to interact with EphB3 (Himanen et a1.,

2004), also co-expressed on NC cells (Krull et al,1997), and therefore may be acting

cooperatively with ephrin-A5 to facilitate cell-cell communication between NC cells.

In addition to ephrin-A molecules, Mclennan and colleagues (2002) found that EphA4 was

expressed at avery low level on NC cells during delamination and their initial emigration into

the somite (Mclennan and Krull, 2002). Consistent with these observations, the ISH analyses

presented in Figure 3.5 indicated that EphA4 was expressed in regions indicative of recently

delaminated NC cells. The low expression of EphA4 in these regions might explain why

previous studies did not detect EphA4 on NC cells or in the rostral half-somite at the earliest

phases of NC cell migration (Santiago and Erickson, 2002). Furthermore, in vitro studies

suggest that interactions between ephrin-A proteins and EphA4 on migratory NC cells are

"migration-promoting"(Mclennan and Krull, 2002). Thus, reciprocal interactions between

EphA4 and ephrin-A proteins could act as a recognition system on the cell surface of

migrating NC cells, thereby coordinating NC cell movement during delamination. Given that

the focus of the studies presented in this chapter was on the distribution of EphA4 in the

somite, and thereby at later phases of NC migration than Mclennan and colleagues

(Mclennan and Krull, 2002), the exact spatiotemporal distribution of EphA4 with NC cells

would have to be re-analysed. However this opens up interesting possibilities with regards to

Eph-ephrin-A mediated control of coordinated NC cell movement during delamination and

the early entry of NC cells into the somitic environment.

3.3,2 EphA4 express ion in the somite and possrbre mechanisms for

neural crest cel seg mentation

Throughout the ventromedial migration of NC cells through the rostral half-somite, EphA4

was expressed on cells in contact with NC cells in the sclerotome, indicative of a role in NC

cell guidance. In general, guidance cues regulating the segmental migration of NC cells

through the somitic environment have fallen into three broad classes based on restricted

expression patterns within the somite and whether this precedes NC emigration into this tissue
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(Krull, 1998;Perris, 1997). The first of these are factors that are localised to the caudal half-

somite, known to mediate repulsion at least in vitro (Davies et a1., 1990; Krull et aL,1997;

Ranscht and Bronner-Fraser, 1991; Ring et al., 1996) and are unchanged by NC cell deletion,

often being associated with regions of cartilage formation in the embryo ((Oakley and

Tosney, 1991) refer Section 1.4.1.). The second are ECM molecules that are re-arranged as a

result of NC invasion into the somite. This group includes versican (Landolt et al., 1995) and

F-spondin (Debby-Brafman et a1.,1999), that are re-arranged to the caudal portion of the

somite and therefore negatively influence NC migration; as well as migration-positive

molecules re-arranged into the rostral half-somite coincident with NC migration, such as

tenascin-C and TSP-1 (Tucker, 2007; Tucker et al., 1999). The third and final group of

molecules are migration-promoting ECM components that do not exhibit any differential

distribution in the somitic tissue but are known to facilitate NC movement (Perris and

Perissinotto, 2000). Given that EphA4 was expressed exclusively in the rostral halÊsomite

and its expression in the somite occurred coincident with NC migration, EphA4-ephrin-A

interactions may constitute a local guidance system that acts in concert with known ECM

molecules to guide NC migration and subsequent differentiation through the somites. The

possible consequences and similarities between EphA4 distribution and other known

migration-promoting factors are discussed in more detail below.

Interactions between NC cells and ventral sclerotome cells are important for the sorting of NC

cells between DRG and SG lineages (Goldstein and Kalcheim, 1991). During the initial entry

of NC cells into the rostral-half sclerotome regions, NC cells are often found interspersed

amongst sclerotome cells in the somitic milieu, suggestive of contact guidance (Bronner-

Fraser and Stern, l99l; Krull et al., 1995; Newgreen et a1.,1990). These interactions are

thought to be important for NC lineage restriction as cells that remain dorsally localised end

up colonising the DRG, whilst those that continue migrating ventrally will contribute to SG

lineages (Goldstein and Kalcheim, 1991). In the ventral sclerotome regions, EphA4 cells

appeared to be mixing with (and also possibly expressed on) NC cells in ventral sclerotome

regions (Figure 3.7). Though it was impossible to determine whether or not EphA4 was

expressed on NC or sclerotome cells at this time-point, a possible interpretation is that this

reflects expression on sclerotome cells and a subsequent guidance role. Interestingly,

comparison of EphA4 distribution in the two sections from stage 15 embryos in Figure 3.7,

suggests that the ventral localisation of EphA4 occurred coincident with a slight compaction

of the NC stream at dorsal regions. Thus, EphA4 on sclerotome cells (distinct from its co-

expression with ephrin-A ligands on NC cells) might provide an adhesive scaffold for ephrin-
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A presenting NC cells, sufficient to "hold" cells in a dorsal location. Consistent with this

possibility, ephrin-A5 expressing cells were never found localised in the SG regions but

instead only contributed to the DRG lineages.

After their initial emigration from the neural tube and entry into the somite, NC cells infiltrate

the rostral half-somite in increasingly large numbers, populating the more medial regions

(Tosney et aL,1994). Coincident with the large-scale entry of NC cells into the somite,

EphA4 appeared to enter into a different phase of expression, clearly defining NC avoidance

regions within this migration environment (Figure 3.6). An integral part of this phase of

expression was that EphA4-positive regions appeared to be progressively displaced from the

sclerotome by ventrally migrating NC cells, moving into medial and lateral regions around

NC cells. A possible interpretation for the re-arrangement of EphA4 distribution is that this

reflects a change in its guidance function for NC cells, from an active guidance role to a more

general role in channelling NC precursors through specific regions of the rostral half-somite

(compare Figure 3.6G with H). The re-arrangement of molecules coincident with NC cell

invasion into the rostral halÊsomite has been reported for multiple ECM molecules (Perris

and Perissinotto, 2000). However, little is known about whether their re-arrangement is a

cause or consequence of NC cell entry into the somite and therefore has any functional

significance for NC guidance (Krull, 1998).

Two functional blocking studies in vivo have been able to shed some light on the possible

guidance role of the ECM molecules, versican and F-spondin, that are re-distributed into NC

avoidance zones within the rostral halÊsomite coincident with NC cell emigration (Debby-

Brafman et a1.,1999; Henderson et al., 1997). Analysis of the distribution of versican in Pax3-

deficient mice (that exhibit severe NC cell migration defects) indicated that versican

expression domains had expanded into normally NC cell-negative regions. Given that the

altered versican distribution was not related to a general somite defect, it was suggested that

the expansion of versican into NC migratorypathways could explain the inability of Pax3 -l-

NC cells to migrate correctly through the somite (Henderson et al., 1997). Additionally, F-

Spondin demarcates tissue barriers for both dorsolateral and ventromedial NC migratory

pathways. Using in vivo neutralisation studies, it has been shown to determine migration-

permissive regions within the rostral-half somitic tissue (Debby-Brafman et al.,1999). Thus

there is some evidence to suggest that in vivo,Ihe creation of permissive migratory

environments by ECM molecules (and possibly EphAa) within the rostral half-somite have

important consequences for NC migration.
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3.3.3 EphA4 and its potential role(s) in DRG formationlaxon

guidance

Coalescence of NC cells into the DRG is thought to be mediated by increased expression of

cell-cell adhesion molecules such as N-cadherin and N-CAM, as well as in part determined by

ventrally-located cues in the somitic mesoderm (Akitaya and Bronner-Fraser, 1992; Bronner-

Fraser, 1993a). Multiple ECM molecules, including CSPGs (Perris el a1.,1991b), versican

(Landolt et al.,1995), hyaluronectin (Penis et al., 199lb) and PNA-binding proteins (Oakley

and Tosney, 1991) have been described surrounding the DRG on the rostro-caudal and dorso-

ventral axes. The exact role of these proteins in determining the eventual positioning and

formation of the DRG is unknown, though they do demarcate pre-chondrogenic areas,

suggesting that they might simply provide a general scaffold in which the DRG can form

(Christ et al., 2000; Oakley and Tosney, 1991). EphA4 has been shown to demarcate areas of

mesench¡rme condensation in the limb (Patel et al., 1996), whilst its distribution around the

DRG is maintained until at least stage26 when chondrogenesis begins (data not shown;

(Christ et a1., 2000; Eberhart et al., 2000; Iwamasa et al., 1999; Santiago and Erickson,

2002)). Thus, in a similar marurer to other ECM molecules expressed surrounding the DRG,

EphA4 expression at this time might be primarily important for vertebral column

development, only influencing DRG positioning indirectly.

In addition, the rostral half-somite has been shown to be necessary for facilitating the

proliferation of DRG precursors before their differentiation into sensory neurons (Goldstein et

al., 1990). A possible mechanism through which the rostral halÊsomitic mesoderm could

facilitate proliferation is by creating a local pool of CNS-derived mitogenic factors, such as

FGF (Le Douarin and Kalcheim, 1999). InXenopus embryos, defects caused byperturbation

of EphA4 signalling were minimised by co-injection of FGF-8, suggesting a possible

interaction between these two molecules in this embryological system (Park et al., 2004). In

addition EphA4 expression in the apical ridge of the wing bud is regulated by FGF signalling,

suggesting that these two molecules might be interacting in similar pathways (Patel et al.,

1996). Thus, it is quite possible that EphA4 might also be interacting with FGF in the rostral

halÊsomite to maintain it in a high concentration, subsequently promoting proliferation of

DRG precursors.

The axons of DRG sensory neurons orient and then extend their growth cones in highly

specific bipolar trajectories. On the dorsal side, DRG axons target the CNS and on the ventral

side, fasciculate along spinal motor axons, targeting the periphery (Keynes et a1.,1997).The
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distribution of EphA4 on sclerotome cells at the border of DRG axon trajectories suggests a

contact guidance role. It has been established that the caudal-half sclerotome maintains the

direction of sensory neuron trajectories within the rostral half-somite via contact repulsive

cues (Davies et al., 1990). Less is known about guidance in the dorso-ventral plane. More

recent experiments have indicated that the dermamyotome, surface ectoderm and notochord

are potent sources of chemorepellent molecules and mediate guidance via "surround

repulsion" (Tannahill et a1.,2000). Thus, EphA4 might represent an additional level of control

in this axis through contact between DRG axons and EphA4-presenting cells.

As functional redundancy is a coÍlmon feature of the Eph family of RTKs, it is possible that

there are other EphA receptors and/or ligands (not detected by EphA3-Fc) contributing to

neural crest/ DRG axon guidance. For example, Iwamasa and colleagues, (1999) have shown

that EphA3 is distributed on the dermomyotome and on the sclerotome around the DRG

(Iwamasa et a1.,1999). Interestingly, ephrin-46 is distributed in the same tissues as EphA4 on

NC cells at early phases of their migration and also on the sclerotome during DRG axon

outgowth (Mclennan and Krull, 2002; A. Stokowski, unpublished data). Thus, in a similar

fashion to the visual system, ephrin-46 might be required to modulate EphA4 function

(Hindges et a1.,2002). In support of a functionally redundant role for EphA4 in NC cell

guidance/DRG formation, EphA4 knock-out mice do not display any gross PNS defects

(Kullander and Klein, 2002). However further analysis of these mice at the correct

spatiotemporal location during NC migration would be required to ascertain if there were any

transient effects on NC cell movement.
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3.4 Gonclusion

In conclusion, the expression analyses presented here suggest multiple possible roles for

EphA4/ephrin-A interactions in ventromedial NC cell migration and subsequent DRG

formation/axon guidance. The implications of these have been divided into three main

developmental outcomes: crest-crest interactions during early development, crest-somite

interactions during condensation to form DRG and lastly, roles for EphA4 in DRG formation

and contact guidance between DRG axons and the sclerotome. Given the dynamic nature of

the expression pattem of EphA4, both on NC cells and also in the rostral half-somite during

ventromedial NC migration, this protein was selected as a candidate for further analysis using

in ovo electroporation.
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Chaptet 4 - Mis-expression of EphA4 in the dorsal

neural tube perturbs normal NC cell development

4.1 lntroduction

The expression data indicated that EphA4 was distributed in a dynamic manner with respect

to NC cell development. Initially, EphA4 was expressed on and around NC cells migrating

through the rostral somitic tissue. Later, once NC cells began to condense into DRG, EphA4

defined NC avoidance zones with the rostral half-sclerotome, becoming restricted to the

dorsolateral and ventromedial areas surrounding the region of condensation. This pattern was

maintained during axonogenesis; however, EphA4 expression demarcated the rostro-caudal

boundary of the somite, at the dermomyotomal lip (DML) and on the dorsolateral side of the

growing axonal processes (refer Chapter 3).

The close proximity of EphA4-expressing cells to NC cells during their migratory period and

their subsequent withdrawal from NC cells to surround the DRG at the onset of

gangliogenesis is similar to such migration-promoting molecules as fibronectin (Thiery et al.,

1982b), tenascin (Mackie et al., 1988), or even hyalouronectin (Penis and Perissinotto, 2000).

Recently it has been shown that EphA4 is expressed on NC cells during delamination and

their early emigration into the rostral half-somite (albeit at low levels) ((Mclennan and Krull,

2002); Chapter 3), suggesting some role in the coordination of NC cell migration by

facilitating cell-cell communication. Thus, to determine if EphA4 has a role in NC cell

guidance either through maintaining cell-cell contacts, or mediating NC cell interactions with

the rostral half-somite, EphA4 was over-expressed in NC cells at the onset of their migration,

and also EphA4 function was blocked using a kinase-inactive EphA4 construct. The effects

were analysed using a marker for migratory NC cells, the HNK1 antibody (Tucker et al,

1988).

In ovo electroporation was utilised to perturb EphA4 expression. This technique is a transient,

transgenic system that enables both gain-of-function and loss-of-function approaches to be

utilised in the avian embryo (REFER Section 1.8). Plasmid DNA, encoding EGFP and the

gene of interest is injected into the lumen of the neural tube. Platinum electrodes are then

placed in a ventro-dorsal orientation either side of the embryo to facilitate expression of the
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genes in the dorsal quadrant (cathode side) of the neural tube and subsequently, on NC cells

that delaminate from this region. Embryos transfected via electroporation are viewed 24 hours

later using fluorescence microscopy either longitudinally (from the dorsal aspect) as a whole-

mount embryo or in transverse sections. This technique has been used extensively in the field

of NC cell development to analyse the role of various transcription factors/ cell adhesion

molecules in NC cell development (Cheung and Briscoe,2003; Dottori et al., 2001; Kos et a1.,

2001).

4.2 Results

4,2,1 EphA4 over-expression inhibits the segmental migration of NC

cells through the somite

For the gain-oÊfunction approach, Gallus gallus EphA4 oDNA was inserted into the pMES

vector, which contains a chicken p-Actin promoter and CMV-IE enhancer driving expression

of a bi-cistronic messenger RNA in neuronal tissues (Krull, 2004). Due to the insertion of an

internal ribosome entry site (RES) between the gene of interest and EGFP, each protein is

translated independently, yelding two distinct protein products (Swartz et al., 2001a). All

electroporations were carried out on stages 12-14 embryos, staged according to Hamburger

and Hamilton (Hamburger and Hamilton, 1951). The over-expression construct,

EphA4/EGFP, was injected into the neural tube lumen at the level of epithelial somites in

order to target NC cells prior to their emergence from the neural tube. Embryos were

incubated for 24 hours (stages 17-20) and analysed in the mid-trunk regions for the effects of

EphA4 over-expression on NC cell migration, utilising the NC cell marker, HNKI, and

ephrin-B1 to indicate the caudal halÊsomite.

In control embryos, EGFP-expressing cells exited the neural tube and migrated into the rostral

halÊsomite in an organised fashion, integrating efficiently into the population of endogenous

NC cells (Figure  .IA-C; n:16). The emigration of EGFP-positive cells occurred

contiguously with endogenous NC cells and produced an equivalent degree of ventral

migration into the somite on both sides of the embryo (data not shown). In comparison,

EphA4/EGFP-expressing cells that had budded off from the neuroepithelium remained

dorsally adjacent to the neural tube and adopted a round morphology, distinct from the

endogenous NC cell population (Figure 4.lD and E). In regions with the highest number of
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EphA4/EGFP-expressing cells outside the neural tube, NC cells did not enter the adjacent

somite, instead forming a wedge of tightly associated cells at the dorsomedial edge of the

neural tube (n :8113; arrows, Figure 4.lD and F). The most severe loss of NC cells in the

somite occurred ventrally, adjacent to regions where multiple EphA4/EGFP-positive cells

were located (arrows, Figure 4.lD and F; data not shown). Lr control embryos, a similar NC

cell aggregation was observed in7ll4 of all embryos analysed (REFER Appendix 1.2).

Due to the orientation of the embryo in Fig 4.lD-F, it was impossible to determine if the loss

of cells in the somite occurred in the dorsal portion of the somite alone. Examination of the

entire dorso-ventral extent of the embryo indicated that the majority of transfected NC cells

were clumped at the dorsomedial neural tube, leaving the somite devoid of NC cells

(arrowhead, Figure 4.1G). The virtual absence of NC cells in these somites did not affect

their rostro-caudal polarity as indicated by ephrin-B1, though the electroporated and un-

electroporated sides did appear slightly out of phase (Figure 4,lG; compare asterisks between

electroporated and un-electroporated sides). To summarise the effect of EphA4 over-

expression in the transverse plane, a schematic diagram (Figure 4.1 H) illustrates the

localisation of EphA4/EGFP-positive cells (green) at the dorsomedial edge of the somite,

causing a reduction in the number of endogenous NC cells on the transfected side of the

neural tube (grey; Figure 4.1H).

A possible mechanism for the reduction of NC cells in the somites observed in embryos

expressing EphA4/EGFP was that EphA4 was affecting the number of cells emanating from

the dorsal neural tube. Examination of the dorsal aspect of embryos with a clumping

phenotype (Figure 4.2A and B) indicated that the number of NC cells on the electroporated

side of the dorsal neural tube was significantly reduced (arrows, Figure 4.28). This seemed to

correlate with decreased progress of NC cell migration through the somite on the transfected

side (anowheads, Figure 4.2D).

4.2.2 Does EphA4 over-expression cause apoptosis?

One possible explanation for the rounded morphology and reduced number of NC cells at the

dorsal neural tube was that cells over-expressing EphA4 were undergoing apoptosis. To

examine the degree of apoptosis in EphA4 and control electroporated embryos, transfected

embryos (stages 16-18) were sectioned transversely in the mid-trunk regions and analysed for

the distribution of TUNEl-positive nuclei. In both control and EphA4-expressing embryos,
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TUNEl-positive nuclei were localised at the dorsal edge of the neural tube and also in the

floorplate region (Figure 4.3B and E). In the dorsal region, however, EphA4-expressing

sections demonstrated a strong localisation of TUNEl-positive nuclei on the expressing side

compared to a more even distribution in controls (compare Figure 4.3A-C with D-F). Despite

an increased distribution of TUNEl-positive nuclei on the EphA4/EGFP-expressing side, in

most cases this did not correlate with increased co-localisation between EphA4iEGFP-

positive cells and TUNEl-positive nuclei. As demonstrated in high magnification in Figure

4.3G-I, EphA4-expressing cells were often associated with TLINEL nuclei but were not

themselves undergoing apoptosis (arrowheads, Figure 4. 3 G-I).

To confirm the extent of apoptosis on the EphA4-expressing side of the neural tube,

transverse sections from EphA4 and control embryos were pooled (EphA4, n:4 and Control,

n:3) and the number of TUNEl-positive nuclei counted in the dorsal quadrant of the

expressing and non-expressing sides for each (REFER Appendix 1.3 for summary). This

indicated that whilst there was a trend towards increased apoptosis on the EphA4/EGFP-

expressing side (not observed in controls), this was not statistically signifrcant þ :0.057;

Figure 4.3J).
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Figure 4.1- Ectopic expression of EphA4 after 24 hours incubation inhibits NC cell

segmentation in the mid-trunk region of stage 18-20 embryos.

Control (A-C) and EphA4/EGFP (D-F) transfected whole-mount embryos, viewed dorsally

and presented as 20 pm stacks of optical sections. Transfected embryos were stained with

HNKI (red) to indicate migratoryNC cells and ephrin-Bl (blue) to label the caudal halÊ

somite. EGFP distribution in this image and all subsequent images indicated in green.

Asterisks in (E) point to EphA4/EGFP-expressing cells at the dorsomedial neural tube; arrows

in (D) and (F) indicate NC cell distribution in the somite.

(G) Image taken from entire dorso-ventral extent (76 pm stack) of EphA4/EGFP-expressing

embryo in (D-F), focussing on the three rostral-most somites in (D-F). Asterisks indicate

spacing of somites between electroporated and un-electroporated sides; arrowhead points to

migratory NC cells unaffected by EphA4 expression. (H) Schematic reconstruction in the

transverse plane summarising the EphA4 phenotype. Green cells represent EphA4/EGFP-

expressing cells, gtey are NC cells. Brackets indicate somite outline R: rostral. nt: neural

tube; dm: dermomyotome. Scale bar: 100 pm (A-G).
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Figure 4.2- EphA4-mediated inhibition of NC cell segmentation reduces the number of

NC cells at the dorsomedial neural tube.

Schematic diagram of a transverse section of the neural tube illustrates the plane of section in

the longitudinal views in (A and B) and (C and D).

(A and C) 4 ¡rm stack of optical sections taken from a whole-mount stage 18 embryo in the

mid-trunk region, expressing EphA4/EGFP (green), and co-stained with HNKI (red) and

HNKI alone (B and D). (A) and (B) are taken from the dorsal regions (of the series of optical

sections) and (C) and (D) from the ventral regions. Arrows in (B) indicate reduced numbers of

HNKI at dorsal levels. Arowheads indicate reduced delamination on the electroporated side.

R: rostral, bracket indicates somite outline. Scale bar: 100 pm (A-D).
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Figure 4.3- EphA4-mediated inhibition of NC cell migration is not due to apoptosis in

EphA4Æ GFP-expressin g cells.

Control (A-C), and EphA4/EGFP (D-F), electroporated embryos, sectioned transversally and

screened for TUNEl-positive nuclei (red). Sections were taken from the mid-trunk region of

stage 18 embryos and presented as a 10 pm stack of optical sections with EGFP alone (green,

A and D), TUNEL nuclei (red, B and E), and the EGFP/TLTNEL overlay in (C and F). (G)

Fluorescent micrograph of the dorsal neural tube of an EphA4/EGFP transverse section

viewed in high magnification and presented as EphA4/EGFP alone (green, G), TUNEL nuclei

(red, H) and co-localised (I). Arrowheads in (G-I) highlight the position of TUNEL nuclei

with regards to EphA4/EGFP-expressing cells. nt: neural tube; fp : floorplate. Scale bar: 50

¡rm (A-F); 100 ¡rm (G-D. White line in (G-I) denotes neural tube outline.

(J) Distribution of TUNEL nuclei in the dorsal neural tube in EphA4/EGFP (n: 4) and

EGFP-expressing embryos (n: 3). Counting of TTINEL nuclei was performed on transverse

sections taken from the mid-trunk region of embryos sectioned 24 hours after electroporation

and the data pooled for EphA4/EGFP and EGFP sections. Mean number of TUNEL nuclei for

electroporated (green) and control (blue) sides are compared for each construct. No significant

differences were found between electroporated and control sides for either EphA4/EGFP or

EGFP-expressing embryos, EphA4 (p :0.057) or controls (p:0.977). Error bars for

EphA4/EGFP, EP: + 5.8, Control: + 6.3 and EGFP, EP: + 8.5, Control: + 7.3. EP:

electroporated side; Control : contralateral side
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4.2.3 EphA4/EGFP-positive cells aggregate in the neural tube and

emigrate from its lateral surtace

A common feature found in embryos electroporated with EphA4/EGFP when viewed in

dorsal longitudinal view was that EphA4/EGFP-positive cells were distributed in isolated

clusters within the neuroepithelium. To further examine this effect, embryos were viewed in

transverse sections and the number of sections with clumped EphA4/EGFP-positive cells

compared to controls (Figure 4.4; REFER Appendix 1.2B). In control embryos (n:6),

EGFP-expressing cells were oriented laterally and aligned with neuroepithelial cells, forming

a columnar structure contiguous with endogenous cells (Figure 4.4A). External to the neural

tube, EGFP-expressing cells were aligned at positions coincident with the normal progression

of cells undergoing delamination and subsequent emigration into the somite (arrows, Figure

4.4A andB). In all but one embryo analysed (n : 8/9), EphA4/EGFP-expressing cells in the

neural tube were not laterally aligned contiguous with neuroepithelial cells but formed a

clump of cells that extended out of the plane of the neural tube surface (Figure 4.4C-G).

Exterior to the neural tube, EphA4/EGFP-positive cells were often found adjacent to these

clumps, appearing to have exited the neural tube from the lateral regions (arrow, Fig 4.4C and

D). Interestingly, these cells had a normal migratory morphology and some had acquired

HNK1 immunoreactivity indicative of cells that had successfully delaminated (arrowheads,

Figure 4.4C and D).

To better examine the arrangement and possible consequences of EphA4/EGFP-expressing

clumps within the neural tube, transverse sections were analysed using antibodies against the

basal lamina protein, laminin and N-cadherin (Figure 4.4E-G). EphA4/EGFP cells extending

from the lateral edge of the neural tube were bounded by basal lamina, indicating that their

conformation had distended the lateral edges of the neural tube (arrows, Figure 4.4F and G).

Furthermore, the band of EphA4/EcFP-positive cells within the intermediate neural tube

correlated with a concentration of N-cadherin protein; this included EphA4-expressing cells at

the lateral edge (Figure 4.4F).
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Figure 4.4- EphA4/EGFP-expressing cells delaminate from the pial surface of the neural

tube.

Transverse sections of control (A and B), and EphA4/EGFP-expressing embryo (C-G) taken

from the mid+runk region of stage 18-20 embryos and presented as 10 pm stacks of optical

sections. A-D are co-stained with HNK1 (blue). (A-D) affows indicate extent of co-

expression of HNK1 in control and EphA4/EGFP cells at intermediate neural tube.

Arowheads in (C- D) indicate HNKI and EphA4/EGFP co-expression. White line in (B-D)

denotes neural tube outline.

(E-G) 4 pm stack of transverse EphA4/EGFP (green) section stained with N-cadherin (red)

and laminin (blue) in (E). (F) and (G), high magnification view focussing on EphA4/EGFP-

positive band in intermediate neural tube. Anows in (F) and (G) indicate EphA4/EGFP-

expressing cells protruding out of neural tube.

Scale bar: 50 prm (A-D), (E), (F-G).
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4.2.4 EphA4 over-expression in the dorsal neuroepithelium inhibits

NC cell delamination

Given the inhibitory effects of EphA4 on NC cell migration through the somite, the effect of

EphA4 over-expression on EMT was examined more closely. Transverse sections of

embryos transfected with EphA4/EGFP were analysed24 hours post-electroporation in the

mid-trunk region, utilising HNK1 as a marker for the successful completion of EMT, N-

cadherin to indicate the distribution of neuroepithelial precursors, and laminin to indicate

basal lamina breakdown at the dorsal neural tube (Figure 4.5). On the EphA4/EGFP-positive

side of the neuroepithelium, HNK1 distribution was significantly reduced at the dorsal neural

tube (arrowheads, Figure 4.54 and B; EphA4, n:415; control n:0/3). Comparison of the

number of HNKl-positive cells at the dorsal neural tube in EphA4/EGFP-expressing

neuroepithelium with controls indicated that delamination was inhibited at the dorsal neural

tube in 80% of EphA4 embryos (n: 415) compared to not at all in control embryos (n:0/3).

This often coincided with a reduction in the extent and number of NC cells at the dorsomedial

edge of the somite on the electroporated side (arrow, Figure 4.58). Furthermore, co-

localisation of the image (in Figure 4.58) with laminin immunoreactivity indicated that the

dorsal edge of the EphA4/EGFP transfected side was characterised by a thickening of the

basal lamina, such that the lateral extent of membrane breakdown (indicated by laminin

antibody) was more advanced on the un-transfected side (compare arrowheads, Figure 4.5C).

Breakdown of the basement membrane above the neural tube is an integral component of

EMT (Newgreen and Gibbins, 1982). An additional requirement for correct neuropeithelial

cell exit from the neural tube is the loss of N-cadherin mediated epithelial cell-cell junctions

(Nakagawa and Takeichi, 1998; Newgreen and Gibbins,1982; Newgreen and Gooday, 1985).

Thus, these two key requirements for EMT were examined in more detail in EphA4/EGFP-

expressing and control embryos using laminin and N-cadherin antibodies (Figure 4.5D-G).
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Figure 4.5- EphA4 inhibits the delamination of NC cells and reduces basement

membrane breakdown at dorsal neural tube.

Transverse sections of EphA4/EGFP-expressing embryos (A-C and F, G) and control

embryos (D, E) taken from the mid-trunk of stage 18-20 embryos.

(A) EphAa/EGFP (green) transverse section stained with HNK1 (red) and laminin (blue). (B)

and (C) show the same section presented as a single optical section; HNKI alone (B) and

HNKl/Laminin (C). Arowheads in (A-C) indicate NC cells at dorsal neural tube above

EphA4/EGFP region; arro\M in B indicates reduced HNK1 on electroporated side.

(D-G) Single optical sections of control EGFP-expressing (D, E) and EphA4/EGFP-

expressing (F, G) embryos stained with N-cadherin and laminin; EGFP, N-cadherin (red) and

laminin (blue) co-localisation in (D and F); N-cadherin/laminin co-localisation in (E and G).

Arowheads in (E and G) indicate dorsal extent of N-cadherin; arrows in (E) point to laminin

distribution on and around recently delaminated cells. Arrows in (G) point to basement

membrane breakdown on transfected and un-transfected sides; dorsal midline indicated by

line.

Scale bars: 100 ¡rm (A); 50 pm (8, C), (D-G)
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In control embryos, NC cell precursors expressing EGFP were observed at the dorsal midline

in the N-cadherin negative region of the neural tube, and located above a discontinuous

basement membrane (Figure 4.5D). Furthermore, neuroepithelial cells on the transfected side

appeared to lose N-cadherin immunoreactivity at approximately the same distance from the

dorsal edge of the neural tube as on the unaffected side (arrowheads, Figure 4.5E). The

breakdown of the basement membrane at the dorsal midline was also consistent with EGFP

having no effect on the normal process of EMT, generating cells with laminin-positive

membrane around their exterior surfaces and in the surrounding interstitial matrix to a similar

extent on both the transfected and un-transfected sides (arrows, Figure 4.5E). In contrast,

EphA4/EGFP-expressing cells formed a thick wedge in the N-cadherin positive region at the

dorsal midline (Figure 4.5F). Compared to controls, the dorsal limit of N-cadherin staining

was extended dorsally, above the region of EphA4/EGFP-expressing cells, creating an

asymmetrical distribution between transfected and un-transfected sides (arrowheads, Figure

4.5G). Overlay of N-cadherin and laminin staining indicated that, in a similar way to Figure

4.5C, the edge of continuous basement membrane on the EphA4 side was much closer to the

dorsal midline than the contralateral, indicative of reduced EMT (compare alrows, Figure

4.sG).

To further examine a possible inhibition of EMT from the dorsal neural tube of

EphA4/EGFP-expressing neural tubes, the morphology of EphA4/EGFP-po sitive

neuroepithelial cells was examined (Figure 4.6). Utilising the PaxT antlbody to indicate the

dorsal neural tube, expression of EGFP alone in this region and on subsequently emigrating

NC cells didn't affect the progression of cells through EMT (Figure 4.6A and B). Focusing on

cellular morphology at the dorsal midline, there was aclear progression of cell shape and

orientation from laterally connected neuroepithelial cells, to the more dorso-ventrally aligned

cells at the dorsal midline of the neural tube and to a recently detached cell, (following

arrowheads ventro-dorsally, Figure 4.68). In contrast, EphA4/EGFP-expressing cells at the

neural tube midline were ananged in a cluster, still attached to the neural epithelium (Figure

4.6C). The localisation of these cells at the midline perturbed the normal neuroepithelial

structure of the dorsal edge of the neural tube (arrows, Figure 4.6D), whilst the region above

the midline was characteristically devoid of cells (asterisk, Figure 4.6D).
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Figure 4.6- EphA4 causes a cell-autonomous inhibition of NC cell delamination.

Control (A-B; top panel) and EphA4/EGFP-expressing (C-D; bottom panel) transverse

sections taken from the mid-trunk regions of stage 18 (A-B) and Stage 16 embryos (C-D). (4,

C) Electroporated transverse sections (EGFP in green) were co-stained with PaxT (blue) to

highlight dorsal neural tube and developing demomyotome.

(B and D) Bright field images of (A) and (C) respectively. (B) Arowheads indicate

progressive changes in cell shape and orientation of neuroepithelial cells during NC cell

delamination from neuroepithelium to dorsal midline and those recently emigrated from the

neural tube. (D) Arrows point to EphA4/EGFP-positive cell clump in neural tube lumen, and

asterisk indicates cell-free region above dorsal neural tube. Scale bar: 100 pm (A); 50 pm (B-

D).
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4.2,5 K|EphA /EGFP express ion alters the migratory characterrcfics

and morphology of NC cells

Over-expression of EphA4 in the dorsal neural tube perturbed the normal development of NC

cells during their migration and also their exit from the neural tube. However, in the normal

situation, levels of EphA4 expression on NC cells are low and therefore it is unknown how

accurately these results might reflect a possible role for EphA4 on NC cells iz vivo. Thus, to

further examine the function of EphA4 in NC cell migratiorVEMT, kinase sigualling through

EphA4 was inhibited using a loss-of-function construct. This involved insertion of a Gallus

gallus EphA4 oDNA sequence containing a point mutation in the codon for a critical lysine

residue (in the kinase domain) into the pMES vector (Eberhart et a1.,2004). The kiEphA4

construct has been shown to abolish signalling through the kinase domain of endogenous

EphA4, acting as a dominant negative (Ethell, 2001). To maintain consistencywith EphA4

over-expression analyses, the kiEphA4/EGFP construct was injected into the neural tube

lumen at the level of epithelial somites in stage I2-I4 embryos (Hamburger and Hamilton,

1951) and these were analysed24 hours after incubation (stages 18-20) with HNKI and

ephrin-B1.

Contrary to the inhibitory effects of ectopic EphA4 treatment on NC cell migration,

kiEphA4/EGFP-expressing cells readily exited the neural tube and migrated ventrally into the

somites on both sides of the neural tube in a similar manner to controls (Figure 4.7;n: 14;

Control: n: 15). Despite their motile behaviour, kiEphA4/EGFP-expressing cells migrated in

two distinctly different ways and this appeared to be dependent on the exact developmental

stage at which the construct was expressed in the neuroepithelium (REFER Appendix 1.4 for

summary of phenotypes).
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Figure 4.7- Reduced kinase-dependant activity of EphA4 promotes uncoordinated NC

cell outgrowth.

(A-C) 34 pm stack of optical sections of the mid-trunk region of a kiEphA4/EGFP-expressing

embryo showing distribution of EGFP-positive cells (green, A), HNKI (red, B and C) and

ephrin-81 (blue), presented as a co-localised image (C). (A) Arrows point to EGFP cells

expressing kiEphA4 on the un-transfected side of the neural tube; asterisks highlight

orientation and filopodial extensions of kiEphA4/EGFP-expressing cells. (C) Arows indicate

same cells highlighted (asterisks in A) crossing caudal half-somite region. Embryo

electroporated by R. Mclennan, PhD student, 2002.

(D-F) 34 ¡tm stack of optical sections from control EGFP-expressing embryo showing EGFP

distribution in (green, D), and co-stained with HNKI (red, E) and ephrin-8l (blue, F)

presented as a co-localised image in (F).

Scale bar: 100 pm (A-C), (D-F).
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The most severe phenotype occurred when kiEphA4/EGFP-positive cells were at the leading

edge of the NC cell outgrowth (24 hours after electroporation) (Figure a.7).kiEphAa/EGFP-

expressing cells appeared to have an elongated morphology and migrate in a disoriented

manner with their long axes aligned tangentially to the neural tube as opposed to the normal

dorso-ventral orientation of a ventrally migrating NC cell (asterisks, Figure 4.7 A; n : 3).

Despite their morphology, kiEphA4/EGFP-expressing cells remained HNK1-positive,

creating a disorganised NC cell outgrowth (compare electroporated and un-electroporated

sides, Figure 4.78 and C). Some kiEphA4/EGFP-expressing NC cells crossed the boundary

between rostral and caudal somite-halves and entered into the caudal somite-half, a region

normally avoided by migratory NC cells (arrows, Figure 4.7C).In control embryos,

electroporation of EGFP in the same regions did not ever result in EGFP-expressing cells

entering into the caudal half-somite; instead EGFP-expressing cells migrated through the

rostral half-somite in a coordinated group (Figure 4.7D-F; n: 15; refer Appendix 1.1).

Comparison between the level of HNK1 expression in kiEphA4/EGFP-expressing cells

located adjacent to the neural tube edge (and crossing inhibitory territories; affows, Figure

4.7C) and in control EGFP-expressing cells (Figure 4.7D-F) indicated that cells expressing

kiEphA4/EGFP had a significantly lower level of HNK1 immunoreactivity.

When kiEphA4/EGFP was expressed in slightly more anterior levels of the neural tube, the

disorientated migratory behaviour of kiEphA4/EGFP-expressing cells appeared to be

"rescued" (n : 7 ; Figure 4.8). Viewing NC cell migration in the presence of kiEphA4/EGFP,

through dorsal intermediate and ventral levels of a whole-mount embryo, indicated that these

cells exited the neural tube at the appropriate time and as a cohesive mass with endogenous

NC cells, avoiding the caudal half-somite regions (arrows, Figure 4.84-C). Despite their

coordinated migration, kiBphA4/EGFP-expressing cells had proceeded further into the ventral

regions of the rostral half-somite than their counterparts on the un-electroporated side,

creating an asyrnmetrical distribution of HNK1 immunoreactivity at dorsal levels (compare

arrows, Figure 4.84). This also translated to intermediate and ventral levels, where the front

of NC cell migration appeared more ventrally located on the electroporated side (arrows

Figure 4.88 and C; n:5; refer Appendix 1.54 for summary). To better analyse the ventral

extent of migration in the presence of kiEphA4/EGFP-positive cells, transverse sections were

examined (n:2; Figure 4.8D-F). As was the case for the longitudinal view, kiEphA4/EGFP-

expressing cells were located amongst the ventral-most group of cells near the dorsal aorta,

creating a more advanced NC stream on the electroporated side (arrow, Figure 4.8D and F).
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Figure 4.8- kiEphA4/EcFP-expressing cells migrate in a coordinated fashion through

the rostral half-somite at more anterior levels.

Schematic diagram summarising planes of section of the embryo viewed longitudinally in (A-

c).

(A-C) 10 pm stacks of optical sections taken at the dorsal (A), intermediate (B) and ventral

(C) levels of the mid-trunk region of a stage 20 embryo presented in dorsal longitudinal view

expressing kiEphA4/EGFP (green); co-stained with HNK1 (red) and ephrin-Bl (blue).

Arows in (A-C) indicate the localisation of kiEphA4iEcFP-expressing cells in migratoryNC

cell streams.

(D-F) Transverse section of mid-trunk region of stage 1 8 kiEphA4 embryo, presented as 1 8

¡rm z-stack and showing EGFP distribution (green, D), HNK1 (red, E) and co-localisation in

(F). Arow in (D) and (F) highlights ventrally migrating kiEphA4/EGFP cell located near

dorsal aorta.

Bracket indicates somite outline and R: rostral; nt: neural tube; no : notochord. Scale bar:

100 pm (A-C);200 pm (D-F).
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4.2.6 K\EphA44EGFP express ion enhances the progression of

neuroepithelial cells through EMT

In contrast to EphA4 over-expression, kiEphA4/EGFP expression facilitated NC cell motility

at mid-trunk levels. To determine the influence of kiEphA4/EGFP expression on the

generation of NC cells during EMT, electroporations were carried out on the caudal-most

regions of stages 12-14 embryos, opposite segmental plate mesoderm, and analysedlS-24

hours after electroporation. Electroporation at this stage enables neuroepithelial cells that are

still in the pre-migratoryphase of their development to be targeted with the expression

construct (Delannet and Duband,L992;Newgreen and Gibbins,1982; Newgteen and Gooday,

1e8s).

Embryos transfected with kiEphA4/EGFP in the caudal regions demonstrated a clear bias

towards NC cell formation on the electroporated side (Figure 4.9,Table 4.1). This suggested

that kiEph4/EGFP expression altered the timing of NC cell development, enhancing their

progression through EMT. Transverse sections were analysed with HNKI to determine the

precise location along the dorsal neural tube at which cells became mesenchymal (Figure 4.9).

ln control sections, HNK1 immunoreactivity was acquired at a similar point on the lateral

surface of the neural tube on both the electroporated and contralateral sides (Figure 4.9A and

B, Table 4.7 n:217).In contrast, kiEphA4/EGFP expression in the dorsal neural epithelium

stimulated HNK1 in a region normally negative for mesenchymal markers at the dorsal

midline (Figure 4SC and arrowheads, Figure 4.9D,n:616).In longitudinal view, the

presence of kiEphA4/EGFP was frequently associated with an asyrnmetrical distribution of

HNKI favouring the electroporated side (Figure 4.98 and arrows, Figure 4.9F).
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Figure 4.9- kiEphA4 expression at caudal regions of the embryo enhances NC cell

formation.

(A-B) 10 pm stack of optical sections taken of a control EGFP-expressing transverse section

from the lower mid+runk of a stage 18 embryo, and (C-D) kiEphA4/EGFP-expressing

transverse section from hindlimb level of a stage 18 embryo, co-stained with HNKI (red). (C)

Co-localisation between cells expressing kiEphA4/EGFP and HNKI in the dorsal neural tube,

(D) Low magnification image of (C) showing HNKI alone; arrowheads indicate dorsal edge

of HNK1 cell expression at dorsal neural tube.

White outline in (C) denotes neural tube lumen; outline in (D) denotes neural tube structure.

(E-F) Dorsal longitudinal view of stage 16 kiEphA4/EGFP expressing embryo in the caudal

region (-4 to -7 somites) co-localised with HNKI in (E) and presented as HNKI alone in (F).

Image (E-F) is 10 pm stack of optical sections. Arrows (F) indicates increased HNKI

distribution at the dorsomedial neural tube. Scale bar: 50 pm (A-B), (C-D); 100 pm (E-F)
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WM Trans TOTAL frequency

kiEphA4

Control

n=5/5 n=111

n=0/1

6/6 (1oo%)

217 (29o/o)216n

Table 4.1- Summary of data collected from the caudal regions of stage 16-19 embryos stained

with HNK1 and analysed for increased HNK1 distribution at the dorsal neuroepithelium on

the electroporated side.

Ultrastructural studies have demonstrated that an important component in the final stages of

EMT are morphological changes to NC cell precursors with regards to their orientation and

organization at the lateral edges of the neural tube (Newgreen et a1.,1982; Tosney, 1978).

One such change that is morphologically recognisable in dorsal longitudinal view is a

flattening of cells at the lateral edges of the neural tube prior to their final exit from this

structure (Figure 4.10 and data not shown). To determine if such morphological changes

occurred normally in kiEphA4/EGFP-expressing embryos, the transfected and un-transfected

sides were examined longitudinally using Nomarski optics. As previously demonstrated with

epiflourescence (Figure 4.9), the emergence of HNKl-positive cells from the neural tube was

slightly more developed on the kiEphA4/EGFP-expressing side than control, creating an

asymmetrical distribution of HNK1 on the transfected side of the neural tube (arrows, Figure

4.104 and B). Overlaying the epiflourescent image (bracketed region in 4.104/B) with the

same image taken using Nomarski optics, indicated that kiEphA4/EGFP-positive NC cell

clusters exhibited a flattened morphology and were located in the dorsomedial somite (staging

arca), exterior to the lateral edge of the neural tube (arrows, Figure 4.10D). ln comparison, no

cells were observed out of the neural tube boundary and in the somite staging area on the un-

transfected side (asterisks, Figure 4.10C and D). Instead, on the un-transfected side, flattened

neuroepithelial cells were observed within the confines of the neural tube structure indicative

of cells that had begun, but not yet completed EMT/exited the neuroepithelium (arrowheads,

Figure 4.10D). Coincident with an increase in NC cell number on the kiEphA4/EGFP-

transfected side; the width of the neural tube on the kiEphA4/EGFP-positive side was reduced

in77Yo of transverse sections (10/13 sections; n:3) analysed, compared to33o/o in controls

(3/9 sections; n: 3), suggesting that kiEphA4/EGFP was promoting NC cell formation at the

expense of neuroepithelium (Figure 4.10D, REFER Appendix 1.4 for summary).
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Figure 4.10- kiEphA4 enhances the formation of mesenchymal cells at the expense of the

neuroepithelium.

(A-B) Dorsal longitudinal view of stage 19 kiEphA4/EcFP-expressing embryo (GFP in

green) in the caudal region (somites -3 to -5) stained with HNK1 (red) and co-localised (A).

Image is presented as 10 ¡rm stack of optical sections; HNK1 alone is in (B). Arrows highlight

the increased developmental progress of kiEphA4/EGFP-expressing NC cells, brackets

indicate region equivalent to two somite lengths; embryo is oriented so that rostral is towards

top ofpage.

(C-D) Higher magnification view of bracketed region in A, showing the co-distribution of

EGFP cells with HNK1 and overlayed with Nomarski image. Asterisks in (C) indicate

reduced number of NC cells on un-electroporated side compared with equivalent somites on

electroporated side. Arrows in (D) highlight extensive cell flattening in the somite staging

area(lateral exterior of neural tube) on the kiEphA4/EGFP electroporated side. Arrowheads in

(D) highlight the flattened morphology of neuroepithelial cells within the lateral neural tube

on the un-electroporated side. Scale bar: 100 ¡rm (A-B), (C-D).
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4.3 Discussion

The findings in this chapter point to a novel role for EphA4 in NC cell development. Firstly,

over-expression of EphA4 at the point of NC cell delamination caused cell rounding and

inhibited the emigration of NC cells from the neural tube, perturbing NC segmentation.

Secondly, EphA4/EGFP expression appeared to have general over-adhesive effects as

expression in the neural tube resulted in cell clumping leading to reduced efficacy of EMT in

dorsal neuroepithelial cells on the EphA4/EGFP-positive side. Thirdly, blocking of EphA4

function using kiEphA4/EGFP facilitated NC cell motility although this has distinct effects

depending on the exact axial level analysed. 
'When 

expressed at the onset of delamination,

kiEphA4/EGFP-expressing cells migrated in a disoriented fashion through the somite,

entering both rostral and caudal somite-halves. An abnormally elongate morphology with

multiple cellular processes and tangential alignment accompanied this migratory behaviour in

kiEphA4/EGFP-positive cells. Finally, expression of kiEphA4/EGFP in the caudal regions of

the embryo trunk promoted NC cell development, facilitating the formation of HNK1-positive

NC cells and their subsequent emigration from the neural tube, in some cases at the expense

of the neuroepithelium. These data arc discussed in the context of possible cellular and

molecular mechanisms goveming both NC cell migration and also EMT.

4.3.1 Altered EphA4 express ion in delaminating NC cells perturbs

NC cell migration: axial level - dependent effects?

NC cell development occurs in a wave from the rostral to caudal end of the embryo such that

in any one embryo, NC cell migration will be most advanced at the rostral end of the embryo

and least advanced caudally (Bronner-Fraser, 1993a). Thus to target NC cells as they were

emigrating from the neural tube and beginning their segmental migration through the rostral

half-somite, embryos were electroporated at stages 12-14 in the mid-trunk regions. Despite

this targeted approach, embryos varied with phenotypic severity and this appeared to coincide

with the exact level of the neural tube targeted. In both gain-of-function and loss-of-function

EphA4 experiments the most sensitive developmental window was in the mid-trunk region,

where EphA4 over-expression yielded an almost directly opposite response to kiEphA4/EGFP

expression in NC cells (i.e. cell rounding/inhibited migration compared with cellular

extension/enhanced motile capacity). In contrast, at more anterior levels (approximately

forelimb level of the neuraxis) significantly milder phenotypes were observed. EphA4/EGFP
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expression at this level perturbed coordinated NC migration through the rostral half-somite

though didn't induce the rounded cell morphology observed in EphA4/EGFP-positive cells at

mid-trunk levels (data not shown; EphA4/EGFP n:2; refer Appendix 1.24). Similarly,

kiEphA4/EGFP expression in the anterior mid-trunk region did not yield the same disoriented

migratory phenotlpe (compare Figure 4.7 and 4.8). These data imply that EphA4 effects were

intricatelyrelated to the level of the neural tube and subsequentl¡ developmental age of the

NC in which it was expressed. To extrapolate the effects in the mid-trunk back to a particular

developmental event (when the construct was first expressed24 hours earlier), the

developmental stage of NC cells affected by altered EphA4 activity would be approximately

at the onset of delamination. The migratory effects of EphA4 gain-of-function and loss-of-

function analyses might therefore be explained by a role for EphA4 in regulating NC cell

delamination. The possible mechanisms through which EphA4 might elicit axial level-

dependent effects are discussed below.

Gan cytoskeletal-based effects prov¡de a poss¡ble mechan¡sm to explain

developmental dependence?

NC cell delamination involves re-arrarrgement of the F-actin cytoskeleton, dissolution of

cadherin-rich adhesive complexes and the recruitment of cell-ECM substrate attachment

receptors to faclitate motility (Delannet and Duband,1992; Newgreen and Minichiello, 1995;

Newgreen and Minichiello, 1996). The Rho family of GTPases have integral functions in

mediating cytoskeletal re-arrangement and are therefore excellent candidates to facilitate actin

re-affangement during NC cell delamination (Braga, 2000; Schmitz et a1.,2000). Utilising

neural tube explant cultures to assay EMT in the presence of the rho GTPase inhibitor, C3

exotoxin, it was found that inhibition of Rho function in NC cell precursors at the edge of the

neuroepithelium, perturbed cytoskeletal organisation and the subsequent delamination of NC

cells (Liu and Jessell, 1998). Furthermore, in explants from more anterior regions of the

neural tube, where NC cell emigration had already commenced, cells were no longer sensitive

to C3-mediated inhibition, suggesting that Rho activity was only required in a restricted

developmental window. These data, combined with expression analyses suggesting that RhoB

was expressed (in response to BMP4-mediated induction) in the dorsal neural tube and early

emigrating NC cells, lead the authors to propose that this protein has a critical role in

facilitating stress fibre formation in neuroepithelial cells during EMT (Liu and Jessell, 1998).

There is much evidence to support EphA4 mediating cytoskeletal change through Rho

proteins in a cell context-dependent manner during vertebrate embryogenesis (Lawrenson et
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a1.,2002; Shamah etal.,200I; Winning and Sargent,1994; Winning eta1.,1996; Winning et

a1.,2002; Winning et a1.,2001). In delaminating NC cells, EphA4 over-expression was

synonymous with RhoB inhibition in vitro (Liu and Jessell, 1998). In addition, RhoB

inhibition in vitro also exhibited a degree of developmental dependency (Liu and Jessell,

1998), providing an additional putative link between RhoB activity and that of EphA4.

On the contrary, although RhoB over-expression experiments have not been conducted either

in vivo or in vitro, kiEphA4/EGFP expression in the neuroepithelium produced a migratory

phenotype that mimicked what might be expected for de-regulated (or enhanced) RhoB

activity during EMT. Time-lapse analyses of NC cell migration in vitrohave demonstrated

that NC cells extend and retract multiple projections during migration and that the frequency

of such projections might directly impact on NC cell directionality in vivo (Newgreen et al.,

1979). Thus, if reduced kinase-dependent EphA4 activity directly enhanced mobilisation of

cytoskeletal elements, a possible consequence might be a loss of responsiveness to the normal

regulatory cues controlling NC cell migration. Whether the kiEphA4 phenotype at mid+runk

levels was cytoskeletal-based is unknown, though given the effect of kiEphA4 expression on

NC cell EMT, it is tempting to suggest that the enhanced motility might be related to

increased RhoB activity. Interestingly, the expression patterns for RhoB and EphA4 during

delamination and early migration correlate quite closely (refer Chapter 3;(Liu and Jessell,

1998; Mclennan and Krull, 2002)), creating a possible in vivo context for their combined

actions on NC cells. Alternatively, the migratory phenotype of cells lacking EphA4 might

reflect a more general role for this protein in mediating closkeletal change in NC cells. In

sum, EphA4 acfingon closkeletal motility, possibly through RhoB might provide a putative

explanation for the axial level-dependent effects observed in EphA4 perturbation experiments.

Furthermore, these data imply that effects on the timing of EMT, rather than specifically on

NC cell guidance mechanisms might mediate the aberrant migration of NC cells in the

absence of EphA4.

Does analys¡s of HNKl express¡on ¡n kiEphA4/EGFP-express¡ng cells

expla¡n disoriented migration?

An additional observation that might underpin the effects of kiEphA4 on NC cell motility is

that HNKl-immunoreactivity appeared to inversely correlate with the extent of uncoordinated

migration in kiEphA4/EGFP-expressing cells. For example, kiEphA4/EGFP-expressing cells

that were oriented tangentially to the neural tube (arrows, Figure 4.7) only expressed a low
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level of the HNK1 epitope whilst those cells migrating amongst a stream of endogenous NC

cells had high levels of HNK1 co-staining (arrows, Figure 4.84). These data suggest that

there might be a causative relationship between the apparent loss of HNK1 reactivity and

disoriented NC cell migration. An additional possible interpretation of these data is that at the

mid+runk region of the neural tube, kiEphA4/EGFP-expressing cells were delaminating

þossibly via increased motility or enhanced cell-substrate adhesions) before completely

differentiating into fully mature migratory NC cells providing an explanation for their

inability to migrate in a coordinated fashion. The appearance of the HNK1 epitope has been

previously implicated in mediating NC cell guidance in the ventral regions of the embryo

(Newgreen et al., 1986). In the perinotochordal matrix, the wave of expression of HNK1

during vertebral development correlates with repulsive activity of this tissue (Domowicz et

a1.,2003). Thus, it could be imagined that the absence or presence of HNK1 might also

contribute in some way to coordinating the movement of NC cells through the rostral halÊ

somite. Whether this relates to a specific Eph-mediated mechanism for NC cell-cell guidance

might be an interesting avenue for further study.

In addition, at caudal levels of the embryo, kiEphA4/EGFP expression appeared to have

distinct effects on the migratory profile of NC cells and this coincided with the pattern of

HNKI immunoreactivity in kiEphA4/EGFP-expressing cells (Figure 4.9 and 4.10). At these

levels, whilst kiEphA4/EGFP expression promoted premature emigration, this was usually

accompanied by an upregulation of HNK1 expression. In addition, and in support of the

hlpothesis that HNKI might be important for NC cell guidance, kiEphA4/EGFP-expressing

cells at this region did not exhibit the clear disoriented phenotlpe observed at mid-trunk

levels (compare Figure 4.7 with 4.10). Whilst it is possible that the more ordered appearance

of kiEphA4/EGFP-expressing cells at this level might simply reflect their behaviour at an

earlier stage of NC migration, analyses of embryos with kiEphA4/EGFP expression in the

mid-trunk regions but with slightly reduced incubation times suggest that this was not the case

(data not shown). In sum, these data have two key implications in understanding the role of

EphA4 in NC cell EMT (and subsequent migration profiles of cells with inhibited EphA4

signalling through the kinase domain). Firstly, that the disoriented migratory morphology of

kiEphA4/EGFP-expressing cells at mid-trunk levels might be a consequence of their rapid

exit from the neural tube þossibly via cytoskeletal effects) and subsequent entry into the

somite prior to completing EMT (as determined by HNK1 expression). Secondly, comparison

between kiEphA4/EGFP effects at mid-trunk and caudal levels of the embryo suggest that

EphA4 maybe affecting NC cell EMT via distinct mechanisms at particular levels of the axis.
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Noggir/BMP4 interactions have recently been implicated in regulating NC cell delamination

via distinct mechanisms opposite epithelial somites compared with the segmental plate

(Burstyn-Cohen et a1.,2004). Thus, EphA4 might be acting in this pathway to regulate EMT;

providing a putative explanation for the described developmentally stage-dependent effects of

reduced EphA4 on NC migration (refer Section 6.3 for complete discussion).

4.3.3 Possible insights into EphA4-mediated NC cell guidance

through the rostral half-somite

KiEphA4/EGFP-expressing cells lacked the ability to migrate through the rostral half-somite

in an organised fashion, leading to a loss of segmental NC migration. This effect may be

directly related to the intracellular consequences of reduced EphA4 (discussed above) and

therefore may not reflect any changes to the interactions between NC cells and the somitic

environment during migration per se. However it cannot be ruled out that the behaviour of

kiEphA4/EGFP-expressing cells reflected a role for EphA4/ephrin-A interactions in NC cell

guidance through the rostral-half somite. A number of possible scenarios can be imagined.

Firstly, that EphA4 expression in the rostral halÊsomite is an important guidance cue for

ephrin-A expressing NC cells. Subsequently, kiEphA4/EGFP expression might perturb the

normal balance of EphA4/ephrin-A interactions (on somite and NC cells respectively),

thereby indirectly affecting migration. Secondly, the aberrant entry of kiEphA4/EGFP-

expressing cells into the caudal half-somite might reflect a role for EphA4 on NC cells in

mediating the exclusion of these cells from the caudal half-somite. Thirdly, EphA4 might

have a role in mediating intercellular adhesion between NC cells during their migration

through the rostral half-somite. These possibilities are discussed below giving consideration

to the raîge of kiEphA4 phenotypes observed.

A possible cause for the aberrant migration of kiEphA4/EGFP-expressing cells could be that

its expression affects the normal interactions between NC cells and the rostral half-somite.

Given that EphA4 is distributed along the ventral pathway of NC cells (refer Chapter 3;

Mclennan ,2002 ), it is possible that kiEphA4/EGFP expression could alter the balance

between ephrin-A signals (on NC cells) and EphA4 in the sclerotome leading to a loss of

coordinated migration. NC cell migration in the presence of EphA and ephrin-A exogenous

blocking proteins produced a similar migratory profile to kiEphA4/EGFP-positive cells

(Mclennan and Krull, 2002),lending support to the idea that EphA/ephrin-A interactions (on

somite and NC cells, respectively) play a direct role in NC cell guidance. Further experiments
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analysing the migration of kiEphA4/EGFP-expressing cells on different substrates in vitro,

including various EphA/ephrin-A combinations, would be required to completely understand

how kiEphA4/EGFP expression might affect NC cell interactions with the rostral half-somite

and ultimately, whether EphA4 in the rostral half-somite is important for NC cell guidance.

The loss of segmental migration in NC cells expressing kiEphA4/EGFP could also reflect a

role for EphA4 (on NC cells) in mediating repulsive signals from the caudal somite-half. A

key requirement when attributing a particular molecule in mediating segmental migration of

NC cells is that perturbation of its function leads to a loss of segmental NC migration (Krull,

2001). kr this case, however, EphA4 on NC cells would have to be interacting with a

molecule expressed in the caudal half-somite. A number of Eph/ephrin molecules are

expressed in the caudal halÊsomite including ephrin-Bl (Koblar et al., 2000; Krull et al.,

1997), and EphAT (Araujo and Nieto, 1997) and perturbation of Eph/ephrin-B interactions

disrupts segmental migration of NC cells (Krull et a1.,1997; V/ang and Anderson, 1997).

However, EphA4 has not yet been found to interact with either ephrin-B1 (Gale et al., 1996;

Mellitzer eT al.,1999) or EphAT (Araujo and Nieto, 1997), making it unlikely that reduced

EphA4 signalling on NC cells would directly affect NC cell interactions with caudal half-

somite. Alternatively, EphB3 is expressed on NC cells as well as the rostral half-somite

during migration (Krull et al., 1997) and EphB receptors have recently been shown to interact

with ephrin-A5 (Himanen et al., 2004), adding an additional level of complexity (i.e.

EphB/ephrin-A interactions) to the putative Eph/ephrin interactions regulating NC cell

migration. Thus, it is possible that by expressing kiEphA4/EGFP on NC cells and shifting the

balance between EphA4 and ephrin-A-mediated signalling towards ephrin-A "reverse"

signalling (Figure a.11) EphB3 interactions with ephrin-81 in the caudal half-somite might

also be affected leading to NC cells no longer responding to ephrin-81-mediated cell

repulsion.

The final possible explanation for the loss of coordinated migration in kiEphA4/EGFP-

expressing cells is that EphA4 provides an intercellular adhesion system between NC cells to

coordinate their migration through the rostral half-somite. Time-lapse analyses in vivohave

demonstrated that NC cells make dynamic contacts with one another, leading to their

migration in highly organised streams through the rostral half-somite (Krull et a1.,1995; Krull

et al., 1997). This observation is supported by two other key observations: firstly, that NC

cells migrate in a chain-like fashion through three dimensional collagen matrices in vitro and

secondly, ultrastructural studies analysing NC cell emigration at the dorsal neural tube have
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shown that cells maintain leading-to-tail edge adhesions, and make numerous contacts with

neighbouring cells on all sides (refer section 1.6 for summary; (Davis and Trinkaus, 1981;

Krull et al.,1995; Tosney, 197S)). These data point to differential NC cell adhesion as having

a pivotal role in NC cell migration. To date there are no molecular correlates that have been

directly implicated in such a role though possible candidates include cadT and

thrombospondin-l (Krull, 2001). If there is a NC cell intrinsic role for EphA4 signalling in

coordination of NC cell migration, this might explain the apparently contradictory interactions

that kiEphA4/EGFP-positive cells displayed when migrating through the somite. Thus, when

kiEphA4/EGFP was expressed at the onset of delamination, generating mostly

kiEphA4/EGFP-positive cells in the somite, these cells would be unable to communicate

effectively leading to a loss of intercellular adhesion and subsequent entry into normally

inhibitory territories. Conversely, when expressed after the onset of delamination, such that

kiEphA4/EGFP-positive cells entered the somite alongside or behind endogenous NC cells,

interactions with endogenous NC cells would be sufficient to re-establish coordinated

migration through the rostral half-somite. If this were the case, it would implicate EphA4 as a

novel candidate in mediating a NC cell intrinsic mechanism to regulate NC migration through

the rostral half-somite.
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Figure 4.11- Proposed model to explain the phenotypes observed in NC cells over-

expressing EphA4 and in NC cells with inhibited EphA4 signalling due to the expression

of kiEphA4.

(A) The normal expression of EphA4 on NC cells is low compared to the expression of

ephrin-A5, so that the balance of EphA4/ephrin-A interactions is driven towards ephrin-A

"reverse" signalling pathways in endogenous NC cells.

(B) In NC cells over-expressing EphA ,the balance between EphA4 and ephrin-A activity is

switched towards EphA4 "forward" signalling. Activation of EphA4 signalling pathways

inhibits the progression of NC cells through EMT and their subsequent migration through the

rostral half-somite. EphA4 might elicit these effects via inhibition of Rho activity, thereby

inhibiting cytoskeletal motility and/or reduced cell-substrate attachment, possibly via

inhibition of FAK activity or stimulation of R-Ras. EphA4 may also influence cell-cell

adhesion in dorsal neuroepithelial cells by positively regulating N-cadherin-mediated

adherens junctions.

(C) In kiEphA4/EGFP-expressing NC cells, signalling through the kinase domain of EphA4 is

inhibited, shifting the balance of signalling towards ephrin-A "reverse" signalling. The

combined inhibition of EphA4 "forward" signalling and promotion of ephrin-A "reverse"

signalling leads to enhanced motility in NC cells, and in some cases their aberrant entry into

otherwise inhibitory zones, as well as promoting EMT in the dorsal neural tube.
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4.3.4 Role for EphA4 in regulating cellular interactions contributing

to EMT

EMT is a highly dynamic event involving coordinated changes in intercellular adhesion,

adhesion to the substrate and also the cytoskeleton, to facilitate detachment of cells from the

neuroepithelium and subsequent migration away into the periphery (Newgreen and

Minichiello , 1995; Newgreen and Minichiello, 1996). In vitro experiments have demonstrated

that a reduction in cell-cell adhesion and the acquisition of receptors to facilitate substrate

attachment are critical in stimulating NC cell EMT from the dorsal neuroepithelium (Delannet

and Duband,I992;Newgreen and Gibbins, 1982). In addition to changes in adhesion,

Newgreen and Gibbins stated that there was two other main requirements for NC cell EMT:

changes in NC cell motility and the removal of a physical barrier to migration (Newgreen and

Gibbins, 1982). EphA4 over-expression and reduction of EphA4 activity with kiEphA4

suggested a role for this molecule in EMT. These phenotypes are discussed in light of the four

criterion required for successful EMT.

Ghanges in cell-cell and cell-substrate adhesion

A consistent effect observed in both the gain-oÊfunction and loss-of-function EphA4

analyses, was that perturbation of EphA4 function in the neuroepithelium produced cell

behavioural responses indicative of an altered adhesive profile. Thus, EphA4/EGFP-

expressing cells displayed morphologies and behaviours indicating increased cell-cell

association and/or reduced cell-substrate adhesions (required to facilitate movement)" In

addition, a possible explanation for the premature exit of kiEphA4/EGFp-expressing cells

during EMT might be that these cells have reduced cell-cell and increased cell-substrate

adhesions. Thus EphA4 might contribute to adhesive mechanisms regulating EMT.

Over-expression studies in vivo have been particularly informative in determining the role of

candidate adhesion molecules in mediating changes to the adhesive interactions between

neuroepithelial cells during EMT (Nakagawa and Takeichi, 1995; Nakagawa and Takeichi,

199S). One such family of molecules are the cadherins; these provide a cell-cell adhesion

system critical for the maintenance of epithelial junctions and the loss of which is a key

stimulus for EMT (Braga, 2000; Newgreen and Gooday, 1985). Three cadherin molecules

that have been implicated in mediating adhesive changes required for neuroepithelial cell

EMT include N-cadherin, cadherin-6b (cad6b) and cadherin-7 (cad7)(Nakagawa and

Takeichi, 1995). Over-expression of either N-cadherin or cadT inhibited the detachment of
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neuroepithelial cells from the neural tube in a similar manner to EphA4 over-expression,

causing cell rounding and a build up of cells in clumps at the dorsal midline ((Nakagawa and

Takeichi, 1998); Figures 4.4 to 4.6). Interestingly, regions of EphA4/EGFP expression in the

neuroepithelium \¡/ere associated with an upregulation of N-cadherin expression (Figure 4.4),

whilst the dorsal extent of N-cadherin was increased on the EphA4/EGFP-expressing side of

the neural tube (Figure 4.5). Conversely, the behaviour of kiEphAa/EGFP-expressing cells in

the neural tube was synon)¡mous with reduced cell-cell adhesion (Figures 4.9 and 4.10)

although this cannot be confirmed, as the distribution of N-cadherin was not analysed in these

embryos. Whether the enhanced N-cadherin representation in EphA4/EGFP-positive regions

of the neuroepithelium reflects a direct interaction between EphA4 and N-cadherin or an

indirect effect of excess EphA4 activity, is unknown. In sum, these data suggest a

convergence between EphA4 and cadherin signalling pathways, providing a possible

mechanism to explain the behaviour of cells in the presence of excess EphA4 and also when

kinase-dependent EphA4 signalling was inhibited during EMT.

Studies investigating the role for EphA receptors in regulating cellular adhesion mechanisms

during oncogenesis and tissue morphogenesis point to a common role for EphA signalling in

positively regulating cell-cell adhesion whilst negatively regulating cellular attachment to the

substratum (Klein, 2004). EphA receptor activation has been implicated previously with

multiple other possible signalling pathways to affect cellular responses to its environment,

however two specific mediators relevant to the changes occurring during EMT can be

discussed: firstly, EphA receptors and cadherins and secondly, a possible link between EphA

and FAK activity. In embryonic stem cells and breast cancer cell lines, EphA expression is

dependant on E-cadherin, which in turn is required for the maintenance of an epithelial

phenotype (Orsulic and Kemler,2000; Zantek et al., L999). Thus, EphA activity correlates

strongly with increased cell-cell adhesion mediated through E-cadherin and reduced cell-

substratum attachment (Lawrenson et a1.,2002; Miao et al., 2000; Orsulic and Kemler, 2000)

In addition, EphA activation in both prostrate and melanoma cell lines has been shown to

reduce substratum adhesion by inhibiting the integrin linking protein Focal Adhesion Kinase

(FAK) in a kinase-dependent manner (Lawrenson et a1.,2002; Miao et a1.,2000). Activation

of FAK-dependent signalling pathways has been shown in turn to directly modulate the

function of Rho GTPases, thereby mediating cytoskeletal responses to changes in adhesion

(Zhai et aI.,2003). Thus interactions with integrin-signalling mediators, such as FAK, might

provide a kinase-dependent mechanism through which EphA4 could influence substratum

attachment and subsequently negatively regulate NC cell progression through EMT.
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Ghanges in motility

A role for EphA4 in mediating cytoskeletal motility has previously been discussed in the

context of developmental stage-dependent effects of EphA4 over-expression and migratory

NC cell phenotypes when EphA4 signalling through the kinase domain was inhibited (refer

Section 4.3.2). In addition however, EphA4/EGFP expression in the intermediate regions of

the neural tube lead not only to enhanced N-cadherin expression but also to the abnormal exit

of EphA4/EGFP-expressing cells from the pial surface of the neural tube (Figure 4.4). Based

on the expression pattems of EphA4 in the dorsal neuroepithelium (at the dorsal edge of the

neural tube where cells are beginning to undergo EMT), the direct relevance of the effect of

EphA4 over-expression in the intermediate neural tube, to a role for EphA4 in NC cell EMT

is questionable. However, ephrin-A5 is expressed in a band in the intermediate neural tube

(refer Chapter 3; (Mclennan and Krull, 2002)), providing a possible means of EphA4

activation in this region. Thus, these observations might provide an insight into the

consequences of excess catallic activity of EphA4 within an epithelium.

At first glance, the abnormal exit of EphA4/EGFP-expressing cells from the neural tube does

not correlate well with the previously described effects of EphA4 over-expression (refer

Section 4.3.1). However, upon closer analysis, EphA4/EGFP-positive cells did not appear

contiguous with endogenous neuroepithelial cells; instead appearing to extend out of the plane

of the neural tube structure (Figure 4.4). Maintenance of apico-basal polarity is a key

requirement for cells to form a polarised epithelium such as the neural tube (Braga, 2000).

Thus, a possible explanation for the "exclusion" effect mediated by EphA4/EGFP in the

neuroepithelium is that its expression perturbed apico-basal polarity and this (indirectly)

caused their entry into a default EMT pathway. In the pre-somitic mesoderm of zebrafish,

where EphA4 has been shown to play a critical role in the reverse of EMT, mesenchymal-to-

epithelial transition, loss of cell polarity has been proposed to be a common intracellular

consequence of enhanced EphA4 signalling (Barrios et a1.,2003). Furthermore, taking into

account that apico-basal polarity is driven by re-arrangement of microtubules and the actin-

based cytoskeleton (Barrios et al., 2003;Braga,2000; Newgreen, 2005); the described effects

might provide an additional line of evidence to suggest that the cytoskeleton is a principal

target of EphA4 signalling in EMT.

Recent analyses investigating the role of transcription factors in EMT, including members of

the SoxE group and FoxD3, have provided some evidence to suggest that NC cell EMT can

occur in the absence of RhoB (Cheung and Briscoe, 2003(SJM, unpublished) . The ectopic
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emigration of NC cells from the intermediate neural tube that was observed in EphA4/EGFP-

expressing regions has two important implications for NC cell motility. Firstly, it supports the

data suggesting that NC cell EMT can occur in the absence of RhoB {Newgreen,2005 ;

Dottori et a1.,2001). Secondly, this result could be interpreted as further evidence to support

that the inhibitory effects of EphA4 on NC cell motility during EMT are dependent on RhoB.

In support of EphA4 having a specific role in inhibiting RhoB during delamination; EphA4

has been shown to interact with Ephexin in a kinase-dependent marur.er, thereby promoting

Rho activitywhilst inhibiting that of Rac andCdc42 (Shamah et al,2001). Given that RhoB

would not be expected to be expressed in these cells and the observation that EphA4 also

influences RaclCdc42 activity (Shamah et a1.,200I; Tanaka et a1.,2004); it is possible that in

this situation, EphA4 could be promoting Rac or Cdc42 activity and thereby influencing

epithelial characteristics (i.e apico-basal polarity) in intermediate neuroepithelial cells, ln

sum, it is possible that the different cellular contexts (absence versus presence of RhoB) in the

neuroepithelium could explain these apparently disparate effects of excess EphA4 activity.

Removal of a physical barrier to migration

Ultrastructural studies have revealed that morphological changes associated with cell exit

from the neural tube correlates with the loss of a continuous basement membrane over the

dorsal midline regions (Newgreen et al., 1982; Tosney,1978). Despite these observations, the

loss of basement membrane does not appear to be a critical stimulus for EMT as the timing of

neuroepithelial cell EMT in vitro was still regulated along the normal in vivo timetable of

events in the absence of basement membrane (Newgreen and Gibbins, 1982). Consistent with

the reduced EMT of neuroepithelial cells expressing EphA4/EGFP, indicated by HNK1 and

N-cadherin staining, a thickening of the basal lamina surrounding the dorsal edge of the

neural tube was also observed in EphA4/EGFP-expressing regions (Figure 4.5). It would be

interesting to determine it in the converse situation, kiEphA4/EGFP expression lead to an

increase in the lateral extent of basement membrane breakdown, as would be expected for the

previously described effects of kiEphA4 on EMT.

4.3,5 A possrble in vivo role for EphA4 in regulating delamination

andlor early NC cell migration

The behaviour of NC cells when EphA4 signalling through the kinase domain was blocked

implied that EphA4 has a role in NC cell development, during both EMT and also NC
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migration into the somite. The key question that remains, however; is how a putative role for

EphA4 might frt with the observed expression patterns for EphA4 and ephrin-A proteins in

NC cells, and thus relate to an in viyo model of Eph/ephrin interactions during NC

development. Analyses in this research and also from Mclennan and Krull, (2002), showed

that EphA4 is expressed only weakly on NC cells during the early phases of their migration,

whilst multiple different ephrin-A's, including ephrin-A5 are present (Chapter 3) and

(Mclennan and Krull, 2002). Thus, ephrin-A proteins are distributed in excess of EphA4 in

endogenous NC cells, suggesting that limited availability of EphA4 might have important

consequences for the regulation of NC cell interactions. In addition to EphA4, EphB3 is also

expressed on NC cells during their migration through the rostral half-somite (Krull et al.,

1997) and EphB proteins have recently been shown to interact with ephrin-A5 (Gauthier and

Robbins, 2003). Thus, EphB receptors might be an additional possible source of ephrin-A

activation in NC cells. In sum, a number of complex possible interactions are likely to

contribute to the ultimate regulation of NC cell EMT and their subsequent migration, however

given that perturbation of EphA4 kinase-dependent signalling disrupted NC cell development,

this implicates EphA4 as a key contributor to Eph/ephrin interactions in NC cells.

To directly test a role for EphA4 in NC cell EMT andlor migration, the kinase-inactive

EphA4 construct was expressed in dorsal neuroepithelial cells and subsequently on NC cells

during their migration through the somite. This construct contained a point mutation in a

critical lysine residue required for activation of the kinase domain of EphA4, whilst all other

signalling regions including the juxtamembrane tyrosine residues, SAM andPDZ domains

remained intact (Binns et a1.,2000; Kullander et al., 2001b). Thus, the kiEphA4 construct

inhibited signalling specifically through the EphA4 kinase domain, via a dominant negative

mechanism (Eberhart et a1., 2004).In NC cells, kiBphA4 would be expected to bind to and

activate ephrin-A signalling whilst simultaneously inhibiting signalling through the kinase

domain of EphA4. This would ultimately lead to a shift towards an ephrin-A mediated

response in kiEphA4/EGFP-expressing cells (Figure 4.ll). Thus a possible explanation for

the response of NC cells to kiEphA4 expression could be excess activation of ephrin-A-

dependent signalling pathways. Ephrin-A proteins have been implicated in facilitating

integrin-based adhesion through Fyr, a protein tyrosine kinase belonging to the Src family

(Davy et a1., 1999; Davy and Robbins, 2000; Huai and Drescher, 2001). Perhaps the

combination of a loss of EphA4-mediated adhesive mechanisms and enhanced ephrin-A

signalling in NC cells could therefore lead to the cellular responses observed in

kiEphA4/EGFP-expressing NC cells (Figure 4. 1 I ).
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Further evidence to support that EphA4 has a critical regulatory role during EMT is provided

by the preliminary analysis of the effects of atruncated EphA4 construct (EphA4Àcyto). This

construct is designed to test the role of ephrin-A "reverse" signalling (kinase-independent

functions of EphA4) by activating ephrin-A signalling pathways and thereby shifting the

balance between EphA4 and ephrin-A-mediated signalling towards that of ephrin-A

(Henkemeyer et al., 1996; Holmberg et al., 20001' Kullander and Klein, 2002; Orioli et a1.,

1996)(Figure 4.121t). Electroporation of EphA4Acyto instI2-14 embryos (as per EphA4 and

kiEphAa) did not perturb the segmental migration of NC cells (n : 10; Figure 4.128 and C).

Truncated Eph receptor constructs have been shown to dimerise with endogenous Eph

receptors, and in some instances, potentiate Eph-mediated signalling (Koblar et al., 2000).

Thus, there may be some residual activation of EphA4 "forward" signalling pathways in

addition to the activation of ephrin-A-dependent pathways in NC cells expressing

EphA4Acyto. Furthermore, the lack of any clear effect on NC cell migration in EphA4Äcyto

experiments implies that inhibition of EphA4-mediated "forward" signalling and not simply,

activation of ephrin-A "reverse" signalling is responsible for the effects of kiEphA4. The

effect of EphA4Âcyto on the timing of EMT in the dorsal neural tube was not analysed in this

data. However, taking into account the distinct effects of EphA4Äcyto to kiEphA4 on NC cell

migration and the hlpothesis that EphA4 is required to negatively regulate the timing of

EMT, an effect (at least with regard to the timing of neuroepithelial cell exit) would not be

expected to be observed. In sum, these data support that a basal level of EphA4 activation

provides a key negative regulatory role in NC cell EMT and possibly also regulates NC cell-

cell contacts during their migration through the rostral half-somite (Figure 4.ll).

Whilst expression of EphA4Àcyto did not perturb segmental migration of NC cells through

the somite, some residual aggregation was observed (Figure 4.I2) suggesting that increased

ephrin-A activity might have detrimental effects for NC cell motility. Ephrin-A activation has

been shown to promote integrin-based attachment through the Src family of tyrosine kinases

(Davy et a1.,1999; Davy and Robbins, 2000). Thus, it could be imagined that excess

activation of ephrin-A signalling and subsequent increases in the adhesion of NC cells to the

ECM might reduce motile capacity (Delannet and Duband,1992; Delannet et aI.,1994;

Duband et a1., 1991). Interestingly, in EphA4/EGFP-expressing embryos, non-cell

autonomous adhesion of HNKl-positive cells to EphA4/EGFP-expressing cells was

frequently observed (Figure 4.I and data not shown). In these NC cells, similar to those

expressing EphA4Aclo, both ephrin-A "reverse" signalling was activated as well as
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"forward" signalling through EphA4 (although EphA4 signal was much stronger in NC cells

over-expressing EphA4; Figure 4.11). Thus, activation of ephrin-A-mediated substrate

attachment mechanisms could also explain the reduced migration of endogenous HNKI cells

in contact with those NC cells expressing EphA4/EGFP.
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Figure 4.12- Expression of a truncated EphA4 construct, EphA4Àcyto, does not perturb

segmental migration of NC cells.

(A) Schematic diagram illustrating the effect of EphA4Acyto on endogenous EphA4/ephrin-A

signalling. Expression of this construct would promote ephrin-A "reverse" signalling without

inhibiting EphA4-mediated "forward" signalling. Embryo electroporated by R. Mclennan,

2002, PhD student.

(B and C) Dorsal longitudinal views of whole-mount embryos expressing EphA4Acyto taken

through the dorsal (B) and ventral (C) regions of the embryo. Embryos were stained with

HNKI (red) and ephrin-Bl (blue). (B) is presented as 10 pm stack of optical sections and (C)

is a 30 pm stack.

Brackets indicate single somite length; nt: neural tube; R: rostral.

Scale bar: 100 ¡rm.
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4.4 Conclusions

The gain and loss-of-function analyses presented here suggest a novel role for EphA4 in

mediating the exit of neuroepithelial cells from the neural tube and their subsequent

ventromedial migration into the somite. Whilst the expression of these factors in vivo enabled

the analysis of EphA4 over-expression and also inhibition of EphA4 function using

kiEphA4/EGFP in the normal context of NC cell development; a similar analysis however, in

an in vitro environment would be useful for a number of reasons. Firstly, given that NC

development occurs in a rostro-caudal wave along the antero-posterior axis of the embryo,

and the effects of EphA4 functional analyses were dependent on the exact developmental

time-point in which the construct was expressed, it was difficult to discern the primarymode

of EphA4 function in vivo. Examination of transfected neural crest cells in vitro from

migratory and pre-migratory levels of the neuraxis would provide an isolated system in which

to study the effects of perturbation of EphA4 signalling in a controlled environment.

Secondly, neural tube explant cultures have provided a wealth of knowledge on the key

cellular mechanisms regulating EMT (Delannet and Duband, 1992; Newgreen and Gibbins,

L982;Newgreen and Gooday, 1985; Newgreen and Minichiello, 1995; Newgreen and

Minichiello,1996). Mis-expression of EphA4 in this explant system therefore provides a

robust tool to analyse the possible cellular basis of EphA4 function in NC cell EMT.
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Ghapter 5 - Analysis of EphA4 effects on NG cell

development using an in vitro culture assay

5.1 lntroduction

There were two clear phenotypes in embryos that were ectopically expressing EphA4/EGFP

or kiEphA4/EGFP in the dorsal neural tube. Over-expression of EphA4/EGFP in NC cells at

the initial phases of ventral migration resulted in the formation of cellular aggregates at the

dorso-medial neural tube and a concomitant reduction in the number of HNKl-positive cells

migrating through the rostral half-somite. In contrast, kiEphA4/EGFP expression in

delaminating NC cells promoted motility and uncoordinated NC cell outgrowth, occasionally

leading to entry into otherwise inhibitory territories. At caudal levels, regions of

kiEphA4/EGFP expression in the dorsal neuroepithelium facilitated premature NC cell

emigration (refer Chapter 4).

To examine these phenotypes in more detail, an in vitro model of neural crest migration was

employed. The culturing of neural primordia on FN substrates has been utilised previously to

examine the mechanisms of NC cell migration/attachment on various ECM substrates

(Newgreen et al., 1979).In addition, these cultures have provided a wealth of information on

critical factors involved in EMT (Newgreen and Gibbins, 1982). Given that NC cell EMT

occurs in a rostro-caudal wave along the neural tube axis, cell emigration from any given

neural tube culture is dependant on embryo age and the rostro-caudal level from which it was

excised. Thus to maintain consistency with in vivo analyses, Japanese quail embryos were

electroporated atB2.5 (HH stagel3-early 14) and neural tubes excised from two different

levels along the rostro-caudal axis corresponding to the key regions where EphA4 mis-

expression appeared to effect NC cell development (Figure 5.1). To analyse the effect of

EphA4 perturbation at the onset of delamination (equivalent to mid-trunk region 24 hours

post-electroporation in vivo), neural tubes were taken from regions adjacent to somites J to -
7, where the negative prefix denotes the number of somites rostral to the first formed somite

(or -1; Figure 5.1). These cultures will be referred to in all subsequent analyses as migratory

level neural tube (NT') explants, as the outgrowth generated from this type of explant yields

mostly migratory cells (Newgreen, 1999). To assay the effect of EphA4 perturbation in
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neuroepithelial cells before they had begun the process of EMT, (corresponding to caudal

levels in vivo) neural tube regions were excised adjacent to somites -1 to *5, where the

positive prefix is assigned to blocks of somitic precursor tissue in the unsegmented mesoderm

and +1 is the region closest to the first formed somite (Figure 5.1). These cultures will be

referred to in all subsequent analyses as pre-migratory neural tube (NTo*) explants, as cells in

the outgrowth generated from these cultures have not fully completed EMT but adopt an

epithelioid (NC cell precursor) morphology (Newgreen and Minichiello, 1995).

The morphology of NC cell outgrowths from both NT* and NTp- cultures have previously

been described (Newgreen and Gibbins, L982:Newgreen et a1., 1979). Briefly, NT-cultures

display an initial mesenchynral outgrowth, which forms rapidly over a few hours as a wave

along the rostro-caudal extent of the explanted neural tube. After 44 hours in culture, three

distinct layers can be identified in an NT- culture (Figure 5.1). The remainder of the neural

primordium appears as a multi-layered epithelium. Proximal to the neural primordium is the

epithelioid layer; this is composed of flattened pavement-style cells that do not display HNKI

or SoxE immunoreactivity. The bulk of the outgrowth in an NT'culture is mesenchymal,

located at a distance from the neural primordium; cells in this layer exhibit an extended

multipolar migratory morphology and stain positively for HNKl/SoxE (Figure 5.1).

Occasionally, however, mesenchymal cells can be found in alcoves in the neural tube; these

cells are likely to be generated by exposure to high levels of inducing factors (Newgreen and

Minichiello, 1995). ln contrast, the outgrowth of NTp* cultures is largely epithelioid, with a

few mesenchymal cells at the distal edge. Given that NC cell EMT occurs in a wave from the

rostral to caudal end of the embryo, NC cell development is always the most developed at the

rostral (ie. developmentally most mature) end and therefore the number of mesenchymal cells

at one end of the outgrowth witl differ from the other. In addition, the exact age of the neural

tube at the time of excision also affects the extent of mesenchymalisation observed in the

outgrowth (Newgreen and Minichiello, 1995).
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Figure 5.1. Schematic representation of the in vitro model for NC cell generation.

Neural tube pieces taken from migratory (m) and pre-migratory (pm) regions of the neural

tube of a stage l3-14 embryo (82.5). After excision, neural tube pieces g¡own in culture for

18 or 44 hours on fibronectin; NC cell differentiation and their subsequent migration occurs in

a rostro-caudal wave along the axis of the explanted neural tube. Migratory level (NT-)

cultures have a characteristically mesench¡rmal outgrowth (grey cells); Pre-migratory level

(NTp*) cultures have a small mesenchyrnallayer at the most mature end and a wide band of

epithelioid cells comprising the epithelioid layer (red) surrounding the explanted neural tube.
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5.2 Results

5.2.1 Electroporation and culture of the neural tube recapitulafes in

vivo phenotypes af Nf bvels

Given the phenotypes in vivo,the first objective was to clarify that these occurred

independently of the somitic/ ectodermal environment. In control cultures expressing EGFP,

the NC cell outgrowth was similar in morphology and size to un-electroporated neural tubes.

After 44 hours in culture, EGFP-expressing cells were distributed in both the epithelioid and

migratory regions of the outgrowth (Figure 5.2A). The first EGFP-positive cells to migrate

away were at the anterior (to the left in the figures) end of the neural tube and these cells

stained positively for both HNK1 and SoxE (blue and red respectively, Figure 5.2A; n: 18).

Proximal to the neural tube, EGFP-expressing cells were located in the epithelioid layer and

also some cells remained attached to the neural primordium, indicative of a normal

progression through EMT (Figure 5.24, B).

In contrast, neural tubes over-expressing EphA4/EGFP were characterised by clumps of

EGFP-positive cells at the edge of the neuroepithelium with few EGFP cells in the outgrowth

(Figure 5.2C;n: 18). [rterestingly,Ephfu lEGFP-expressing cells in the neural primordium

appeared to be HNK1-positive (arrows, Figure 5.2C) indicating that they were still capable of

acquiring the avian migratory mesenchymal marker HNK1. The clumping of EphA4/EGFP

cells in NT'cultures affected the morphology of the neural primordium, causing it to appear

thickened and compacted in EphA4/EGFP-positive regions (arrows, Figure 5.2D).In contrast

to EphA4/EGFP explants, kiEphA4/EGFP-expressing explants had a morphology and EGFP

distribution that closely resembled controls (Figure 5.28 and F; n : 14). However,

kiEphA4/EGFP-expressing cells appeared to preferentially localise to the

epithelioid/mesenchymal layers rather than the neural primordium (arrows, Figure 5.28&F).

In addition, cells in the outgrowth of kiEphA4/EGFP-expressing explants appeared more

dispersed, creating a characteristically less dense outgrowth in NT- cultures (Figure 5.2F).

2t5



Figure 5.2. Electroporation of EphA4 and kiEphA4 in NT- cultures recapitulates in vivo

phenotypes.

EGFP (4, B), EphA4 (C, D) and kiEphA4 (E, F) constructs were electroporated (EGFP-

expressing cells in green and for all subsequent images) and co-stained with Sox E antibody

(red) and HNK-I (blue). Arow in A indicates direction of outgrowth for all cultures in (A-F).

B, D and F are corresponding phase contrast images of A, C and E, respectively. In (C and

D), arrows indicate HNKl-positive EphA4 clumps in the neuroepithelium; and in (D) indicate

the morphology of the edge of the neuroepithelium in EphA4/EGFP-expressing regions.

Anows in (E and F) indicate kiEphA4/EGFP-expressing cells at the edge of the outgrowth.

Scale bar: 100 pm.
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A consistent observation in the EphA4ÆGFP NT' cultures was that transfected cells exited

the neural tube with reduced efficiency compared to cells expressing kiEphA4ÆGFP or

EGFP alone. To determine the proportion of EGFP cells that successfully exited the neural

tube in each of the experimental scenarios, EGFP-expressing cells in the epithelioid and

mesenchymal regions of the outgrowth of NT'cultures were counted and presented as a

percentage of the total number of cells. To perform this quantitative analysis, the rostro-

caudal axes of neural tube explants were aligned so that the direction of outgrowth was the

same in all explants analysed. Along the rostro-caudal extent of the neural tube, the neural

primordium was divided into columns approximately 2I0 pm in width. Each counting column

(3-4 per explant) was positioned based on the level of EGFP expression in the neural

epithelium, such that only those containing 40-60% EGFP-expressing cells (out of the total

cells in that particular region of the neural epithelium) were used. Thus, the level of

transfection in the neural epithelium was noûnalised. The number of EGFP-positive cells in

the outgrowth (for each designated column) was counted and this value converted to a

percentage of the total number of cells in the outgrowth/per column. For the comparison,

percentages were pooled (3-4 values per explant and combined across explants) and averaged

to calculate the mean proportion of EGFP cells in the outgrowth for EGFP, EphA4ÆGFP and

kiEphA4ÆGFP NT'cultures (Graph 5.1; refer Appendix 1.54 for summary).

Proportion of EGFP cells in the outgrowth of NTm
cultures

ÀrÃ

SË zo
b9 rsott
BË,0trcLoc Òebo(JnÀ

Tffi ffi
E Mean

Control EphA4 kiEphA4

NTm cultures (equivalent expression levels in
neural epithelium)

Graph 5.1- Proportion of EGFP cells in the outgrowth of NT- cultures expressing EGFP (n :
8 explants), EphA4ÆGFP (n: 7) or kiEphA4/EGFP (n: 8) Data presented as a pooled

average of all counts for each experimental condition. Bars represent Standard Error of the

Mean (EGFP: + 2.5; EphA4/EGFP: + 1.6; kiEphA4ÆGFP: 14.7)
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These data demonstrate that despite equivalent expression levels in the neural epithelium,

EphA4/EGFP-expressing cells were the least likely to migrate away from the explant.

Calculating the ratio between the percentage of cells expressing in the neuroepithelium

compared to that in the distal regions, demonstrated that EphA4/EGFP-expressing cells were

less than half as likely as EGFP-expressing and less than one third as likely as

kiEphA4/EGFP-expressing cells to migrate away from the explant (Table 5.1).

% EGFP-expressing cells in the

neuroepithelium

% EGFP-expressing cells in Ratio

the distal outgrowth NEp: Distal

Control 36

(n:8)

EphA4 32

(n:7)

KiEphA4 34

(n:8)

11

15.5

5

3:1

7:l

2:I

Table 5.1- Distribution of transfected (EGFP-positive) cells in neuroepithelial Nep) versus

Distal regions of NT' cultures presented as a percentage of the total number of cells in any

given region.

The phenotypes observ ed in vitro therefore mimicked that observ ed in vivo. NT- cultures

over-expressing EphA4/EGFP were characterised by clumps of electroporated cells at the

neuroepithelium whilst those expressing kiEphA4/EGFP were less densely arranged and had

a greater proportion of EGFP-expressing cells in the distal outgrowth than controls.
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5.2.2 Electroporation and culture of the neural tube recapitulates in

vivo phenotypes af NT' levels

In vivo, electroporation of eitherBph[ lBGFP or kiEphA4/EGFP in the dorsal neural tube at

caudal levels of the embryo resulted in the inhibition or enhancement of EMT, respectively

(refer Chapter 4). To correlate these results in vivo with the in vitro explant assay, the effects

of EphA4/EGFP or kiEphA4/EGFP expression were examined in NTp' cultures. Explanting

of neural tube pieces from these levels (somites +1 to -5) enables the direct visualisation of

neuropeithelial cell progression through EMT with a similar timetable to what would be

expected in vivo (I.{ewgreen and Minichiello, 1995). In NTp-cultures expressing

EphA4/EGFP, EphA4/EGFP-positive cells lined the edge of the neuroepithelium (indicated

by F-actin staining), remaining distinct from the few cells beginning to emigrate from the

edge of the neural tube (Figure 5.34-C). Using DAPI staining to determine the pattern of cell

emigration from the neural tube in the presence of EpbA4/EGFP, the region above

EphA4/EGFP expression in the neural epithelium was consistently accompanied by a

reduction in the number of cells directly above this structure implicating an inhibition of EMT

(compare expressing to non-expressing regions, arrows, Figure 5.3C). To determine if the

distribution of EphA4/EGFP-positive cells also expanded into the epithelial layer in NTp'

cultures after 44 hours incubation, F-actin staining was utilised to highlight the proliferation

and expansion of neuroepithelial cells into the epithelioid layer (Figures 5.3D). Despite the

formation of a clear epithelioid layer after 44 hours incubation, EphA4/EGFP-positive cells

remained tightly aggregated in the neuroepithelium (Figure 5.3D). In the epithelioid layer,

non-expressing cells displayed a strong cortical F-actin and flattened epithelioid morphology.

In contrast, the few EphA4/EGFP-positive cells that localised to this region retained a

rounded cell shape surrounded by a tight ring of cortical F-actin and were clustered together

in small aggregates (asterisk, Figure 5.3C and Figure 5.3D).
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Figure 5.3. Over-expression of EphA4 in NTp- cultures inhibits the release of

EphA4ÆGFP-positive cells from the neural tube epithelium.

(A-C) EphA4/EGFP-expressing NTp- culture after 18 hours incubation, represented as EGFP

alone in (A) and co-stained for F-actin with phalloidin (red, B) and DAPI (blue, C). (A)

Arow indicates direction of outgrowth. (C) Asterisk indicates EphA4/EGFP cells in

outgrowth; atrows highlight differences between DAPI distribution in expressing and non-

expressing regions. (D) EphAa/EGFP-expressing NTp'culture after 44 hours (green) and co-

stained with phalloidin (red). e, multilayered neural tube epithelium; i, intermediate flat

epithelioid layer; m, mesenchymal regions. Scale bar: 50pm.

222



A B

e '{rt





In kiEphA4/EGFP-expressing NTp'cultures, the general distribution of EGFP-positive cells

was similar to controls with EGFP-positive cells occurring in all three layers of the outgrowth

(Figure 5.4). Similar to their localisation in NT* cultures and in contrast to controls,

kiEphA4/EGFP-expressing cells were rarely found in the neuroepithelium and preferentially

localised to the epithelioid/mesenchymal layers (compare Figure 5.4D, F).kt addition,

kiEphA4/EGFP-expressing NTp- cultures appeared to have a more extensive and dispersed

mesenchymallayu at the distal edge compared to the denselypacked epithelioid layer

observed in controls (compare arrowheads, Figure 5.44 and B). These results correlated with

the increased formation of HNK1-positive processes identified at caudal levels in vivo (refer

Figure 4.9). To quantify whether kiEphA4 expression lead to a more extensive mesenchymal

cell outgrowth in vitro,the number of mesenchymal cells in the outgrowth was counted (as

previously described) for both kiEphA4 and control NTp'cultures. This revealed that 3 out of

4 kiBphA4/EGFP-expressing explants exhibited a higher proportion of mesenchymal cells in

the outgrowth compared to controls (kiEphA4,î:4 explants; Control, n:3 explants). Thus,

these data provide preliminary evidence to suggest that kiEphA4/EGFP expression in pre-

migratory neuroepithelial cells enhanced their progression through EMT, leading to a more

developed mesenchymal cell layer.
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Figure 5.4. kiEphA4/EGFP expression in NTp'cultures promotes the formation of

mesenchymal cells.

Controls (left panel; A, C, E) and kiEphA4 (right panel; B, D, F) NTp- cultures. (A) and (B)

are low magnification images of control and kiEphA4 cultures, respectively. Arrowheads in

(A) and (B) indicate cell morphology at distal edge of outgrowth. (C, E) and (D, F) are higher

magnification images of the boxed regions in (A and B). (C, D) Stained with SoxE (red),

HNKI (blue) and EGFP (green). Arrows indicate direction of outgrowth. (E, F) illustrate the

distribution of EGFP cells with respect to the overall NC cell outgrowth by overlaying with

the corresponding phase contrast image. Dashed line indicates remaining neural primordium.

Scale bar: 100 ¡rm, (C - F).
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5.2.3 EphA4/EGFP over-expression in NT cultures leads to a

localised inhibition of EMT

Similar to the effects of EphA4/EGFP expression in the mid-trunk of the neural tube in vivo,

EphA4/EGFP expression in NT* cultures resulted in the formation of EGFP-positive cellular

aggregates and a subsequent reduction in the number of mesenchymal cells in the outgrowth

compared with controls (Figure 5.5). Comparison between the outgrowths of EphA4/EGFP-

expressing and control EGFP-expressing neural tubes indicated that there was a clear

localised reduction in EMT above EphA4/EGFP-positive regions (compare Figure 5.54, B

and C, D). To determine whether EphA4-mediated clumping reduced the efficacy of EMT

along the length of neural tube (indicated by mesenchymal cells in the outgrowth), outgrowth

cells were counted in phase contrast images according to the method described previously.

These data indicated that there was some reduction in the number of cells generated from

EphA4/EGFP-expressing neuroepithelium when compared to controls though this was not to

a level of statistical significance (EphA4: n:9 and Control: n:l0; Graph 5.2;p:0.08, one-

tailed t-test; Appendix l.5B). Thus, EphA4/EGFP expression appeared to elicit a dramatic but

highly localised reduction in EMT. Analysis of the EphA4/EGFP-positive cellular aggregates

in higher magnification also yelded some interesting insights into the possible cellular effects

of EphA4 over-expression. Firstly, many of the EphA4/EGFP-expressing cells within the

aggregates displayed long neurite-like extensions that were enmeshed with other cells within

the group (arrow, Figure 5.5C). In addition, and consistent with in vivo data, some

EphA4/EGFP-expressing cells showed surface blebbing (arrowheads, Figure 5.5C and D),

which were often found in cells with extensive membrane ruffling (in preparation for

migration) or in apoptotic nuclei (Newgreen et al., 1979).
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Figure 5.5. EphA4 over-expression in neural tube'cultures results in a localised

inhibition of EMT.

Control EGFP-expressing culture (4, B), and EphA4ÆGFP-expressing culture viewed in high

magnification (C, D) stained with Sox E antibody (red) and HNKI (blue) in A and C. Arow

in A indicates direction of outgrowth. (8, D) Corresponding phase contrast images of control

and EphA4 cultures, respectively. h C and D, arrowheads indicate apoptotic cells and alrow

in (C) indicates neurite-like processes. Scale Bar: 50 ¡rm (4, B); 100 pm (C, D).
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Graph 5.2- Mean number of cells (determined by phase contrast) in the outgrowth regions of

EphA4 (n : 9) and control (n : 10) NT' cultures. Error bars, EphA4: +7.0; Control: + l6.l

5.2.4 kiEphA4/EGFP express ion in NP cultures leads úo a less

dense outgrowth

In contrast to the apparent inhibitory effects of ectopic EphA4 on EMT, kiEphA4ÆGFP-

expressing cells readily acquired mesenchymal characteristics in both NT' and NTp' cultures,

although in NT'cultures this consistently lead to a less dense outgrowth than in controls

(Figure 5.2).To quantiff this observation, the number of Sox E nuclei in the distal outgrowth

was counted for kiEphA4ÆGFP and control EGFP-expressingNT- cultures, as previously

described in Section 5.2.1. The data obtained from these analyses indicated that there was a

significant reduction of Sox E-positive nuclei in kiEphA4ÆGFP-expressing explants

(kiEphAa:43, control:82;p:0.03, one-tailed t-test; Graph 5.3 below, Appendix l.5C),

despite demonstrating a higher average level of expression in the neuroepithelium than

controls (kiEphA4: 28.3yo, n:9; control: l8.2Vo, n:10).
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Graph 5.3- Mean number of Sox E nuclei in the outgrowth of kiEphA4 (n:9) and control (n
: 10) NT'level cultures. The average level of expression in the neuroepithelium was 18.2o/o

and28.3Yo for controls and kiEphA4 respectively. Error bars, control + 17.7; kiEphA4: + 7.5

5.2.4 Morphological differences beúween EphA4/EGFP and

kiEphA4/EGFP cultures in the epithelioid layer

Given the multiple roles previously described for EphA4 in affecting cell adhesion and

morphology changes during tissue morphogenesis, it was postulated that EphA4 might be

acting on the cytoskeleton during EMT. Prior to this analysis however, the epithelioid layer of
EphA4ÆGFP and kiEphA4ÆGFP-expressing NT'cultures was compared (Figure 5.6).

EphA4ÆGFP-expressing cells were arranged at the edge of the neuroepithelium, where NC

cell EMT is occuring, in a highly compacted line of cells (dashed line, Figure 5.64). This

line ofcells caused the neuroepithelium to appear densely packed, and occurred at the

expense of a clear epithelioid layer (dashed line, Figure 5.68). EphA4ÆGFP-positive cells

that did leave the neural primordium appeared to regress directly into a mesenchymal cell

state, though they did not spread like normal mesenchymal cells and instead formed a close

group, separated from the rest of the migratory NC cell population (arrows delineate edge of
this goup in Figure 5.68). In stark contrast to NT* cultures over-expressing EphA4,

kiEphA4ÆGFP-expressing neural primordia were characterised by a reduced neuroepithelial

layer, with the majority of the EGFP-positive cells contributing to the epithelioid and

mesenchymal layers (Figure 5.6C and D). The localisation of kiEphA4ÆGFP-expressing cells

in the epithelioid layer created a well-spaced network of flattened cells bordered by sparsely
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distributed mesenchymal cells (Figure 5.6D). In this particular culture the neural anlage had

been dislodged from the plate, though this was not a common feature of kiEphA4 cultures.

Thus, there were clear differences in the distribution and subsequent morphology of the

epithelioid layers in NT' cultures over-expressing EphA4 compared to those expressing

kiEphA4/EGFP.
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Figure 5.6. EphA4 and kiEphA4 NT- cultures display distinct morphologies in the

epithelioid layer.

(A-D) Images show distribution of EphA4/EcFP-expressing cells (A), and kiEphA4/EGFP-

expressing cells (C) in the epithelioid layer of NT- cultures with corresponding bright field

images in (C) and (D) respectively. (,A., C) White affow indicates direction of outgrowth.

Dashed lines in (A) and (B) indicate cluster of EphA4/EGFP-expressing cells at the edge of

the neuroepithelium. (B) Red affows indicate edge of group of EphA4/EGFP cells.

Scale bar: 100 pm (4, B): 50 pm (C, D).
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5.2.5 kiEphA4/EGFP-expressíng cells in NT^ cultures exhibit

morphologíes characteristic of increased sub strate adhesions

Although kiEphA4/EGFP-expressing cells had a similar distribution to EGFP-expressing cells

in NT' cultures, kiEphA4/EGFP-positive cells often exhibited square, flattened morphologies

indicative of increased substrate attachment (Figure 5.7). Whilst EGFP-expressing cells only

occasionally exhibited this sort of morphology, enlarged kiEphA4/EGFP-expressing cells

were found in both the mesenchymal layer (compare asterisks, Figure 5.74 and B), and in

some cases, directly abutting the remaining neural primordium (Figure 5.7D and E). In

addition, the density of EGFP-expressing cells gradually decreased with increasing

localisation away from the densely packed neural tube structure (arrows, Figure 5.7C). In

contrast, there was a distinct drop in cell density at the edge of the kiEphA4/EGFP-expressing

neuroepithelium (Figure 5.7D and E). KiEphA4/EGFP-positive cells adjacent to the

remaining neural epithelium were often isolated and abnormally shaped, appearing

disoriented and showing no clear alignment with the direction of outgrowth away from the

neural tube (arrowhead, 5.7D and E). In addition, isolated kiEphA4/EGFP-expressing cells

exhibited an increased frequency of multinucleation (arrowhead, Figure 5.7F). Despite their

shape being atypical of NC cells, kiEphA4/EGFP-expressing cells adjacent to the neural tube

were also HNK1-positive, suggesting that NC cells with disrupted EphA4 signalling

differentiated into a migratory cell ¡pe (arrow, Figure 5.7F).
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Figure 5.7. kiEphA4/EcFP-expressing cells adopt abnormal square flattened

morphologies indicative of enhanced cell-substrate adhesions.

(A-B) Control (A) and kiEphA4 (B) NT'cultures indicating EGFP distribution. (A) Arrow

indicates direction of outgrowth and this applies to all images. (4, B) Asterisks indicate

morphology of cells in outgrowth of control and kiEphA4 cultures, respectively. (C-D) High

magnification view of control (A) and kiEphA4 (B) transfected cells emanating from the

neural tube (green) and overlayed with the corresponding Nomarski image. (C) Arows

highlight changes in cell density moving away from the neural primordium. (D, E)

Arowhead indicates the outline of a kiEphA4/EGFP-expressing cell next to the neural tube.

(E) Same image as (D) presented as EGFP alone. White line in C, D and E indicates edge of

neural tube. (F) Multinucleated kiEphA4/EGFP-expressing cell co-stained with Sox E (red)

and HNKI (blue). Arowhead indicates multinucleated cell, affow highlights HNKI co-

staining. m: mesenchymal; e: epithelium.

Scale Bar: 100 pm (4, B); 25 ¡tm (C-F)
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5.2.6 EphA4 regulates cyfoskeletal re-arrangement during NC cell

emigration from NT explants

In the absence of a direct test for cell-cell or cell-ECM adhesion, an additional key indicator

of EMT progression is the re-arangement of circumferential F-actin fibres into a stress fibre

morphology to facilitate cell motility (Newgreen and Minichiello,1996).In neuroepithelial

cells, high levels of cortical actin facilitate stable cell-cell adhesion. During EMT and

coincident with the reduction of N-cadherin based cell-cell adhesion, cortical F-actin fibres

form stress fibre bundles that cross the length of the cell and are required for tensile strength.

In the final stages of EMT, F-actin is reduced to a fine layer around the cell perimeter whilst

G-actin is increased (Newgreen and Minichiello, 1996). In control EGFP-expressing cells,

cells in the epithelioid layer exhibited a typical stress fibre morphology with fibres extended

across the length of the cell and strong circumferential bundles of F-actin (arrowheads, Figure

5.84, B). Compared to cells expressing EGFP-alone, EphA4/EGFP-positive cells had a

clearly disrupted F-actin organisation, charaterised by the lack of any clear cell outlines or

specific F-actin structures (Figure 5.8C, D and also 5.8H). In place of a characteristic

epithelioid state, EphA4/EGFP-expressing cells appeared to revert directly into a stress fibre

morphology despite their continued attachment to neighbouring cells (arrowheads, Figure

5.8C and D).

In contrast, kiEphA4/EGFP-expressing cells in the epithelioid layer formed a network of

flattened cells each surrounded by bands of thick circumferential F-actin at cell-cell junctions

(arrowheads, Figure 5.8E, F). In addition, kiEphA4/EGFP-expressign cells often displayed a

thickening of F-actin fibres at the cell edge in contact with the substrate (arrows, Figure

5.8G). Comparison between the epithelioid layers of EphA4 (Figure 5.8H) and kiEphA4

(Figure 5.8I) NT* cultures highlighted the distinct stress fibre morphology in cells with

reduced EphA4 signalling compared to the lack of any clear F-actin network in

EphA4/EGFP-expressing explants (Figure 5.8 H and I). The re-establishment of

circumferential F-actin distribution in kiEphA4/EGFP-expressing cells compared to cells

over-expressing EphA4 was accompanied by a significant flattening of kiEphA4/EGFP-

positive cells (arrows, Figure 5.8J, K), to the extent that expressing cells extended out of the

epithelial layer (arrowheads, Figure 5.8J, K).
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Figure 5.8. Expression of EphA4/EGFP or kiEphA4/EGFP perturbs F-actin distribution

during late-stage EMT.

(A-F) Control (4, B), EphA4 (C, D) and kiEphA4 (E, F) NT- cultures stained with phalloidin

(red) to highlight F-actin morphology, and EGFP (green). Images presented as

phalloidin/EcFP co-stain on in left panels (4, C, E), and Phalloidin only in right panels (8,

D, F). V/hite arrowheads highlight stress fibre morpohologies. Arrows in (C) indicate

EphA4/EGFP-positive processes.

(G) kiEphA4/EGFP-expressing cell stained with phalloidin (red) and DAPI (blue). Arrows

highlight intense F-actin deposits at regions in contact with substratum.

(H, I) Low magnification images illustrating F-actin morphology in the epithelioid layer of
highly expressing EphA4 (H) and kiEphA4 (I) NT- cultures. Dashed lines indicate edge of
neural primordium.

(J, K) Low magnification image of kiEphA4/EGFP-expressing NT'cultures expressing

kiEphA4/EGFP and presented as EGFP overlayed with phase contrast in (J) and phase image

alone (K). Arows highlight morphology of kiEphA4/EGFP-expressing cells in the neural

primordium; arrowheads indicate kiEphA4/EGFP-expressing cells adjacent to the epithelium.

Scale bar (A-G): 100 pm; (H-K): 50 pm.
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5.2.7 Do cytoskeletal differences befween EphA4/EGFP and

kiEphA4/EGFP cells coincide with changes in cadherin/catenin-

mediated adhesion?

To determine if the altered actin distribution in EphA4/EGFP-expressing cells also coincided

with a re-distribution of the cadherin linking molecule, ß-catenin, its distribution was

examined in both EphA4 and kiEphA4 NT- cultures. In the neuroepithelium, ß-catenin binds

to the cytoplasmic domain of cadherins at one end and then links these with the cytoskeleton,

acting as an intermediary protein linking cadherins with the F-actin cytoskeleton (de Melker

et a1., 2004). Coincident with changes to cellular adhesion associated with EMT, ß-catenin

distribution becomes restricted to sites of cell-cell contact as cells enter into the epithelioid

layer Q.{ewgreen and Minichiello, 1996). In addition to its role as a cadherin linking protein,

ß-catenin also functions as a transcription factor during EMT, complexing with Tcf/LEF

transcriptional activation complex (in the canonical Wnt signalling pathwÐ to promote

expression of genes associated with the mesenchymal state, for example Slug (Newgreen,

2005). Thus, for a brief period during EMT, ß-catenin becomes focussed in the

cytoplasm/nuclear region and eventually disappears from both the membrane and cytoplasm

in the final stages of EMT (de Melker et a1.,2004).

In the neuroepithelium, ß-catenin followed the arrangement of circumferential actin in both

control EGFP and EphA4/EGFP-expressing cells (Figure 5.9). Whilst control EGFP-

expressing cells contributed normally to the paved arrangement of F-actin and ß-catenin at

cell-cell junctions in the epithelium, (Figure 5.94 and B), the presence of a clump of

EphA4/EGFP-positive cells clearly disrupted the normal distribution of both of these proteins

(Figure 5.9D-F). Distinct from controls, ß-catenin accumulated along with F-actin at the

exterior edge of EphA4/EcFP-positive cell clumps, indicating a tight cross-linking between

F-actin bundles and cadherins at regions of cell-cell junctions (asterisks, Figure 5.9D and E).

In addition, compared to controls, there appeared to be a general increase in the distribution of

ß-catenin both in the cytoplasm and also along the perimeters of EphA4/EGFP-expressing

cells (compare Figure 5.98 with E). In EphA4/EGFP-expressing cells, ß-catenin at cell-cell

junctions often remained in the absence of F-actin fibres (arrows, Figure 5.9D-F), whilst in

EGFP-expressing cells, the distribution of ß-catenin and F-actin at cell-cell junctions

correlated more closely (arrow, Figure 5.94-C).
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X'igure 5.9. p-catenin distribution is disrupted along with circumferential F-actin in the

neuroepithelium of EphA4/EGFP-expressing NT' cultures.

(A-C) Control, EGFP and (D-F) EphA4/EGFP-expressing cells co-stained with phalloidin to

indicate F-actin (red), B-catenin (blue), and EGFP (green) and presented as EGFP/F-actin in

(A) and (D), p-catenin only in (B) and (E), and B-catenin/F-actin in (C) and (F). (A-C) Arrow

indicates occasional loss of cell-cell junctions between control EGFP-expressing cells. (D-F)

Asterisks indicate p-cateninÆ-actin foci; arrows indicate loss of cell-cell junctions. Scale bar:

50 ¡rm.
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A common theme observed in NT- cultures over-expressing EphA4 was that cells were

consistently localised in tight aggregates in the epithelioid layer (Figures 5.5 and 5.7). Given

the integral role of ß-catenin in both facilitating cross-talk between cadherins and the

cytoskeleton as well as its role downstream of Wnt signalling during EMT (de Melker et al.,

2004), the distribution of this molecule was examined specifically in EGFP, EphA4/EGFP

and kiEphA4/EGFP-expressing cells in the epithelioid layer of NT- cultures (Figure 5.10;

Control: n:3; kiEphA4: n:3; EphA4: n:5). In control EGFP and kiEphA4/EGFP-

expressing NT- cultures, ß-catenin expression became restricted to regions of cell-cell contact

and was deposited in the nuclear regions of cells in the epithelioid layer (arrows Figure

5.104-C and in cells 1 and 3, Figure 5.10 G-I). In both cases, localisation of ß-catenin to cell-

cell contacts occurred coincidently with the re-distribution of F-actin fibres into thickened

circumferential bands, indicative of coordinated changes in cell-cell and cytoskeletal adhesion

systems (compare Figures 5.10 B, C and H, I, respectively). In addition, kiEphA4/EGFP-

expressing cells appeared to retain ß-catenin distribution at cell-cell junctions between

kiEphA4/GFP-expressing cells but not adjacent to non-expressing cells attached (compare

cell4 with cells 1 and 3 in Figure 5.10H).

úr contrast, in EphA4/EGFP-expressing cells in the epithelioid layer, ß-catenin remained

diffuse with intermittent distribution at regions of cell-cell contact (cells 1, 2 and 4, Figure

5.10 D-F). This occurred concordantly with an inability of EphA4/EGFP-expressing cells to

support thick bands of circumferential F-actin, occasionally reverting to an elongated

morphology with fine F-actin fibres at cell-cell junctions (for example, cell 1 in Figure 5.10D-

F). In all of the EphA4/EGFP-expressing NT'cultures analysed, there was also an increase in

cytoplasmic ß-catenin, so that it tended to remain diffuse in the cytoplasm instead of

becoming downregulated as with other epithelioid cells (compare regions 2 and 3 in Figure

s.10F).
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Figure 5.10. p-catenin distribution in the epithelioid layer of NT'cultures is perturbed

in cells over-expressing EphA4.

Control (A-C), EphA4 (D-F) and kiEphA4 (G- D NT- cultures co-stained with EGFP (green,

A, D, G), phalloidin to indicate F-actin (red, A, C, D, F, G, I), and p-catenin (blue, C, F, I).

(A-C) Arrows show control EGFP-expressing cells with typical F-actin and p-catenin

distribution for cells distributed in the epithelioid layer. Cells 1,2 and 4 in (D-F) and cells 1, 2

and 3 in (G-I) highlight specific morphologies of particular EphA4/EGFP-expressing and

kiEphA4/EGFP-expressing cells, respectively. Cell3 in (D-F) and cell a in (G-I) indicate the

morphology of non-expressing cells for comparison.

Scale bar: 50 pm.
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5.3 Discussion

The effects of EphA4 over-expression or blocking kinase-dependent EphA4 signalling

utilising an in vitro assay for EMT paralleled the in vlvo results (refer Chapter 4) suggesting

that EphA4 is involved in NC cell EMT. Similar to in vivo, over-expression of EphA4 in

culture lead to a significant inhibition of EMT, promoting the formation of cellular aggregates

in both NT- and NTp- cultures (Figures 5.3 and 5.5). Furtherrnore, EphA4 over-expression

lead to morphological and molecular changes indicative of increased cell-cell adhesion,

possibly even influencing cellular differentiation (Figure 5.3 and 5.11). Úr addition, in the

neuroepithelium, F-actin and p-catenin were found in intense deposits at cell-cell junctions,

possibly indicating EphA4 involvement in regulating cadherin-dependent cell-cell adhesion

(Figure 5.10). Conversely, loss of EphA4 activity promoted the acquisition of motile

characteristics causing cells to adopt a polygonal, flattened morphology and to localise to the

distal outgrowth (Figure 5.6). A possible interpretation for these effects on NC cell

morphology is that in the absence of EphA4 signalling, cell-substrate interactions were

enhanced. Similar to the in vivo analyses, expression of kiEphA4/EGFP had distinct effects

on the overall EMT outcome depending on whether it was expressed at the onset of EMT

(NTo-) or in the advanced stages (NT^). In NT- cultures expressing kiEphA4/EGFP, a

reduction in outgrowth density was observed (Figure 5.2 and 5.7); inNTp' cultures, the loss

of EphA4 activity increased the EMT outcome, as measured by the number of mesenchymal

cells (Figure 5.4). Finally, analysis of F-actin distribution in delaminating cells in the presence

of excess EphA4 suggested that EphA4 negatively regulated stress fibre formation in

delaminating NC cells (Figure 5.8 and 5.10). In sum, these data suggest that EphA4

negatively regulates NC cell EMT. The possible mechanisms through which EphA4 might be

acting in EMT are discussed below.

5.3.1 Putative mechamsms to explain the loss of cell density in

kiEphA4lEGFP-expressrng NT* explants

A possible mechanism to explain why reduced EphA4 activity produced a sparser NC cell

outgrowth than controls is that EphA4 positively regulates proliferation of migratory NC

cells. Analyses both in vitro and in vivohave demonstrated that recently delaminated

migratory NC cells undergo a series of mitoses and this leads to groups of clonally related

daughter cells travelling together in vivo (Krull et a1.,1995; Newgreen and Minichiello,
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1995). If EphA4 was required for the positive regulation of proliferation in recently

delaminated cells, inhibition of EphA4 signalling with kiEphA4 might directly inhibit mitoses

amongst recently emigrated NC cells. Whilst this hypothesis would explain the loss of density

in kiEphA4/EGFP-expressing explants as well as the increased frequency of multinucleate

cells (Figure 5.7), there are a number of possible reasons why this hypothesis is not

particularly feasible when considering an in vivo role for EphA4. Firstly, EphA4 is expressed

at a low level on NC cells and therefore would be expected to have a negative regulatory role

in events required for NC cell migration. For example, if EphA4 was specifically required for

mitoses in migratory NC cells it would not be expected to be expressed at such low levels.

Secondly, EphA receptors have been shown to negatively regulate the ERK/MAPK pathway

in prostatic epithelial cells and cancer, having a largely non-mitogenic effect (Kullander and

Klein, 2002). Although the downstream effects of Eph activation in anyparticular cell t¡pe is

likely to be specific, a similar situation was described for EphB2 in neuronal cells (Kullander

and Klein, 2002), suggesting that EphA4 would be unlikely to positively regulate cell

proliferation during NC cell migration.

If EphA4 is unlikely to be positively regulating mitoses in NC cells during the early phases of

migration, the question remains as to how reduced EphA4 activity might decrease the density

of emigrating NC cells. Analyses of kiEphA4 in NTp- cultures suggested that NC cell

emigration in the absence of EphA4 occurred on a more rapid timetable. A possible

explanation that would encompass the delamination profiles of kiEphA4/EGFP-expressing

cells and the concomitant reduction in NC cell outgrowth density is that EphA4 might

negatively regulate entry of neuroepithelial cells into S phase; a critical requirement for

successful delamination (Burstyn-Cohen and Kalcheim,2002). EphA receptors are considered

negative regulators of proliferation and act to suppress the MAPK pathway in multiple

different cell types (Kullander and Klein, 2002). Thus, there is circumstantial evidence to

support that EphA4 might negatively regulate G1/S transition and subsequent delamination.

Furthermore, a recent paper has demonstrated that this particular pathway is axial level-

dependent providing further support for the distinct effects of kiEphA4 at NT- and NTp'

levels. In the case of kiEphA4/EcFP-expressing cells, reduced EphA4 would enhance Gl/S

transition and subsequently, NC cell delamination, whilst over-expression would inhibit this

process. Despite this possibility, it is difficult to then link increased proliferative capacity with

the observed reduction in cell density in kiEphA4 NT- explants. A possible explanation could

be that cells expressing kiEphA4 might be forced prematurely into S phase without acquiring

the correct machinery for completion of replication. Interestingly, inhibition of DNA
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replication in cells that had akeady entered into S phase did not affect delamination but

produced enlarged cells and a sparser outgrowth (Burstyn-Cohen and Kalcheim, 2002). Thus,

it is possible that kiBphA4 could promote Gl/S transition (and delamination) whilst inhibiting

subsequent mitoses in NC cells in the outgrowth. To further confirm if this was the case, the

pattem of S phase entry would have to be compared in delaminating cells expressing

kiEphA4/EGFP, EphA4/EGFP and EGFP alone. In addition, it would be useful to analyse

earlier time-points in kiEphA4 NTp'cultures to ensure that kiEphA4 does actually increase

the rate of EMT in NC cell precursors.

Aberrant migratory morphologies of kiEphA4/EGFP-expressing

cerrs in NT' explants: implicafions for NC cell migration?

Studies investigating the mechanisms of migration of NC cells in vitrohave indicated that NC

cells exhibit density-dependant orientation and directionality, and that in the absence of many

cell contacts, they have an increased tendency to migrate in a random manner (Newgreen et

al.,1979; Rovasio et al., 1983). This was also the case for kiEphA4/EGFP-expressing cells; at

reduced density they adopted an abnormal cell shape and were disoriented, however once in a

mass of NC cells, they assumed a more uniform orientation and morphology. A similar

phenomenon was noted in vivo; kiEphA4/EGFP-expressing cells at the leading edge of a

migratory NC stream were often tangentially aligned and entered into inappropriate

territories, whilst expression amongst a stream of non-transfected cells resulted in their

correct orientation and subsequent migration. Thus, a possible explanation for the migratory

morphologies adopted by kiEphA4/EGFP-expressing cells in vivo andin NT' explants could

be that these cells lacked sufficient cell-cell contacts to orient and direct their trajectories

correctly. In support of this idea, recently delaminated kiEphA4/EGFP-expressing cells often

lacked any clear cell-cell contacts (Figure 5.7). Furthefinore, the extent of disorientation was

dose-dependent both in vivo and in vitro. Thttl when kiEphA4/EGFP-expressing cells were in

the majority of cells in an outgtowth, density was significantly reduced and the reverse was

true when there were only a few kiEphA4/EGFP-positive cells present. In sum, these data

lend support to the idea that the aberrant migration of kiEphA4/EGFP-expressing cells might

be directly related to reductions in cell density amongst the migratory NC cell population.

One of the possible mechanisms to explain the aberrant migration of kiEphA4/EGFP-

expressing cells in vivo was that these cells had reduced HNKI expression (refer Figure 4.7).

V/hilst in vitro, there was no significant correlation between disoriented NC cell morphology
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and low HNK1 immunoreactivity (Figure 5.7),the level of HNK1 expression in the

outgrowth of kiEphA4/EGFP-expressing NT'explants was reduced compared to that

produced from EphA4/EGFP-expressing explants (Figure 5.2). Thus, further analyses would

have to be conducted to detemine whether in fact disoriented migratory morphologies

correlated with reduced HNK1 staining in kiEphA4/EGFP-expressing cells. Given the high

levels of HNK1 expression in EphA4/EGFP-expressing cells it could be speculated that

EphA4 positively regulates the presentation of the HNK1 epitope at the cell surface, although

how this explanation might fit with the observed inhibitory effects of EphA4 activity on EMT

is unknown. A more likely mechanism that might explain these effects is that increased

HNK1 expression in cells of the epithelioid layer was a downstream consequence of EphA4-

mediated inhibition of F-actin (discussed further below). In comparison, kiEphA4/EGFP-

expressing cells expressed SoxE more frequently than EphA4/EGFP-expressing cells. This

observation, along with the increased neuronal-like morphologies associated with

EphA4/EGFP-expressing cells might implicate EphA4 more directly in regulating neuronal

differentiation, although the in vivo relevance of this possibility remains unknown (discussed

in section 5.3.2).

5.3.2 EphA4 over-expression suggesfs a role in promoting

cadherin-dependent cell-cell adhesion in neuroepithelial cells

One of the key effects of EphA4 over-expression in vivo was thought to be changes in cell-

cell adhesion leading to the preferential association of EphA4/EGFP-expressing cells with

one another and to endogenous NC cells (refer Figures 4.5 and 4.6).Inboth the neural tube in

vivo and in the neuroepithelium in vitro, EphA4/EGFP-expressing cells were associated in

clusters of "like" cells, culminating in a striped anangement of EGFP-positive cells (Figure

5.114 and B). 'Whether this effect was due to the preferred attachment of EphA4/EGFP-

expressing cells to one another or their exclusion from neighbouring, non-expressing

neuroepithelial cells is unknown. However, in the few examples where EphA4/EGFP-positive

cells could be found in the outgrowth, they exhibited a rounded morphology and often were

found attached to one another in aggregates, implicating an active role for this protein in

promoting cell-cell over cell-substrate adhesions in NC cells (Weston, I970).

Previously, it was hlpothesised that changes to cell-cell adhesion in EphA4/EGFP-expressing

cells during EMT might be through interactions with N-cadherin (refer Section 4.3.4).

Analysis of the distribution of the cadherin-linking molecule, p-catenin, inEphA /EGFP-

expressing cells in the neuroepithelium showed that it was distributed in excessive amounts
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along with F-actin at cell-cell junctions (Figure 5.9). The intense deposits of F-actin and B-

catenin at cell-cell junctions suggest that EphA4 promoted cadherin-mediated junctions in the

epithelium. In epithelia, cadherin molecules expressed on the cell surface provide critical tight

adhesions between neighbouring epithelial cells and comprise a specialised t¡pe of epithelial

junction or adherens junction (Gumbiner,1996). Adherens junctions facilitate extensive

adhesion between epithelial cells and are required for maintenance of the integrity of an

epithelial layer pafücularly in response to mechanical stress (Takeichi, 1988). Thus, these

data support the idea that EphA4 might promote epithelial junctions, possibly through a

cadherin-dependent mechanism. In support of such a notion, restoration of EphA4 signalling

in cells of the pre-somitic mesoderm induced boundary formation and also the apical re-

distribution of p-catenin; both of which are involved in the acquisition of an epithelial

phenotype (Barrios et al., 2003). Thus, in the neuroepithelium in vivo, EphA4 might promote

adherens junctions and thereby negatively regulate neuroepithelial cell progression during

EMT. As EGFP does not necessarily indicate EphA4 distribution, a cntical test to assert that

EphA4 directly regulates epithelial junctions would be to confirm its co-localisation with p-

catenin and F-actin at cell-cell junctions.

In the epithelioid layer, aggregatedEphA4/EGFP-expressing cells appeared to differentiate

into neuron-like cells (Figure 5.5). In addition to extending spiny EGFP-positive processes

(arrowheads Figure 5.11C), in some cases the distal tips of EphA4/EGFP-positive processes

displayed lamellipodia typical of a neuronal growth cone (arrowheads, Figure 5.11D).

Furthermorc,EphAfilEGFP-expressing cells displaying this morphology rarely co-expressed

SoxE despite continued levels of HNK1 expression (arrows, Figure 5.11C and Figure 5.5),

supporting the observation that clustered EphA4/EGFP-expressing cells had acquired a

neuronal cell fate (Kim et a1.,2003). To clarify their differentiation status, HUN or TUJI

could be utilised to stain EphA4/EGFP-expressing NT* explants. Interestingly, re-

examination of the anterior neural tube of EphA4/EGFP-expressing embryos suggested that a

similar phenomenon might occur in vivo (refer Appendix l.2A). This effect was only seen in

some of theBphfu lBGFP-positive cell clumps. A possible explanation for the observed

variation might be that explants taken from slightly more anterior regions would be likely to

display neuronal differentiation more readily than more immature (posterior) explants.
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Figure 5.11. EphA4 over-expression has distinct effects on cell-cell adhesion.

(A) Transverse section of EphA4/EGFP transfected embryo (EGFP in green), co-stained with

N-cadherin (red) and Laminin (blue), affows point to EphA4/EGFP-positive clusters in the

neural tube. (B) EphA4/EGFP-expressing neural tube'culture stained with HNK1 (red);

¿rrrow indicates direction of outgtowth, line denotes neural tube outline.

(C and D) Prolonged cellular aggregation promotes the formation of cellular processes typical

of a growth cone in EphA4/EGFP-expressing NT- explants.

(C) NT'culture expressing EphA4iEGFP and stained with HNKI (blue) and SoxE (red).

Arows points to clumped EphA4/EGFP-expressing cells at the edge of the neuroepithelium,

arrowheads highlight spiny processes that are also EGFP-positive.

(D) Higher magnification image of same EphA4/EGFP-expressing explant as in (C). Arow

indicates growth cone-like structure at tip of nascent EphA4/EGFP-positive axon.

Scale bars: 50 pm.
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Earlier studies documenting the different phases of NC cell emigration/differentiation in vitro

have revealed that after 2 days in culture, NC cells at the distal tip of a NC cell outgrowth (the

developmentally oldest) begin to form tight cellular groups, occasionally producing nascent

axons (Newgreen et aL,1979). This process of re-aggregation could be likened to DRG/SG

formation in vivo, whereby NC cells, having migrated away from the neural tube, increase

their cell-cell adhesions to facilitate coalescence and differentiation (Newgreen et al.,1979).

Possible mediators of increased cell-cell adhesions are N-cadherin and N-CAM; both of

which are up regulated at the time of DRG condensation (Akitaya and Bronner-Frase41992;

Duband et a1.,1988; Nakagawa and Takeichi, 1995; Thiery et al., 1982b). Thus, in a similar

manner, prolonged aggregation of cells expressing EphA4/EGFP might facilitate neuronal

differentiation despite the localisation of these cells at the edge of the neural tube. Apart from

the observation that aggregation might indirectly stimulate differentiation (Newgreen et al.,

1979), an additional possibility is that the prolonged exposure of these cells to neural tube-

derived trophic factors might also promote neuronal differentiation, mimicking the in vivo

environment. Thus, the combination of persistent tight cell-cell adhesion facilitated by EphA4

and the proximity of EphA4/EGFP-expressing clumps to neural tube-derived trophic factors

might lead to differentiation (Gumbiner,1996; Le Douarin and Kalcheim, 1999). In sum,

these data lend support to the hlpothesis that in the neuroepithelium and possibly the

epithelioid layers, EphA4 might be acting in concert with cadherin-based cell-cell adhesion

signals to negatively regulate EMT.

5.3,3 A possible role for EphA4 in cross-modulation of cell adhesive

and cytoskeletal changes during EMT

In kiEphA4/EGFP-expressing NTp'cultures, a more extensive mesenchynral layer was

observed than in control cultures, suggesting that in the absence of kinase-dependent EphA4

signalling, EMT occurred at a more rapid rate. These data concurred with what was observed

in vivo (refer Chapter 4). Combining these observations with the enhanced flattening and

spread appearance of kiEphA4/EGFP-expressing cells, a likely possible interpretation is that

cell-substratum contacts were enhanced in these cells. A key stimulus regulating the timing of

neuroepithelial cell EMT is the acquisition of integrin-mediated substrate attachment

mechanisms (Delannet and Duband,1992). There are a number of possible mechanisms

whereby EphA4 might directly influence the process of integrin-mediated adhesion in NC cell

precursors. As previously described (refer Section 4.3.5), kiEphA4/EGFP expression acts to

directly inhibit kinase-dependent EphA4-mediated signalling whilst stimulating signalling
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pathways downstream of ephrin-A5. EphA receptors negatively regulate substrate attachment

through the integrin-linking kinase, FAK (Kullander and Klein, 2002; Miao et a1.,2000),

whilst ephrin-A signalling promotes integrin-mediated adhesion through the Src family of

tyrosine kinases (Gauthier and Robbins, 2003)(Figure 5.12). Thus, it could be imagined that a

dynamic balance between EphA4 and ephrin-A activity in neuroepithelial cells during EMT,

might directly regulate the maturity of integrin-receptor sites and the subsequent exit of NC

cell precursors from the neural tube. In cells expressing kiEphA4/EGFP, this balance would

be pushed towards ephrin-A signalling pathways and subsequently strong integrin-mediated

attachment. It has been shown that expression of ECM receptors is directly regulated by TGF-

p family members, which are key inducing factors during EMT (Delannet and Duband, 1992).

It would therefore be interesting to determine if ephrin-A expression was also regulated by

TGF- B; if this were the case, it would implicate ephrin-A activation in a novel mechanism to

facilitate substrate competency in neuroepithelial cells during EMT. To test the requirement

of ephrin-A activation in this pathway, ephrin-A knockdown studies using anti-sense

morpholinos or RNAi would have to be conducted in vivo (Krull, 2004; Pekarik et a1.,2003).

An additional observation that might shed light on the mechanism of EphA4 activity during

EMT is that kiEphA4/EGFP-positive cells displayed intense bundles of circumferential F-

actin and in the epithelioid zone; this was often strongest at the cell edge in contact with the

substratum (Figure 5.10). In addition to increased F-actin deposits at the site of substratum

attachment, EGFP was also deposited at points of contact along the cell surface. Whilst this

doesn't necessarily represent the distribution of EphA4 (due to the IRES sequence), this might

reflect a push towards the localisation of signalling mediators at the cell surface near sites of

active engagement of ECM receptors. A similar phenomenon of enhanced actin at the cortical

zone in contact with the substrate has been reported in NTp' cultures treated with the protein

kinase inhibitor, staurosporine; and was thought to be a means of acquiring tensile strength

(Newgreen and Minichiello, 1996). Whilst the morphological effects and also enhancement of

EMT in NTp- cultures in kiEphA4 explants was also reported for staurosporine-treated

explants, direct tests of the ECM adhesivity of staurosporine-treated cells demonstrated that

these effects v/ere not caused by increased cell-ECM attachment. V/ithout a direct test for

cell-ECM attachment in kiEphA4/EGFP-expressing cells, it cannot be asserted whether this is

the case. In the case of staurosporine treatment the primary mode of action was thought to be

on the actin cytoskeleton and cytoskeletal associated proteins such as vinculin, paxillin and

talin (Newgreen and Minichiello, 1996). Thus, an alternative explanation for the morphology
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and rapid acquisition of motile characteristics in kiEphA4/EGFP-expressing cells might be

that EphA4 is directly influencing redistribution of the cytoskeleton during EMT.

During EMT, a consequence of changes in the F-actin cytoskeleton is that N-cadherin

complexes in adherens adhesions at the cell perimeter disperse and a subsequent reduction in

cell-cell adhesion is observed, leading to a tight cross-regulation of EMT (Newgreen and

Minichiello,Igg6).In EMT induced byprotein kinase inhibitors, changes in cell morphology

precede reduction in cell-cell adhesions, (and the reverse occurs in spontaneous EMT)

(Brennan et a1.,1999; Monier-Gavelle and Duband, 1995; Newgreen and Minichiello, 1996).

A common feature of kiEphA4/EGFP-expressing cells in the epithelioid layer was that they

formed organised networks of flattened cells indicative of increased cohesion (Figure 5.8 and

5.10). In addition, a preliminary analysis of þcatenin distribution in kiEphA4/EGFP-

mediated EMT suggested that its localisation at cell-cell junctions might also have been

retained in kiEphA4/EGFP-expressing cells in the epithelioid layer (Figure 5.10). Thus, these

data suggest that the normal sequence of events leading to EMT might have been altered in

kiEphA4/EGFP-expressing cells to mimic that induced by staurosporine treatment. If
kiEphA4/EGFP expression was acting in a similar way to staurosporine, it might promote

EMT by stimulating closkeletal change rather than by directly and specifically affecting cell-

cell or cell-substratum adhesion mechanisms.

5.3.4 EphA4/EGFP-expressing cells appear unable to form the

epithelioid cell state: insights into EphA$-mediated EMT

An additional consequence of EphA4 over-expression (to increased cell-cell adhesion as

discussed in Section 5.3.2) was that EphA4/EGFP-positive cells in the epithelioid layer

appeared unable to form the characteristic epithelioid cell type. Although these cells had

abnormal distribution of F-actin at cell-cell junctions at all levels of the NT- cultures (Figure

5.8, 5.9 and 5.10), the virtual lack of a discemible epithelioid layer was a consistent effect.

Instead of forming an epithelioid state, cells adopted a mesenchymal morphology, displaying

fine F-actin fibres at their cell perimeters. In addition, cells showed a reduction in both

cytoplasmic B-catenin and also distribution at cell-cell junctions consistent with the

conversion to a mesench¡rmal cell type (Newgreen and Minichiello, 1995). Despite their

apparent loss of cell-cell adhesion complexes at the cell surface, these cells still remained

deep in the layer normally occupied by epithelioid cells, indicating that whilst they had

acquired some mesench¡rmal characteristics, they had not successfully progressed through
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EMT. In addition, a common phenomenon observed at the edge of the neuroepithelium of

EphA4/EGFP-expressing cultures was that EphA4/EGFP-expressing cells had high HNK1

immunoreactivity (Figure 5.2), providing further evidence to suggest that these cells had

completed EMT. A possible explanation for these effects is that prolonged inhibition of F-

actin (mediated by EphAa) might promote entry of EphA4/EcFP-expressing cells into a

default low F-actin, high G-actin state, diffusing N-cadherin/ p-catenin complexes at the cell

surface and subsequently promoting the change to a mesenchymal state (Newgreen and

Minichiello,1996).It leaves open for further examination why these cells could not then

migrate away from the neural tube, although perhaps their physical location in the dense

epithelioid layer might have impeded further movement.

An additional observation in EphA4/EGFP-expressing cells in the epithelioid layer was that

they were characterised by a diffuse "halo" of p-catenin immunoreactivity. In contrast, in both

control and kiEphA4/EGFP-expressing cells in the epithelioid layer, there was a general

reduction of cytoplasmic p-catenin coincident with their localisation away from the neural

tube and a focussing of staining into the nuclear region (Figure 5.10). It has been proposed

that nuclear localisation of p-catenin for a brief period during EMT is critical to NC cell

delamination (de Melker et al., 2004). Certainly, in the canonical Wnt signalling pathway, a

key regulatory target of the Tcf/LEF pathway is Slug, one of the first known markers for

EMT in NC cells (Nieto et al., 1994). Thus, activation of the p-catenin-dependent pathway is

associated with EMT in NC cells and also in promoting tumourigenesis (Savagner,2001;

Yanfeng et aL,2003). V/hether the lack of nuclear-localised p-catenin in the epithelioid layer

of EphA4/EGFP-expressing cultures reflected that these cells did not undergo successful F-

actin re-arrangement to become "epithelioid" or that this lack of p-catenin signalling has some

functional significance for the molecular mechanisms regulating EphA4 signalling is

unknown. However, given that activation of the Tcf/LEF-responsive gene Slug requires

nuclear-localised p-catenin and Slug directly represses E-cadherin expression (Conacci-

Sonell et aL,2003)(Figure 5.12), it could be imagined that inhibition of this pathway in NC

cells during delamination would prohibit EMT. In sum, these data provide further evidence

that EphA4 over-expression in neuroepithelial cells inhibited the formation of F-actin stress

fibre bundles, possibly also affecting the nuclear localisation of p-catenin required for

successful EMT.

Cell density has been shown to be a negative regulator of p-catenin localisation in the nucleus

and subsequent EMT (Conacci-Sorrell et aI.,2003). Given that EphA4 mis-expression also
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affected cell density and EMT; these observations might provide an additional possible clue

to the cellular basis of EphA4-mediated effects. It was shown that when SW480 cells were

plated at high cell density, there was an increased localisation of E-cadherin/p-catenin

complexes at cell-cell junctions and a concomitant reduction in nuclear localised p-catenin.

This reduction lead to reduced Slug expression and also increased E-cadherin expression

(summarised in Figure 5.I2). Conversely, cultures plated at low density exhibited a strong

deposition of nuclear-localised p-catenin and a subsequent increase in Slug

expression/activation of ERK, both of which lead to reduced E-cadherin expression (Conacci-

Sorrell et al., 2003). Without analysing the expression of Slug and N-cadherin in

EphA4/EGFP-expressing cells, it is impossible to determine whether alterations in EphA4

activity caused similar effects. However, EphA4 over-expression yielded both an increase in

cell density at the edge of the neuroepithelium as well as reduced nuclear localisation of p-

catenin during EMT, suggesting that excess activation might inhibit p-catenin signalling via

activation of E-cadherin-mediated junctions. Alternatively, EphA receptors have been shown

to negatively regulate integrin-dependent substrate attachment through FAK (Miao et al.,

2000). In colon cancer cells a direct consequence of reduced substrate attachment is the

inhibition of p-catenin signalling and subsequent reduction of Slug expression/enhancement

of E-cadherin (Tan et al.,2001). Finally, in densely packed cells, where þcatenin signalling

was reduced, a significant reduction in the number of cells in S phase was observed (Conacci-

Sorrell el aL,2003). These effects are consistent with the putative effects of kiEphA4 on

promoting entry into S phase (discussed in Section 5.3.1), a step that is critical for NC cell

delamination. Further tests would be required to consolidate this hypothesis such as analysing

the expression of Slug and N-cadherin, as well as the number of cells in S phase analysed in

both EphA4/EGFP and kiEphA4/EGFP-expressing cells.
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Figure 5.12. Schematic diagram illustrating the possible intracellular mediators through

which EphA4 might negatively regulate EMT in NC cells.

EphA4 (green) interacts with ephrin-A proteins (pink) on the cell surface of delaminating NC

cells. EphA4,via interactions with FAK, could negatively regulate cell-substratum

attachment, which might also indirectly inhibit RhoB activity. úr addition, through

interactions with Rndl or Tiaml/Rac, EphA4 could also inhibit RhoB-mediated stress fibre

formation (Malliri and Collard,2003; Nobes et al., 1998). More specifically, EphA4

interactions with Tiaml could promote epithelial characteristics including cadherin-mediated

adherens junctions (Malliri et a1.,2004). Based on studies correlating increased cadherin-

mediated cell-cell adhesions and changes in B-catenirVSlug activity/proliferative activity

(Conacci-Sorrell et a1.,2003); EphA4 might then indirectly inhibit B-catenin localisation to

the nucleus and consequently the expression of Slug as well as cyclinDl (Burstyn-Cohen et

aL,2004; Conacci-Sorrell et a1.,2003). An additional downstream consequence of reduced

Slug expression is that E-cadherin (or N-cadherin in the case of delaminating NC cells) is no

longer inhibited and its expression/activity maintained. Thus, the ultimate cellular response to

EphA4 over-expression (and the reverse is true for kiEphA4) could be inhibition of cell-

substrate attachment mechanisms, increased cell-cell adhesion and perhaps reduced RhoB

activity, leading to a negative regulation of the cellular changes required for EMT. In

addition, EphA4, indirectly or through MAPK inhibition, might also negate EMT by

inhibiting the entry of delaminating NC cells into S phase.

Model adapted from (Conacci-Sorrell et a1.,2003).
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5.3.5 Poss¡ble intracellular mediators of EphA4 effects on sfress

fibre morphology during EMT

One of the possible mechanisms to explain increased motility and cell rounding mediated by

kiEphA4 and EphA4, respectively in vivo was that EphA4 might be inhibiting RhoB during

EMT (refer Section 4.3.2). The results from both EphA4 over-expression and kiBphA4

analyses in vitro concur with this hypothesis on a number of levels. Firstly, apart from the

observed inhibition of delamination, the cellular effects of EphA4 over-expression mimicked

that of Rho inhibition in vitro.In the presence of the Rho inhibitor, C3 transferase, NC cell

precursors exhibited a F-actin morphology similar to EphA4/EGFP-expressing cells; both

leading to an inability of NC cell precursors to generate the F-actin stress fibres required for

successful EMT (Liu and Jessell, 1998). In contrast, in the absence of EphA4 kinase-

dependent signalling, kiEphA4/EGFP-expressing cells displayed thickened F-actin stress fibre

bundles, indicative of enhanced recruitment of F-actin at the cell perimeter. V/hether this

reflects enhanced ECM interactions in kiEphA4/EGFP-expressing cells has been previously

discussed (refer Section 5.3.3).

If the net effect of EphA4 over-expression was to inhibit RhoB function, the question remains

as to how EphA4 might mediate such an effect on RhoB activity. In retinal ganglion cell

axons, EphA4 has been shown to stimulate RhoA through the RhoGEF, ephexin, leading to

growth cone collapse (Shamah et aL,200l). However, in an example analogous to the effects

of EphA4 during EMT, where EphA4 inhibits Rho activity, EphA4 is thought to act through

an Ephexin-independent pathway (Winning et a1., 2002).In this paper, the authors suggested

that EphA4 might act to inhibit Rho signalling by promoting the activity of Rndl, an

additional member of the Rho GTPase family (Nobes et a1.,1998). In cell culture, Rndl over-

expression inhibits stress fibre formation and substrate adhesion leading to cell rounding.

Furthermore, in epithelial cells, Rndl localises to adherens junctions and although the effect

on cadherins junctions was not analysed directly, cell-cell junctions were resistant to Rndl-

mediated promotion of actin disassembly (Nobes et al., 1998). Interestingly, in the

gastrulatingXenopus embryo, over-expression of XRndl phenocopied the cell dissociation

effects associated with EphA4 over-expression (Wunnenberg-Stapleton et al., 1999).

Furthermore, Rndl is a RhoA antagonist, suggesting that Rndl might be a critical link

between EphA4 an inhibition of Rho activity (Winning etalr,2002) (Figure 5.12)
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An alternative possible mediator of the effects of EphA4 on NC cell EMT is the RacGEF,

Tiaml that has been shown to promote cadherin-dependent cell-cell adhesion and cell motility

in epithelial cells (Malliri and Collard,2003; Malliri et a1.,2004; IJhlenbrock et a1., 2004).

Although Tiaml has not previously been implicated in NC cell EMT, over-expression of this

protein (leading to constitutive Rac activity) induces an epithelial morphology in melanoma

cells whilst mice lacking Tiaml showed increased malignancy, suggestingthat in the absence

of Tiaml malignant conversion was enhanced (Malliri and Collard,2003; Uhlenbrock et a1.,

2004).In epithelial cell lines, loss of Tiaml activity resulted in a significant flattening of cells

and promotion of mesenchymal morphology. Moreover, this effect was shown to be

dependent on cadherin-based cell-cell junctions, directly implicating cadherins along with

Tiaml and subsequent Rac activation in the formation of cadherin-based epithelial cell

junctions (Malliri et al., 2004). Finally, Tiaml/Rac and Rho regulate EMT by exerting

opposite effects on cellular processes. Thus it could be imagined that EphA4 positively

influencing Rac activitymight lead to inhibition of Rho and a subsequent inhibition of EMT.

Evidence for a specific interaction between EphA4 and Tiaml stems from studies showing

thatEphA2 canpromoteneurite extensionbyactivationof Tiaml (Tanaka eta1.,2004).ln

addition, EphA2-dependent stimulation of Tiaml/Rac1 promoted neurite extension and also

formation of lamellipodia providing a possible explanation for the observed neuronal-like

processes in EphA4/EGFP-expressing cells (Tanaka et a1.,2004). Thus, although neither

Tiaml nor Rac have been previously specifically implicated in NC cell EMT, it could be

speculated that EphA4 might regulate the balance between epithelial and mesenchymal states

by promoting Racl activity and subsequently inhibiting Rho.
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5.4 Gonclusions

This data presents the first evidence implicating an Eph molecule specifically in EMT of NC

cells, in addition to their known critical functions in other fundamental processes of tissue

morphogenesis (reviewed by (Klein, 2004)). Furthermore, the actions of EphA4 in

neuroepithelial cells appears to promote cell-cell adhesion and the formation of cadherin-

based complexes. A possible mediator of the adhesive effects of EphA4 is Tiaml, a Rac-

specific GEF, as this has been shown to interact with EphA receptors in other systems

(Tanaka et al., 2004). Alternatively, EphA4 might directly inhibit stress fibre formation and

subsequent EMT, by activating the RhoA antagonist, Rndl (Nobes et a1., 1998). As neither of

these molecules has been specifically implicated in avian NC cell EMT, their expression

patterns in delaminating NC cells would have to be analysed concurrently with EphA4. kt

addition, to confirm that the cytoskeleton is the principal target of EphA4-based inhibition of

EMT, the Rho protein inhibitor, C3 transferase, could be used to "rescue" the effects of

kiEphA4/EGFP on NC cell motility. More information about how EphA4 signalling

influences the cellular machinery during EMT might be gleaned from the analysis of the

distribution and phosphorylation of focal adhesion-related proteins (eg. integrins, paxillin,

vinculin, FAK, ILK) as well as the phosphorylation and localisation of cell-cell adhesion-

related intracellular mediators such as catenins in conjunction with N-cadherin. Finally, an

alternative (and possibly indirect function of EphA4) might also be to regulate the transition

of neuroepithelial cells into S phase; an event known to be critical for EMT (Burstyn-Cohen

and Kalcheim,2002; Burstyn-Cohen et a1.,2004).In sum, these data suggest that EphA4

plays a negative regulatory role in the progression of cells from a neuroepithelial to

mesenchymal state, possibly explaining its low expression level on NC cells at the time of

delamination.
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Ghapter 6 - Concluding Remarks

The Eph/ephrin family of molecules have been shown to contribute to multiple

morphogenetic processes during development including boundary formation, axon guidance

and cell migration, and angiogenesis/ vasculogenesis (Holder et al., 2000; Kullander and

Klein, 2002; 
'Wilkinson, 2000). A patteming event that is fundamental for the metameric

arrangement of the PNS is the exclusive migration of NC cells through the rostral half-somite

and their avoidance of the caudal-half (Keynes and Stem, 1984; Rickmann et al., 1985; Stern

eI" al.,l99\). In particular, interactions between EphB receptors, expressed on NC cells and

ephrin-B ligands, expressed in the caudal half-somite, have been implicated in restricting NC

cell migration to the rostral half-somite (Krull, 2001; Krull et a1.,1995; Wang and Anderson,

1997). The role of the rostral half-somite in coordinating the outgrowth of NC cells to the

periphery is less well documented, although a number of ECM molecules have a dynamic

expression with respect to NC cell/somite morphogenesis and are likely to contribute to NC

cell guidance through this tissue (Perris, 1997). At the outset of this research the only known

EphA molecule expressed in the somite during PNS segmentation was EphA7, present in the

caudal half-somite (Araujo and Nieto, 1997). So the initial aim of this research was to further

characterise the distribution of Eph/ephrin-A molecules during trunk PNS development.

6.1 Summary of results

Using ligand-Fc and receptor-Fc fusion proteins to identify the overall distribution of EphA

and ephrin-A proteins, respectively, during PNS segmentation, EphA/ephrin-A proteins

appeared to compartmentalise specific regions within the rostral half-somite. Further analyses

using in situ hybridisation and chick-specific antibodies to EphA4 and ephrin-A5, revealed

that whilst ephrin-A5 was expressed on NC cells from delamination through to their

colonisation of the DRG, EphA4 exhibited a highly dynamic expression pattern coincident

with NC cell morphogenesis. Initially, during the early stages of the ventral migration of NC

cells, EphA4 was associated with NC cells as well as cells of the rostral half-somite in close

proximity to these traversing NC. Later, once the DRG began to coalesce, EphA4 became

restricted to NC cell avoidance zones within the rostral half-sclerotome.
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To test the significance of the dynamic expression patterns of EphA4 in regulating NC cell

guidance, EphA4 was over-expressed using in ovo electroporation in dorsal neuroepithelial

cells and subsequently, on NC cells during their migration through the rostral half-sclerotome.

Over-expression of EphA4 yrelded a marked reduction in NC cell migration and a subsequent

inhibition of NC cell segmentation. Analysis of the effects of EphA4 over-expression in the

dorsal neural tube, suggested that increased EphA4 representation on NC cells also inhibited

NC cell delamination as measured by HNKI staining. In addition, EphA4/EGFP-expressing

regions in the neuroepithelium coincided with increased N-cadherin staining and reduced

basal lamina breakdown suggesting that EphA4 promoted cell-cell adhesion in the neural

tube. Whilst over-expression studies are useful tools to determine if a protein is sufficient for

a particular developmental event, a kinase-inactive EphA4/EGFP construct (kiEphA4/EGFP)

was utilised to determine if EphA4 was required for NC cell EMT/migration. Expression of

this construct promoted uncoordinated NC cell migration through both rostral and caudal

sclerotome-halves in the mid-trunk regions of the neural tube and premature NC cell

emigration at caudal levels. Analysis of neural tube morphology and HNKI distribution

suggested that kiEphA4 led to premature NC emigration possibly through enhanced motility

or substrate attachment mechanisms.

Based on these functional analyses and the low level of EphA4 expression on NC cells

compared to that for ephrin-A proteins, a model was proposed to explain a putative in vivo

role for EphA4 in NC cell development. The model was underpinned by the observation that

EphA4 is expressed on NC cells at very low levels, whilst ephrin-A proteins are distributed in

high concentrations. The low expression level of EphA4 correlated well with its negative

influence on EMT and implied that in vivo, these negative effects might be counteracted by

ephrin-A-dependent signalling pathways. Thus, in the normal situation, the balance between

EphA4 and ephrin-A-mediated signalling would be shifted towards ephrin-A in NC cell

precursors whilst EphA4 would provide a critical "brake" to prevent their premature entry

into EMT.

To explore the cellular basis of EphA4 function in NC cell EMT, an in vitro model was

employed that involved in ovo electroporation and subsequent seeding of neural tube explants

on FN. These experiments were carried out at two different levels (NT* and NTp-) to enable a

better assessment of the axial level-dependent effects of EphA4 in vivo. As per in vivo,

EphA4 had inhibitory effects on NC cell delamination at both levels of the axis. In contrast,

expression of kiEphA4 had distinct effects depending on the axial level analysed. ln NT*
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level explants, the loss of EphA4 activity reduced the density of NC cell outgrowths,

promoting uncoordinated migration. At NTp- levels, preliminary evidence suggested that

kiEphA4/EGFP expression increased the number of mesenchymal cells generated during

EMT. A possible explanation for these effects might be that EphA4 regulates NC cell mitoses

during delamination. In terms of the possible cellular basis of EphA4 activity during EMT,

three key observations were made: (1) EphAa affected the formation of F-actin stress fibres

during EMT. Thus, in the absence of EphA4 activity, cells were characterised by thickened F-

actin bundles. In cells with excess EphA4, circumferential F-actin was clearly disrupted; (2)

EphA4 may act to negatively regulate cell-substratum adhesion during EMT as cells lacking

EphA4 activity showed a morphology indicative of enhanced substratum adhesions; and (3) in

the over-expression experiments, cells expressing EphA4/EGFP appeared unable to detach

from the neuroepithelium and were characterised by intense deposits of F-actin and B-catenin

at cell-cell junctions, suggestive of tight cell-cell adhesion. Given the distribution of B-catenin

in these junctions, combined with evidence showing increased N-cadherin distribution in

EphA4/EGFP-expressing regions in the neural lutbe in vivo, these data suggested that EphA4

might positively regulate the formation of adherens junctions, the specialised cadherin-

mediated junction required for maintenance of epithelial cell contacts. These data arc

discussed with regards to how EphA4 might fit into the currently known cascade of events

regulating NC cell EMT.

6.2 Putative targets for EphA4 signalling activity during

EMT/NC cell migration

EMT occurs as a result of inductive interactions between the neural plate and epidermis, a

process that is regulated by three main families of growth factors, namely BMPs, Wnts, and

FGFs (Garcia-Castro et al,2002; Ikeya et al., 1997; LaBonne and Bronner-Fraser, 1998;

Liem et a1.,1995; Monsoro-Burq et aL,2003; Selleck and Brorurer-Fraser, 1995). Following

growth factor-mediated induction, neuroepithelial cells undergo changes in gene expression

mediated by a number of transcription factors, the first of which is thought to be Slug (Nieto

et a1.,1994). This is followed by the appearance of a number of other transcription factors

including FoxD3 (Dottori et a1.,2001; Kos et a1.,2001), and the SoxE subgroup of HMG-box

genes (Cheung and Briscoe, 2003)(McKeown et a1., personal communication, 2003) as well

as the adhesion molecule, cad6b, and the cytoskeletal mediator RhoB (Cheung and Briscoe,

2003; Liu and Jessell, 1998). In addition, the growth factor BMP4 is also expressed in dorsal
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neuroepithelial cells and is thought to facilitate NC cell EMT as well as NC cell induction at

the boundary between neural plate and epidermis (Sela-Donenfeld and Kalcheim, 1999). Slug

expression is maintained in emigrating NC cells at cranial but not trunk levels (del Banio and

Nieto, 2002). Following emigration cad7 is expressed in a specific population of migrating

NC cells and migratory avian NC cells express the HNK1 epitope, signifyng their successful

progression through EMT (Nakagawa and Takeichi, 1995; Newgreen et al., 1990).

6.2.1. A role for EphA  in cross-modulating cytoskeletal and

adhesive changes during EMT

The analyses investigating EphA4 function during Ell4T in vitro, focussed on the cell and

behavioural consequences of altered EphA4 activity in delaminating NC cell precursors. This

makes it difficult to determine where exactly EphA4 might fit in the molecular cascade for

EMT. Further analyses would have to be conducted to profile the expression of such

molecular markers as SoxE, cad6b, RhoB, and Pax3, in the presence of excess EphA4 and

then conversely, in NC cells with reduced EphA4 signalling. However, unlike the effects of

over-expression of EMT-promoting transcription factors such as Sox9/10 (McKeown S,

personal communication, 2003), reduced EphA4 activity promoted cell motility without

always leading to a direct increase in HNK1 immunoreactivity. This observation along with

the analyses on circumferential F-actin distribution during EMT, implied that aprimary

consequence of reduced EphA4 activity was to stimulate the cytoskeletal/adhesive changes

required for EMT, whilst only indirectly influencing differentiation. The suggested

mechanism through which EphA4 could exert a negative regulation of cytoskeletal change

during EMT was through inhibition of RhoB, the only known Rho GTPase previously

implicated in NC cell EMT (Liu and Jessell, 1998). Thus, in the absence of EphA4, regulated

changes in the actin network would be de-regulated, due to a relief on the EphA4-mediated

inhibition of Rho, resulting in prominent stress fibre formation and the premature entry of

neuroepithelial cells into EMT. Possible signalling mediators of such an effect include Tiam1,

the RacGEF that has been shown to interact specifically with EphA4 in neurons (Tanaka et

a1.,2004), as well as Rnd1, the RhoA antagonist (Nobes et al., 1998xFigure 5.12).ln the

analyses investigating the effects of over-expression of SoxE transcription factors, ectopic

EMT occurred with a concomitant decrease in RhoB expression (Cheung and Briscoe,2003;

Dottori et a1., 2001) (McKeown et al., personal communication, 2003). Thus, it would be

interesting to determine RhoB expression in kiEphA4/EGFP-expressing cells. To test that
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EphA4 effects during EMT were mediated specificallyby interactions with RhoB, a

constitutively active form of RhoB could be co-expressed with EphA4 in the neuroepithelium

to "rescue" the EphA4 phenotype. Alternatively pre-migratory neuroepithelial cells could be

treated with C3 transferase, the Rho protein inhibitor, to test for a reduction in the abnormally

thick stress fibres and premature NC cell emigration associated with kiEphA4 expression in

NTP'cultures.

An additional morphology that was consistently observed in kiEphA4/EGFP-expressing cells

was increased cell spreading and significant flattening, indicative of increased cell-substratum

contacts. Previously, it was postulated that the shift towards ephrin-A-mediated signalling

might facilitate neuroepithelial cell exit by increased ECM attachment. Whether this occurred

indirectly via the enhanced re-organisation of circumferential F-actin and a subsequent

recruitment of closkeletal associated proteins or more directly through increased ephrin-A-

mediated activation of integrin receptors, or both, is unknown. However to further understand

how the ECM responsiveness of these cells changed with reduced EphA4 activity, the

distribution of focal adhesion complexes via vinculin, or integrin-cytoskeletal mediators such

as integrin-linked kinase or FAK, must be analysed in kiEphA4/EGFP-expressing cells. In

sum, these data suggest that the activation of ephrin-A-mediated signalling pathways during

NC cell EMT orchestrate cytoskeletal and adhesive changes in NC cell precursors (Figure

6.1). It would be interesting to determine if ephrin-A-dependent signalling was directly

regulated by NC inductive factors such as TGF-P, that also directly stimulate EMT (Nawshad

et a1.,2004) and in a similar manner to kiEphA4 expression, elicit premature NC cell

emigration (Delannet and Duband, 1992).

6.3 Possible upstream regulators of EphA4 activity: a role

for noggin/BMP4 signalling?

Whilst it is unknown exactly where EphA4 might fit into the genetic and molecular cascade

leading to EMT, the observations implicating EphA4 in cytoskeletalre-anangement and

adhesive processes suggest that it is acting downstream of NC inductive factors during EMT.

Of particular interest is the BMP family of proteins, as these have been implicated not only in

inductive events but also in coordinating the timing of NC cell emigration along the rostro-

caudal axis (Newgreen, 2005). The activity of BMP4 is regulated by the graded distribution of

its inhibitor noggin that is expressed in a high-caudal to low-rostral gradient in the dorsal
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neural tube, and their combined actions control NC delamination in a wave from rostral to

caudal levels of the axis (refer 1.2.1; (Sela-Donenfeld and Kalcheim, 1999)). In addition,

transplantation studies have suggested that noggin is expressed in the dermomyotomal lip of

differentiated somites and, via a negative feedback loop, inhibits its own expression in the

dorsal neural tube. Thus the expression of noggin in the dorsal region of differentiated

somites provides a molecular correlate to explain the coordinate regulation of NC cell

development with that of the somites (refer Section 1.2.1;(Sela-Donenfeld and Kalcheim,

2000)).

Evidence to support a role for EphA4 as a noggin effector molecule in the dorsal neural tube

stems from the functional analyses examining a role for EphA4 in NC cell EMT/migration

both in vivo and in vitro. EphA4 over-expression was functionally equivalent to the effect of

noggin treatment on pre-migratoryNC cells, inhibiting NC delamination (Sela-Donenfeld and

Kalcheim, 1999). More specifically, the hypothesis that EphA4/ephrin-A interactions are

specihc downstream regulators of noggin signalling might also explain the axial level-

dependent effects of EphA4 perturbation (refer Chapters 4 and 5). If EphAa was expressed at

neural tube levels adjacent to epithelial or dissociating somites, noggin expression in the

dorsal neural tube would normally be starting to be downregulated and the amount of

effective BMP4 protein increased (refer Figure 1.6). Thus, the persistent expression of EphA4

in regions where noggin was norrnally downregulated and BMP4 activity high would inhibit

the normal process of NC delamination. Interestingly, over-expression of EphA4 in more

anterior levels of the axis did not yield cell rounding, suggesting that excess EphA4 did not

inhibit NC cell motility. RhoB, in addition to cad6b, have both been implicated as

downstream effectors of BMP4 signalling and were both inhibited in the presence of ectopic

noggin-producing cells (Sela-Donenfeld and Kalcheim, 1999). Thus, a possible explanation

for the observed axial level-dependent effects of EphA4 on NC cell motility is that by the

time EphA4 protein was produced in these cells, RhoB had already been activated by BMP4

and was therefore no longer responsive to EphA4-mediated inhibition. These data place

EphA4 downstream of noggin-mediated signals but upstream of RhoB and also possibly

cad6b in the molecular cascade leading to EMT.
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Figure 6.1. Schematic dÍagram summarising how EphA and EphB activation mediated

by ephrin-A proteins provide a putative molecular switch that regulates NC cell EMT.

B M P 4-m edíated effecto r p øthw øy

Activation of EphB2-mediated signalling pathways might directly promote EMT, acting

downstream of BMP4-mediated signalling. EphB2 binds to Dishevelled (Dsh) that leads to an

inhibition of the Axin/GSK3P/APC complex that is responsible for degradation of p-catenin.

Thus activation of Dsh enables B-catenin to enter into the nucleus and promote expression of

Slug, among other Tcf/LEF-responsive gene targets. This leads to increased cyclinDl

activity; Gl/S transition and subsequent NC cell delamination. In addition, via Dsh

interactions with Rho, EphB2-mediated activity might stimulate closkeletal motility.

Activation of ephrin-A proteins in this pathway might also lead to increased substratum

attachment.

N o g g in- m e di at e d effe ct o r p at hw øy

Activation of EphA4 has effects that are functionally equivalent to activation of noggin-

mediated pathways. Via interactions with Rho protein mediators, possibly Tiaml or Rndl,

EphA4 inhibits Rho protein activity, whilst simultaneously activating cadherin-mediated

adherens junctions. Based on cell studies examining the effect of cadherin-mediated junctions

on EMT, EphA4 activation could then lead to reduced B-catenin, a loss of Slug stimulation,

reduced cyclinDl expression and increased E-cadherin leading to an overall increase in cell-

cell adhesions with a concomitant reduction of Rho activity. In addition, EphA4 interactions

with FAK, would reduce cell-substrate attachment in NC cells.

Schematic diagram adapted from (Burstyn-Cohen et a1.,2004; Conacci-Sorrell et al.,2003;

Malliri and Collard, 2003).
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If excess EphA4 activity produced a comparable effect to that of ectopic noggin on NC

delamination, then reduction of EphA4-mediated signalling would be expected to have an

effect analogous to BMP4 treatment of NC cell precursors. Certainly, kiEphA4 expression at

caudal levels led to premature NC cell emigration both in vivo and in vitro, similar to the

effect of BMP4 on pre-migratory NC cells in vitro (Sela-Donenfeld and Kalcheim,

1999)(refer Chapters 4 and 5). Moreover, as with EphA4 over-expression, the effects of

kiEphA4 on NC cell motility were axial level-dependent (refer Section 4.3.1). Thus, at mid-

trunk levels, inhibition of EphA4 signalling in the dorsal neural tube promoted both motility

and uncoordinated NC cell migration, whilst at anterior levels no significant disruption to NC

cell migration patterns was observed. A possible explanation for the developmental window

of effect is that at the time of kiEphA4 expression, noggin and BMP4 were switching from

high to low and low to high expression levels, respectively. Thus, reducing EphA4 signalling

in delaminating NC cells might have heightened their response to BMP4, so that they no

longer responded to noggin/EphA4-mediated "brake" signals. This could lead to a rapid de-

regulation of RhoB activity and enhanced substratum contact, as well as a decrease in cad6b

expression.

At caudal levels, kiEphA4 expression in the dorsal neural tube led to premature NC cell

emigration, similar to what was observed in BMP -treated explants (Sela-Donenfeld and

Kalcheim, 1999).Interestingly, at these levels, the increased delamination of NC cells was

also accompanied by increased somite formation, suggesting that at this level the increased

emigration of NC cells had an overall growth-promoting effect on somite development

(Figures 4.9 and 4.10). Noggin and BMP4 are thought to coordinate somite development with

NC cell emigration, though the source of positive regulation has been proposed to be

generated by increased noggin expression in the somite (Sela-Donenfeld and Kalcheim,

2000). The idea that enhanced emigration of NC cells might promote somite formation has

not previously been analysed (Sela-Donenfeld and Kalcheim, 2000). Perhaps at this level,

reduction of effective noggin activity in the dorsal neural tube by expression of kiEphA4

might via a feedback mechanism, increase expression of noggin in the somites, and ultimately

stimulate somite development. Noggin expression in the somites at this level would have to

be examined to conf,rrm this possibility. Altematively, this morphogenetic change could be

mediated by kiEphA4 on NC cells interacting with ephrin-82 expressed on blood vessels

lining the somitic furrows (Krull et al., 1997). EphA4 has been implicated in non cell-

autonomously affecting somitic boundary formation in the pre-somitic mesoderm, making
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this a feasible explanation for the effects (Barrios et a1.,2003). In sum, these data suggest a

putative novel mechanism wherebyNC cells, either mediated by noggin/BMP4 signals or

perhaps specifically reduced EphA4 signalling, might promote somite development.

Eph/ephrin-A interact¡ons and Wnt signalling might coordinate to

regulate NG cell emigration downstream of noggin/BMP4

Recently, it has been shown that the timed entry of NC cells into S phase is specifically

regulated by BMP4-derived signals, and that this mitotic phase progression is crucial for

delamination ability (Burstyn-Cohen et al.,2004). Moreover, by over-expression and

dominant negative studies, a direct pathway between noggirVBMP4 activity and 
'Wnt

signalling has been established that regulates Gl/S transition in delaminating NC cells in an

axial level-dependent manner. Thus at mid-trunk regions, noggin in the developing somites

downregulates its own expression, leading to increased BMP4 activity, activation of the

canonical Wnt signalling pathway through V/nt 1 and a subsequent increase in cyclinDl, a

critical mediator of Gl/S transition (Burstyn-Cohen et a1.,2004).Interestingly, inhibition of

canonical V/nt signalling lead to a reduction in the expression of the dorsal neural tube

markers, Cad6B, Pax3, andMsxl but not RhoB. These data implied that RhoB might occur in

a separate, albeit BMP-dependent pathway for NC cell delamination (Burstyn-Cohen et al.,

2004xFigure 6.1). Thus, EphA4 might be acting in a parallel pathway to V/ntl-mediated

signals to link noggin activity with that of RhoB. EphA4 might also indirectly inhibit

canonical V/nt signalling through its effects on Rho proteins or altematively via inhibition of

MAPK pathways that directly regulate cyclinDl (Kullander and Klein, 2002; Malliri and

Collard,2003).

An additional factor that must be considered in the Eph/ephrin-dependent regulation of NC

cell development is that EphB3 is expressed on NC cells and, via interactions with ephrin-B1,

assists in excluding NC cells from the caudal half-somite (Krull et a1.,1997). More recently,

EphB3 has been demonstrated to interact with ephrin-A5, providing an additional possible

regulatory interaction in NC cells (Himanen et al., 2004). Thus, perhaps EphB3 also interacts

with ephrin-A proteins on the surface of NC cells, possibly contributing to the stimulatory

effects observed in NC cells when EphA4 signalling was reduced. In addition, EphB3 might

provide a more specific link between the noggin/BMP4/Wnt-mediated pathway for NC cell

delamination as it interacts with Dishevelled (Dsh), a key regulator of the canonical Wnt
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pathway (Tanaka et a1., 2003; Yanfeng et a1.,2003). In EMT, Dsh inhibits the formation of

the GSK3p degradation complex, which is responsible for degrading p-catenin in the

cytoplasm. Thus, in the presence of Dsh, B-catenin accumulates in the cytoplasm and is able

to enter into the nucleus (Malliri and Collard, 2003)(Figure 6.1). Furthermore, the association

of EphB2 with Dsh also correlated with enhanced Rho and Rho Kinase activation, leading to

significant cellular repulsion (Tanaka et a1.,2003)(Figure 6.1). Thus it is possible that EphB3

expressed on NC cells might interact with Dsh to stimulate the canonical Wnt pathway and

subsequent Gl/S transition. Although p-catenin appeared to readily localise to the nuclear

region during EMT in kiEphA4/EGFP-expressing cells, owing to the brief amount of time

that this protein can be observed in the nuclear region (de Melker et a1.,2004), it is difficult to

gauge whether its activity was increased in these cells. A more critical test to determine

whether EphB-mediated activation of canonical Wnt signalling was a key regulator of EMT,

would be to co-express the dominant negative Dsh construct, Xddl, with kiEphA4. Given that

expression of Xddl in neural tube explants inhibited NC delamination in a cell-autonomous

manner (Burstyn-Cohen et a1.,2004), if EphB-mediated interactions with Dsh were important

for kiEphA4 effects, Xddl co-expression with kiEphA4/EGFP would be expected to rescue

premature emigration for kiEphA4/EGFP-expressing NTp- explants. Altematively, co-

expression of p-catenin with kiEphA4 might be expected to have a synergistic effect on NC

cell emigration.

An additional line of evidence supporting a putative role for EphB receptors in positively

mediating NC cell motility and/or Gl/S transition in NC delamination stems from time-lapse

analyses describing the migratory profile of NC cells in the presence of ephrin-B1-Fc (an

exogenous blocker of EphB/ephrin-81 interactions). In these experiments, a distinct

inhibitory effect on NC cell orientation and directionality was observed when NC cells were

migrating on ephrin-Bl-Fc compared to ephrin-Bl-myc (Krull et a1., 1997). Analyses of

EphB receptor phosphorylation in cells exposed to ephrin-Bl-Fc revealed that these

exogenous proteins have agonist properties, whilst ephrin-B1-myc did not induce receptor

phosphorylation (Krull et al., 1997). These data imply that EphB receptor phosphorylation

might contribute specifically to the de-regulated migratory profile observed in

kiEphA4/EGFP-expressing cells. To explain this in a mechanistic sense, in kiEphA4/EGFP-

expressing cells, the activation of EphB receptors by ephrin-A ligands (and in the absence of

EphA4 signalling) suggest that perhaps the crucial molecular switch might be between EphB3

and EphA4 receptor activation. Thus, in NC cells in vivo,rather than the regulation of NC cell

delamination by EphA4/ephrin-A activity; the balance of Eph signalling activities might be
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between EphB-mediated activation of Dsh and Rho pathways and EphA4-mediated inhibition

of Rho (Figure 6.1).

To establish that EphA4 and ephrin-A/EphB proteins regulate the timed delamination of NC

cells, possibly through activation of the canonical Wnt signalling pathway, a number of key

issues would need to be resolved. Firstly, how does the expression of EphA4 in the dorsal

neural tube relate to that of noggin/BMP4? EphA4 is expressed in a number of mesodermal

tissues with a similar spatiotemporal distribution to noggin including in the dermomyotomal

lip, medial edge of the lateral plate mesoderm and dorsal neural tube (Mclennan and Krull,

2002; Nieto et a1.,1992; Patel et al., 1996; Sela-Donenfeld and Kalcheim, 1999; Sela-

Donenfeld and Kalcheim, 2000; Sela-Donenfeld and Kalcheim, 2002).It has been shown that

EphA4 is expressed in the dorsal neuroepithelium during the early phases of NC cell

migration, (Chapter 3), (Mclennan and Krull, 2002); whether this is graded in a similar

manner to noggin with increasing rostral locations requires further investigation. If EphA4

was acting downstream of noggin, its expression might mimic the switching of high noggin

transcription in the dorsal neural tube to high expression in the dermomoyotomal lip. Thus,

EphA4 would be expected to also be reduced in the dorsal neural tube coincident with its

upregulation in the dorsal somitic regions (Eberhart et a1.,2000; Iwamasa et a1.,1999; Sela-

Donenfeld and Kalcheim, 2000).

To confirm a functional synergybetween EphA4 and noggin in regulating NC delamination,

exogenous noggin could be applied to kiEphA4/EGFP-expressing NTp'cultures and these

cultures analysed for a reduction in precocious EMT. Conversely, the effects of EphA4 over-

expression might be rescued by application of exogenous BMP4 to the culture medium.

Finally, the effects of EphA4 on Gl/S transition would have to be analysed; if EphA4 was

directly involved in regulating Gl/S transition, kiEphA4/EGFP-expressing cells in the

neuroepithelium would be expected to promote the entry of cells into S phase in a cell

autonomous manner, detectable by an increase in BrdU incorporation in these cells as they

pass through S phase.
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6.4 What can be learned from EphA4/ephrin-A transgenic

mice studies?

To tease out the indiviual contributions of EphA4, ephrin-A and EphB3 signalling pathways

in regulating NC cell development in vivo, genetic dissection studies in the mouse would be

particularly useful. Mutational analyses and gene deletion studies have been highly

informative in determining the specific contribution of EphA4 signalling to axon guidance

systems (Dottori et a1., 1998; Henkemeyer et a1., 1996; Kullander et al., 2001a; Kullander et

al., 2001b). To date no PNS segmentation defects have been reported for EphA4, ephrin-A5

or EphB2/B3 knockout mice (Dottori et a1., 1998; Frisen et al,1998; Henkemeyer et a1.,

1996; Kullander et al., 200Ia; Compagni et a1., 2003; Davy et a1., 2004), though the ability of

NC cells to replenish the migratory population and thus, recover from injury, make it easy to

overlook any transient migratory NC defects (Boucaut et al., 1984). Furthermore, analysis of

kiEphA4/EGFP-expressing avian embryos after 48 hours incubation indicated that these cells

were able to colonise DRG structures, suggesting that aberrant migratory patterns of

kiEphA4/EGFP-expressing cells are likely to produce a transient defect (data not shown). An

additional factor to consider when analysing specific defects in mouse knockouts is that chick

and mice often use different Eph/ephrin combinations to achieve developmentally similar

effects. For example, in NC cell segmentation, ephrin-81 is expressed in the caudal half-

somite of the chick whilst ephrin-82 appears to play the role of ephrin-Bl in rats (Krull et a1.,

1997; Wang and Anderson,7997). Due to the wide expression patterns of Eph/ephrin proteins

throughout embryogenesis, a common problem faced in analyses of Eph knockout mice is that

these molecules display a high degree of functional redundancy (Adams et al., 1999).

Recently a similar problem within the integrin family of adhesion molecules has been

overcome using a conditional gene deletion of the B1 integrin sub-unit in migratory NC cells

(Pietri et al., 2004). Thus, spatiotemporally specific elimination of particular genes combined

with specific mutations would be a highly useful tool to dissect the key molecular

contributions of EphA4, ephrin-A proteins and EphB proteins to NC cell development.

287



6.5 Gonclusions

This thesis has involved the analysis of Eph/ephrin-A gene expression with respect to NC cell

segmentation, identified EphA4 as a putative regulator of cell-cell communication during NC

cell migration and more specifically, established that this protein plays a critical negative

regulatory role in EMT. EphA4 appears to elicit its effects on NC cell EMT by promoting

cell-cell adhesion and negatively regulating cytoskeletal conformations favouring motility. In

addition, via an axial level-dependent mechanism, EphA4 might also regulate the timed entry

of neuroepithelial cell precursors into S phase. The model presented in this chapter suggests

that EphA4 and ephrin-A, possibly interacting with EphB receptors, comprise a molecular

switch that regulates NC cell delamination. More specifically, it was hypothesised that EphA4

might be a downstream effector of noggin signalling, acting in the noggin/BMP4/Wnt

pathways to regulate NC cell delamination. In sum, these data suggest that EphA4

interactions with ephrin-A proteins might provide a novel additional molecular control of

cfioskeletal, cell-cell and cell-substratum adhesion changes during EMT. Multiple further

analyses must be carried out to confirm the downstream targets and putative upstream

regulators of EphA4 activity in NC cell EMT.
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Appendices

Appendix 1.1 Summary of control EGFP-expressing

embryos stained with HNKI

Entry into caudal somite
reduced HNKI
rounded morphology
Scl increased on EP'ed side
DRG incorporation
Somites?

Phenotypic groups (EGFP summary):

More advanced on EP'ed side n = 41 14 (ventral; 3 cell autonomous)

n=Ol2 n look further if nee
n = 3/6 (inc 2 x 1'l'1103 48 hour embryo)

n=0/15
n = 1114

n = 0/16
n = 012 (1 decrease)
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Appendix 1,2 Summary of EphA4-EGFP phenotypes rn

vivo

1 .2.A Analysis of whole-mount EphA4/EGFP-expressrng

embryoswith HNKI

Phenotlpic analysis numbers

m levels HNKI ball-up r = 8/13 (including trans sections, n = 2)

Rounded morphology n =13/16

A4 dorsal clumps n = 13/16

nt banding n = 16/16

DRG inc n 0/6

pm levels reduced HNKl a = 6111

Celayed? n = 7111
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1.2.8 Delamination profiles in EphA4/EGFP and control EGFP-

express ing embryos (transverse secúions)

nt

yes

nla

nla

somite

no
yes

nla
no
nla

no

no

A4 Transrerse seetions
name Reduced delam

6303
yes
no

b no

c
d

24303/ HNKI :section a

nla
nla
nta
nla
nla

24313lPax7 ìsection a
:section c
section e
section f

14203 section b

d

section ua no yes

uc (upper) no

1203-ACAM section b yes more

section c nla more

section d
yes more

yes more

h

HNKl more

:C yes
yes

more

D mild
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MES tranwerse sections
section name

6303

sectíon c

section a
section b

section d mild no no
19203 no no no
24303

Caxaco
section 1a nla nla nla
section 1b

section 1c

section 1d

section 1e

24303#2 section 2a

Reduced delam surface
no no

more

yes

more

clumped nt reduced somite
no

no

no no
no

no
no

section 2d

section 2b
section 2c

ACAM 61103

41203

mesa20
mes20
sectionA
sectionB
sectionC

mild

nla

no

nla

nla

nla
nla

nla

nla

no
nla

nla

no
no

no

no

no

nla

no

nla

no

no

no

no
no

no
no

;no
no

lpossibly? , no
nla

ual

equal

equal

less
less

ual

SUMMARY:

delamination
MES
A4

n = 219 sections (227o)

n = 11119 sections (587o)

reduced somite formation
n = 4112 sections (33.30/0)

n = 8120 sections n = 8/9 emb

clumped in nt
n = 0/6 embryos
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Appendix 1.3 - TuNEl-positive nuclei in EphA4/EGFP-

expressing and control EGFP-expressing transverse

sections

Averages
EP CONTROL

EphA4/EGFP
EGFP
SEM

EphA4/EGFP
EGFP

50.75 30.75
24.19551 20.91667

EP CONTROL
5.807682 6.25
8.51143 7.264832

EP CONTROL

52 43A4#1
40A4#2 63
19A4#3 35
2153

203 123SUM
AVERAG 50.75 30.75
STDEV 11.61536 12.5
SEM 5.807682 6.25
MES#2 31 27

MES#3 I 12

37 37MES#4
SUM 77 76
AVERAG 25.66667 2s.33333333
STDEV 14.74223 12.58305739
SEM 8.51143 7.264831573

0.057742
0.977697

t-test (44)
t-test (control)
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Appendix 1.4 Summary of kiEphA4/EGFP-expressing

phenotypes

1.4.4 Whole-mount embryos stained with HNKI

requency of advanced ncc migration at caudal levels in kiEphA4 and control embryos
WM 'Trans ,TOTAL frequency

F

kiEphA4 
in = 5

Gontrols n='l n=0

1 .4. B Transverse secfions

6/6 (100%)

117 14%

Entry into caudal somite
lncreased MA's

Phen ac na
HNKl normal-adwnced

kiEphA4 tranwerse sections
j iincreased somite

n = 10/13

more
nla

m ore

rnc

91203

IHNKd
IHNKe

a .Yes

'nla

intwidth width-unEP'ed

slight inc

td

ual equal

increased somite nt width

1 114yesbsection

:slight inc

1611031Kda

n = 7110

equa

n=3

1 112

12t3
1 114'

1314
2112

slight inc
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nt width width unEP
yes
more nla

more

yes nla
nla
slight inc

equal
equal
equalequal

equal slight inc
slight inc
slight inc

equal

section 2c

sectionC

section 2d

sectionB
sectionA more

more

nt width
n=3

MES transverse sections
somite difference?

24303 #2

41203

yes

more

24303 section 1a

section name

section 1

section 1c

section 1e

section 1d

section 2a

section 2b

increased somite
n = 4112 n=3/9
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Appendix 1.5 In vitro cell counts

1.5.A Proportion of GFP cells in outgrowth of control, EphA4

and kiEphA4 NT cultures

GFP cells in dis{al outgrowth between 1060% in Ne p)

Control A4
0

3.636364
3.448276 5.940594 16.66667

12.90323 8.333333 7.272727
2.061856 0 0

24.61538 11.5942 4.285714
11.82796 27.5

18694 33.94894
MEAN 11.14837 4.849848 1

STDEV 6.939373 4.232605 1

2.453439 1.599774

Mean

Control 11.14837
4.849848

kiEphA4 15.49729

SEM

Perce

13.33333 13.33333:
kiEphA4

10

16.07143 13.33333 13.33333
22.5 28

25 38.70968
46. 31.66667 40

50 60 41.66667
60i 50

50

Sum 225.8333 271.7097

Avera 35.5506i 32.261 I 33.96371

10.52632
14 4.444444

9.803922

20.89552

8.333333
39.02439

21.66667
26.66667
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1.5.8 Number of cells in outgrowth of EphA44EGFP-

express ing NT' cultures

Number of cells in distal outgrowth for EphA4

i % Nep expression ,Soxe Phase
I 3.33333333
1 3.33333333

4bM2a
t4dM2a

9aM2a
9bM2c (a)

9eM2b (a)

9dM2 (a)

SUM
AVERAGE
ST DEV

SEM

2dM2a
3cM2a ì

22.5
25

31.666666671 48
60, 26:
60' 62:
80, 371

1001 38i
405.8333333ì
45.092s92s9.

48
36
69
37
42

473
.55556

Number of cells in distal outgrowth for Controls
.% Nep expression Soxe .Phase

1 3.33333333:
16.07142857:
21.66666667i

52
. ; 20.87s29
I I 6.9s843
{

bM2a3

3dM2a
2bgrb2
12dM2
13aM2
13bM2
12aM2a
12cM2a
SUM

22

29
95
92
88

91

29

31

97
195

93
113
92

111

AVERAGE
St DEV
SEM

70
789

j 16.12827'

Value of 2-tailed t-test
0.159119; i I

Howerer, expect to find less cells therefore directional
(value of l-tailed = 0.08)

is, use llailed
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1.5.C Number of SoxE nuclei in outgrowth of kiEphA4 and

control NT cultures

nt cultures
TOTAL % Sox e TOTAL

STDEV 22. I
SEM 7.522189398

CORREL -0.245830222

Gontrol cultures
TOTAL % TOTAL Sox

12aM2a

50
34
oo

57
95

SEM 17.
CORREL 0.500087918

1obM2 15.068493 65
1aM2a(a) 15.384615 1B

11dM2 16.190476 76
5cM2 19.642857 36
10cM2 31

1bM2a (a)

35.59322
41.269841

46.875

AVERAGE
SUM
11cM2a
sbM2b

1bM2

28.26'.1982

54.35784

33.333333
67

40

I
40
40

43.33333333
390

12dM2
3dM2a
2dM2a

122

97
2it
32

7.3529412

14.583333

10.25641
I

3cM2a 16.666667
2bgrb2 18.75
13bM2 20.869565

12cM2a
3bM2a 23.4375

25.225225
13aM2 33.476395; 208

817

55.86899359
81

SUM

STDEV
AVERAGE

181.98167
18.198167
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kb kilobases pc mlcrogram WM Whole-mount

EDTA ¡rl microlitre Trans Transverse

TJV Ultra violet pm micrometres EMT Epithelial-to-
Mesenchymal
Transition

V Volts IMVS Institute of Medical
and Veterinary
Science

NC Neural Crest

O Ohm mlns minutes PDZ PSD-95,
DlgLZO-l

ODOUU Optical
Density 600

mM microMolar Jxl Juxtamembran
e region I

ID Inner diameter ng nanogram NBT 4-nitroblue
tetrazolium
chloride

OD Outer diameter rpm revolutions per
minute

BCIP 5-bromo-4-
chloro-3-
indoyl-
phosphate

BSA bovine serum
albumin

RT room temperature I pnmary

pen penicillin sec seconds 2" secondary

strep streptomycin DMF N,N-dimethyl
formamide

30 tertiary

NaOH Sodium
Hydroxide

PFA paraformaldehyde PCR Polymerase
Chain
Reaction

EDTA Disodium Salt PBS Phosphate Buffered
Saline

DIG Digoxigenin

SDS Sodium
Dodecyl
Sulphate

PBT PBS + 0.lolo Tween-
20 or 0.01%o Tritonx-
100

LB Luria Bertani
medium



Title 3.2.1, page
The title
"Complementary and overlapping distribution of A-subclass Eph and ephrins in the

developing peripheral nervous system"

should be changed to
"Complementary and overlapping distribution of A-subclass Eph and ephrins relevant

to the developing peripheral nervous system"

Section 4.2.4, page 165

The sentence
,.Furthermore...characterised by a thickening of the basal lamina"

should be changed to
"Furthermore... that at the dorsal edge of the EphA4/EGFP transfected side, the

lateral extent of membrane breakdown (indicated by laminin antibody) was more

advanced on the un-transfected side...".

Chapter 4, page l9l
The sentence
"cells lacking EphA4. .."
should be changed to
"cells lacking EphA4 kinase activity ))

Chapter 4, page 193
Reference mark number 447 removed

Chapter 5, page 199

The sentence
"Newgreen and Gibbins stated that there was two requirements..."

should be changed to
"there were two requirements"

Chapter A,Page20l
SJM
should be changed to
Sonja J McKeown

Chapter 4,Page202
Reference mark number 907 removed

Chapter 4,Page204
EphA4Acyto is defined in section 2.1.6, Electroporation constructs






