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Abstract 
 
 
Collective migration is a mode of cell movement that is important for a variety of 

biological processes such as wound healing, tissue morphogenesis and tumour 

invasion. The neural crest (NC) is a multipotent embryonic cell population that can 

serve as a model of collective cell migration. NC cells migrate as a cohesive group 

through the embryo before differentiating into a vast number of derivatives, from the 

neurons and glia of the peripheral nervous system, to the cartilage and bone of 

craniofacial structures.  

The complement cascade is primarily known for its role in innate immunity, acting 

as the first line of defence to pathogen invasion. However, recent evidence has also 

suggested a novel role for some complement cascade components (C3a and C3aR) as 

regulators of collective NC migration. Using Xenopus Laevis embryos, I have 

examined the importance of the terminal complement pathway protein, C9, for NC 

migration. I show that C9 is expressed within migrating NC and its inhibition is able 

to block NC migration in vivo. Also, C9 inhibition increases NC dispersion in in 

vitro culture and consequently disrupts the collective chemotactic responses of the 

NC. I show that this loss of collective behaviour on C9 inhibition is due to a 

reduction in the mutual cell attraction between NC cells, known as co-attraction. My 

results also suggest that the molecular mechanism for C9 function is similar to that 

found within the immune system, with both the secretion of C9 and the formation of 

the membrane attack complex (MAC) being important for its role within the NC. 

Overall, this thesis proposes a novel function for C9 in early development prior to 

the formation of the innate immune system. 
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1 Cell Migration  

Cell migration is intrinsic to many biological processes, from tissue morphogenesis, 

to wound healing and cancer metastasis (Rørth 2009). For the most part, cell 

migration is restricted to developmental stages, ceasing once cells have terminally 

differentiated and integrated into tissue. However, for some cells, such as the 

leukocytes of the immune system, migration is fundamental to their function. As 

such, these cells retain their migratory ability throughout their lifespan.  

Two main modes of cell migration exist, with cells either moving individually or as a 

collective. Individual cells can migrate either in an amoeboid or mesenchymal 

manner, depending on the level of cellular contractility and attachment to the cell 

substrate (Friedl & Wolf 2010) (Figure 1-1). Amoeboid migration is a rapid cell 

movement associated with rounded cells that do not firmly adhere to the substrate 

and generate weak traction forces. In contrast, mesenchymal cell migration involves 

the strong adherence of cells to the extracellular matrix (ECM), which allows them to 

generate the traction and contractility required for forward movement. For this 

chapter, descriptions of single cell migration will focus on mesenchymal cell 

migration. While most cells usually adopt one mechanism or the other, tumour cells 

show tremendous plasticity in their migration (Friedl et al. 2012). Cancer cells can 

adopt both amoeboid, mesenchymal and a range of intermediate migratory 

behaviours, which allow them to migrate in a number of different tissue situations 

(Friedl et al. 2012).  

Chain migration, or cell streaming, results when cells migrating in a common 

direction form transient cell-cell contacts (Friedl et al. 2012) (Figure 1-1). In this 

type of migration single cells behave independently, directing their own cytoskeletal 

behaviours and generating individual traction forces. In contrast, the formation of 

more stringent cell-cell adhesions results in collective migration whereby the 

independent migration of cells is restricted and they instead adopt a supracellular co-

ordination of cytoskeletal and protrusive activities (Figure 1-1). The morphological 

organization of collectively migrating cells can take a variety of forms, from 

collectively migrating sheets, to cell strands and multicellular tubes  
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Figure 1-1 Modes of Cellular Migration 

Cellular migration can involve of a number of cell morphologies and assemblies.  

Different methods of migration are controlled at the molecular level by alterations in 

cell adhesion. For example, a cell adopts amoeboid or mesenchymal modes of 

migration depending on the strength of cell-substrate adhesions. Also acquisition of 

cell-cell adhesions can result in cells migrating as a collective. Adapted from (Friedl 

& Wolf 2010). 
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(Friedl & Wolf 2010). Both single cell and collective migration are important for 

development; single cell migration allows cells to cover large distances to integrate 

into tissues whereas stronger, stable collective migration is required for the building, 

shaping and remodeling of tissue (Friedl & Wolf 2010) 

1.1 General Mechanisms of Single Cell Migration 

At a single cell level migration relies on two main features: the generation of polarity 

within the cell and its adhesion to the substrate (Ridley et al. 2003; Lauffenburger & 

Horwitz 1996). A migration-promoting agent, such as a chemotactic cue, initiates 

migration by inducing or stabilizing polarity within the cell. This establishes a 

distinction between the front and rear of the cell (Petrie et al. 2009). At the front of 

the cell, actin-rich protrusions form and are stabilized through contact with the 

substrate (Ridley 2011) (Figure 1-2). These integrin-based contacts connect the ECM 

to the actin cytoskeleton and generate the traction required for forward movement 

(Hood & Cheresh 2002) . As the cell body moves forward over these adhesions, they 

are disassembled allowing a myosin-dependent retraction of the cell rear (Webb et al. 

2002) (Figure 1-2). Together, this cyclic process controls the translocation of a single 

cell from one location to another. 

In order for a cell to migrate it must become polarized, breaking the intracellular 

symmetry of its molecular processes. The localised regulation of the cytoskeleton by 

Rho GTPases is known to be critical for cell migration (Zegers & Friedl 2014). Basic 

models of cellular Rho GTPase activity show Rac and Cdc42 at the cell front, where 

they are required to promote actin polymerization and membrane protrusion (Ridley 

et al. 1992).  Rho activity is instead required at the rear to allow for myosin-

dependent contractility and the formation of stress fibres (Ridley & Hall 1992; 

Burridge 2012). However, recent studies have also shown the activation of RhoA at 

the leading edge on the initiation of protrusion formation (Zegers & Friedl 2014; 

Pertz et al. 2006). The activity of RhoA differs in both space and time from that of 

Rac and Cdc42, which show their highest activation at a further distance away from 

the leading edge and also show a delay in their activation in relation to protrusion 

initiation (Machacek et al. 2009). This detailed analysis of Rho GTPase activity 

during protrusion formation supports previous biochemical data that has suggested  
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Figure 1-2   Comparison of Single and Collective Migration  

 A Single cell migration relies on polarised intracellular signalling, which localises 

the formation of protrusions and substrate adhesions to the front of the cell and 

restricts actomyosin-dependent cell retraction to the rear. B Within a collectively 

migrating group, cells can be divided into two states, the ‘leaders’ at the front of the 

cluster and the ‘followers’ trailing behind. ‘Leader’ cells receive guidance cues and 

relay these signals, either chemically or mechanically, to follower cells through cell-

cell junctions. The transmission of directional information through the group 

synchronizes cell movement between the two subpopulations. Recent evidence has 

also suggested that in epithelia, ‘follower’ cells are not just passively pulled along by 

leader cells and in fact generate traction forces and cryptic lamellipodia themselves. 
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the mutual inhibition of Rac1 and RhoA, as the two show distinct spatiotemporal 

patterns (Machacek et al. 2009; Nimnual et al. 2003; Rottner et al. 1999). The 

antagonistic nature of these proteins and their often opposing functions helps to 

reinforce the polarity of migrating cells (Van Leeuwen et al. 1997; Rottner et al. 

1999; Sander et al. 1999). 

1.2 Collective Migration  

Collective migration describes the coordinated and cooperative movement of cell 

groups. For this, cells can be tightly or loosely connected and are able to influence 

the migration of their neighbours (Friedl & Gilmour 2009; Rørth 2009; Theveneau & 

Mayor 2013). This organized movement is important for a number of biological 

processes, from tissue morphogenesis and wound healing to cancer metastasis (Friedl 

& Gilmour 2009; Weijer 2009; Ilina & Friedl 2009). Collective migration 

encompasses a number of cellular arrangements. Collective sheet movements are 

utilised in wound healing and dorsal closure in Drosophila, branching and sprouting 

collective behaviours are important for mammary gland and vertebrate vasculature 

formation, and the assembly of cells into a looser stream arrangement is 

characteristic of neural crest (NC) migration (Rørth 2009). 

For collective migration, cells must retain features of single cell migration but 

control them at a supracellular level, synchronizing cell behavior throughout the 

migrating group (Etienne-Manneville 2014; Montell et al. 2012) (Figure 1-2). As the 

acquisition of cell-cell adhesions is the primary difference between single and 

collective modes of migration, these adhesive interactions are thought to play a 

critical role in coordinating collective cell behaviours. 

It is commonly thought that collectively migrating tissues either originate from, or 

are related to, epithelia and as a result migrating collectives normally contain cell-

cell adhesions common to epithelial tissues (Jefferson et al. 2004; Friedl & Gilmour 

2009) (Figure 1-4). However mesenchymal cells with more transient cell-cell 

adhesions can also exhibit collective migration and this will be discussed later in this 

chapter. 
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1.3 Collective Migration of Epithelial Cells 

1.3.1 Adhesions in Epithelial Collective Migration  

Epithelial tissue exhibits apicobasal polarity, with the apical surface exposed to the 

environment and the basal surface facing the ECM. Focal adhesions, integrin-based 

adhesions that link to intracellular actin, are present at the basal surface of epithelia. 

These cell-ECM junctions provide a mechanism for the transmission of signals 

between the ECM and the actin cytoskeleton. At their lateral sides epithelia form 

adhesive structures such as tight junctions, desmosomes and adherens junctions 

(AJs). Localized at intercellular junctions, these structures play an important role in 

mediating intercellular adhesion within epithelial tissues (Jefferson et al. 2004). Of 

these, the AJs have been shown to play a fundamental role in the regulation of 

intercellular contacts during collective migration.  

The cadherins are a superfamily of over 100 transmembrane glycoproteins (Halbleib 

& Nelson 2006). Classical cadherins were the first-subtype of cadherins to be 

identified and are composed of five extracellular domains, which mediate 

homophillic binding, and a cytoplasmic tail that interacts with adaptor proteins such 

as p120, α and β-catenin (Pokutta & Weis 2007). These cytoplasmic binding partners 

link cadherins to the actin cytoskeleton (Desai et al. 2013). Cadherins, undergo 

calcium-dependent clustering to form the core component of adherens junctions 

(Harris & Tepass 2010). AJs play a key role in coordinating cell movements 

providing strong intercellular adhesions as well as allowing for both force and signal 

transmission between neighbouring cells (Leckband et al. 2011; Rørth 2012; Maître 

& Heisenberg 2013; Collins & Nelson 2015). This cell-cell communication leads to 

the establishment of polarity at a supracellular, as well as an individual intracellular 

level (Etienne-Manneville 2014).  

Cadherin expression has been found to be important for collective migration in 

several developmental situations (Theveneau et al. 2010; Kerstetter et al. 2004; Liu 

et al. 2011; Kumar et al. 2015). Cadherin 2, 4 and 6 are required for collective 

migration of the Zebrafish posterior lateral line primordium (pLLP) (Kerstetter et al. 

2004; Wilson et al. 2007; Liu et al. 2011). Loss of these cadherins prevents the 
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migration of the pLLP and the formation of the resulting lateral line ganglia and 

neuromasts. Also, morphogenetic movements during development are often subject 

to external forces and strong cell-cell adhesions are required to resist deformation in 

response to tensile or compressive pressures (Heisenberg & Bellaïche 2013). The 

association of the actin cytoskeleton with cadherin junctions helps to reinforce and 

stabilise cell-cell contacts, in response to external stresses (Hong et al. 2013). The 

cytoplasmic adaptor protein α-catenin serves as a link between filamentous F-actin 

and cadherins and has been shown to regulate intercellular adhesion (Desai et al. 

2013). Modification of the cytoskeletal binding function of α-catenin has been 

shown to affect both cell cohesion and collective movements in Drosophila embryos 

(Houssin et al. 2015; Escobar et al. 2015). 

1.3.2 Contact-dependent Polarity in Migrating Epithelia  

In collective migration, supracellular polarity exists with distinct populations of 

leader and follower cells (Vaughan & Trinkaus 1966; Poujade et al. 2007) (Figure 1-

2). Leader cells establish a bipolar state, engaging in integrin-based cell substrate 

interactions at the cell front and connecting with follower cells by cell-cell adhesions 

at their rear (Collins & Nelson 2015) (Figure 1-2). Recent evidence has highlighted 

the essential role of leader cells within migrating epithelia (Yamaguchi et al. 2015). 

The ablation of leader cells from migrating Madin-Darby canine kidney (MDCK) 

monolayers, or the disruption of their intracellular polarity, impairs the migration of 

the whole collective (Yamaguchi et al. 2015). When cultured on collagen gels, leader 

cells within migrating MDCK epithelial monolayers show large protrusions and a 

clear front-rear polarity in comparison to followers (Haga et al. 2005). The activity 

of the known polarity proteins PI3K, Rac1 and Integrin β1 is also highest in the 

leading edge of leader cells (Yamaguchi et al. 2015). Inhibition of these proteins in 

leader cells results in a more random migration of the collective confirming the 

importance of intracellular polarity in leader cells, for the migration of the whole 

group (Yamaguchi et al. 2015).  

The polarity of collectively migrating epithelia can also be induced by the presence 

of cadherin-based adherens junctions. Classical cadherins, including both N and E-

cadherin, can control the intracellular organization of the cells in the absence of other 
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polarizing cues (Dupin et al. 2009; Desai et al. 2009). The presence of anisotropic 

cadherin adhesions at a wound edge positions the nucleus towards the cell-cell 

contact (Dupin et al. 2009; Desai et al. 2009). This contact dependent polarity works 

via a mechanism involving Cdc42 signalling and the reorganization of the actin 

cytoskeleton (Desai et al. 2009). Cells at a free edge exhibit anisotropic cadherin 

expression and as a result become polarized, forming protrusions at their leading 

edge. This directs the migration of the whole collective, as follower cells in the rows 

behind are adhered to, and move with, the leaders.  

Collective migration requires the fine regulation of cell cohesion with substrate 

traction to orchestrate group movement (Collins & Nelson 2015). Signalling cross 

talk between cell-cell and cell-ECM contacts is important for both cohesive 

migration and collective cell polarity. Evidence suggests cell-substrate adhesions 

reciprocally regulate the localisation and function of cell-cell adhesions (Borghi et al. 

2010; Sakai et al. 2003; Marsden & DeSimone 2003; Tseng et al. 2012). As the 

localisation and function of ECM adhesions is important for the generation of 

traction for movement, cell-cell adhesions can influence migration in this manner 

too. Using micropatterned substrates consisting of alternating stripes of ECM or E-

Cadherin, Borghi et al. showed that E-cadherin regulates lamellipodia activity 

(Borghi et al. 2010). Thus, in a collectively migrating epithelia, lamellipodium 

formation and traction force generation are orientated away from the E-cadherin 

based cell-cell contacts, towards the opposite end of the cell (Borghi et al. 2010). 

Together, this evidence suggests that the presence of cadherins at cell-cell junctions 

can polarise migrating collectives in the direction of migration.  

Mechanical interplay also exists between cell-cell and cell-ECM forces and is also 

important for the generation of polarity within the migrating group. Forces generated 

at the cell-substrate interface are closely coupled to the intercellular forces between 

cells (Maruthamuthu et al. 2011). In MDCK cell pairs, traction forces are present at 

the cell peripheries and absent at the site of cell-cell contact (Maruthamuthu et al. 

2011). Cell-ECM forces influence intercellular forces between cell pairs, with the 

two highly correlating to ensure the balance of force across a cell (Maruthamuthu et 

al. 2011). Similarly, cadherin-based cell adhesions can also regulate the forces 
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exerted on the ECM (Mertz et al. 2013). In primary mouse keratinocytes, traction 

forces are normally localised to the colony periphery (Mertz et al. 2013). The loss of 

cadherin expression or function leads to a more independent individual cellular 

behaviour of the colony with traction forces extending throughout the cell group 

(Mertz et al. 2013). Therefore intercellular adhesive forces can also manipulate the 

size and localisation of traction forces exerted on the cell substrate.  

The proposed mechanism for collective migration, whereby leader cells pull 

‘passive’ follower cells along, has recently been challenged. Evidence suggests that 

follower cells extend cryptic lamellipodium beneath cells in front (Farooqui & 

Fenteany 2005; Trepat et al. 2009) (Figure 1-2). Cryptic lamellipodia form in sub 

marginal epithelial cells, up to hundreds of microns from the leading edge (Farooqui 

& Fenteany 2005). As these cells maintain their apical contacts, the lamellipodium 

are localised basally and extend under cells situated in front (Farooqui & Fenteany 

2005). Previous evidence has also indicated that Rac-dependent actin polymerisation 

can occur several rows behind the wound edge where it provides the force for wound 

closure (Fenteany et al. 2000). Therefore these observations suggest for a more 

active role of follower cells, whereby they generate their own motile force and utilise 

a protrusive crawling mechanism to migrate.  Recent work has also confirmed 

traction force generation many cell rows behind the leading edge and the extension 

of these forces over many cell distances (Trepat et al. 2009). This provides a 

somewhat different physical model for collective monolayers, with a more 

heterogeneous distribution of forces exerted both on the substrate and on 

neighbouring cells (Trepat et al. 2009). 

In collective movement, intercellular stresses occur spontaneously within a cell 

monolayer and can cooperate over many cell bodies (Tambe et al. 2011). 

Intercellular forces are composed of both shear and normal stresses at the cell-cell 

junction and the balance of the two can dictate the direction of collective motility 

(Tambe et al. 2011) (Figure 1-3). Plithotaxis is a mode of collective cell guidance 

that relies on the detection and transmission of such stresses (Trepat & Fredberg 

2011). Cell guidance by plithotaxis, orientates cells in the direction of maximal  



 23 

 

Figure 1-3 Plithotaxis and Intercellular Stresses  

At a cell-cell junction two types of mechanical stress exist; a normal stress (green) 

that is perpendicular to the cell surface and a shear stress (yellow) parallel to the cell 

surface. Cells in a monolayer will migrate in the direction of high and tensile normal 

stress and low shear stress, known as the direction of maximal principal stress. This 

phenomenon is known as plithotaxis.  
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principal stress, where normal stresses are high and tensile, but shear stresses are 

minimal (Tambe et al. 2011). This method of cell movement is dependent on 

intercellular contacts and is thus an emergent property of cell groups (Tambe et al. 

2011). The culture of cell monolayers in calcium-free conditions, weakens cadherin-

based cell contacts and subsequently disrupts plithotaxis (Tambe et al. 2011). 

Adherens junctions therefore serve to transmit forces between cells so the integrity of 

the migrating epithelial monolayer is maintained in response to intercellular stresses.  

In Drosophila border cell migration, cadherin-mediated mechanotransduction is also 

essential for cells to ascertain their location within the migrating cluster (Cai et al. 

2014). Signalling through tyrosine kinase receptors at the front of the border cell 

group activates Rac and in turn leads to an increased tension across E-cadherin based 

junctions in this region (Cai et al. 2014).  As E-cadherin functions in a feedback 

loop, tyrosine kinase receptor activity and thus Rac activity are further amplified at 

the front of the cell group, promoting the directional and persistent migration of 

border cell clusters (Cai et al. 2014). The activation of Rac within a single cell has 

previously been shown to inhibit the formation of protrusions in its neighbours 

(Wang et al. 2010). Border cells utilise a similar mechanism to restrict the formation 

of protrusions to the front of the cluster directing coordinated migration of the group 

(Cai et al. 2014).   

AJs can thus act as both mechanical and signalling regulators in the collective 

migration of epithelia. Collective migration requires the interplay of these two 

adhesion-based signalling mechanisms to generate directional movement of cell 

groups. 

1.4 Collective Migration of Mesenchymal Cell Populations 

The migration of epithelial tissues involves the movement of highly ordered, well-

adhered and polarised cell layers, in a synchronized manner. However, in more 

invasive migratory situations, such as NC migration during development, or cancer 

metastasis, epithelial migration does not suffice and cells must acquire more 

individual migratory behaviours. Epithelial cells can transition to a mesenchymal cell 

phenotype in a process called EMT (Epithelial-to Mesenchymal Transition) (Yang & 
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Weinberg 2008; Thiery et al. 2009). During this process, epithelial cells lose their 

apicobasal polarity and stable cell-cell adhesions, acquiring increased cell motility 

(Duband et al. 1995; Duband 2010; Thiery et al. 2009). 

Collective migration is not limited to epithelial cells. Mesenchymal cells, such as the 

mesendoderm and the NC, also undergo collective movements. Whilst these 

mesenchymal contacts are more transient than their epithelial counterparts, they are 

still able to coordinate the collective migration of cells (Figure 1-4). The ability for 

mesenchymal cell populations with weaker cell-cell adhesions to collectively 

migrate, contradicts the proposed importance of strong cell-cell adhesions in both 

group cohesion and the generation of contact-dependent polarity in epithelia. 

However, EMT is not a clear-cut process, rather a gradual change of cells from an 

epithelial to mesenchymal cell state (Theveneau & Mayor 2013). Different 

mesenchymal cells can be classified according to their position within this transition, 

from those that maintain most of the full array of epithelial cell-cell adhesions, such 

as the mesendoderm, to those that only transiently contact each other such as the NC 

(Theveneau & Mayor 2011a; Theveneau & Mayor 2013). 

1.4.1 Adhesions in Mesenchymal Collective Migration 

Cadherins are also important for the cohesive movement of mesenchymal cell 

populations. Whilst mesendodermal cells show weakened intercellular connections 

in comparison to their epithelial counterparts, cadherin-based cell-cell junctions are 

still required for coordinated, directional migration during gastrulation (Winklbauer 

et al. 1992; Arboleda-Estudillo et al. 2010; Montero et al. 2005). The high density of 

cells within the collectively migrating mesoderm has been proposed to limit the 

exposure of ‘follower’ cells to guidance cues, through internalisation or shielding 

effects (Arboleda-Estudillo et al. 2010). Therefore cadherin junctions provide 

mechanical coupling between mesendodermal cells to promote collective 

organization in the absence of chemotactic signals. 

Gut formation in Drosophila is dependent on the concerted migration of three 

populations of cells, including mesenchymal interstitial cell precursors (ICPs) 

(Tepass & Hartenstein 1995). In spite of their mesenchymal nature, these 
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mesenchymal precursor cells require E-cadherin for their cohesive migration 

(Campbell & Casanova 2015). In E-cadherin mutants, ICPs migrate more 

independently and gaps begin to form between the collectively migrating cells 

(Campbell & Casanova 2015). However, unlike E-cadherin mediated cohesion in 

epithelial tissue, coherence in ICPs does not appear to depend on the formation of 

AJs (Campbell & Casanova 2015). 

Mesenchymal cell adhesions are differentially regulated to epithelial adhesions, to 

provide a more independent migration of collective cells (Figure 1-4). In 

mesenchymal cell populations, the recycling of cadherin-based adhesions seems to 

be important for the regulation of cell-cell contacts (Peglion et al. 2014; Kuriyama et 

al. 2014; Ulrich et al. 2005). During cell migration actin undergoes a continuous 

retrograde flow whereby it is polymerized at the leading edge and then flows back 

into the body of cell (Cramer et al. 1997). Peglion et al. recently demonstrated that in 

migrating astrocytes, N-cadherin based adherens junctions, also undergo an actin-

dependent retrograde flow (Peglion et al. 2014; Cramer et al. 1997). The formation 

of a free edge in an astrocyte monolayer generates an anisotropy of AJs, triggering 

the dynamic retrograde flow of these junctions (Peglion et al. 2014). N-cadherin and 

other AJ components are recycled at the cell rear and transported, by vesicular 

trafficking, to the front of the cell where they accumulate and incorporate into new 

cell junctions (Peglion et al. 2014). This treadmilling of cadherin contacts allows 

cells to generate a tightly adhered leader cell front whilst permitting cellular 

rearrangements within the rest of the cell group. Similar cadherin-recycling 

mechanisms exist both in the NC and the mesendoderm confirming the importance 

of adhesion-recycling systems for the collective migration of these mesenchymal cell 

populations (Kuriyama et al. 2014; Ulrich et al. 2005). 

1.4.2 Contact-dependent Polarity in Mesenchymal Cells 

Cadherin-based contact-dependent polarity mechanisms also exist within 

mesenchymal cell populations such as the mesendoderm. These mechanisms allow 

mesendodermal cells to self-organize and migrate in the absence of extrinsic 

guidance signals (Arboleda-Estudillo et al. 2010; Dumortier et al. 2012) . An E-

cadherin, Dsh/PCP and Rac1-dependent signalling cascade is initiated between 
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mesendodermal cells on contact, providing an intrinsic directional cue to guide the 

population (Dumortier et al. 2012). When mechanical force is applied to cadherins 

on single mesendodermal cells, they are able to mimic the polarized nature of the 

collectively migrating tissue (Weber et al. 2012). Local tension on C-cadherin 

junctions results in the reorganization of keratin intermediate filaments (KIFs) and 

persistent migration in the direction opposite to the applied force (Weber et al. 2012).  

The NC also exhibit a specific type of contact-dependent polarity, known as contact 

inhibition of locomotion (CIL) (Carmona-Fontaine et al. 2008; Mayor & Carmona-

Fontaine 2010). In collectively migrating NC this N-cadherin-dependent polarity 

mechanism leads to the polarization of cells at the free edge and the directional 

migration of the collective (Mayor & Carmona-Fontaine 2010; Carmona-Fontaine et 

al. 2008).   

Together, this evidence suggests that mesenchymal cells also use cadherin-based 

intercellular adhesions to organise polarity at a supracellular level. This allows 

mesenchymal populations to collectively orientate and produce directional migration. 

However in some situations, mesenchymal cell-cell adhesions are not strong enough 

to provide adequate cohesion in the presence of contact-dependent polarity. This is 

the case with the NC, where CIL needs to be balanced by an additional mechanism, 

known as co-attraction (Woods et al. 2014) (Figure 1-4). Together, these 

mechanisms promote the collective behaviour of NC populations. The concept of co-

attraction and its interplay with CIL is intrinsic to this thesis. Therefore these topics 

will be discussed in greater depth within the following chapter.  

1.5 Other Guidance Mechanisms 

Whilst cell-cell contacts act as an important directional cue for collective migration, 

other extracellular guidance cues also exist. Environmental guidance mechanisms 

important for single cell migration, such as chemotactic and topographic signals, also 

appear to hold a role in collective migration (Haeger et al. 2015).   

Chemotaxis describes the guidance of cells via gradients of soluble chemical cues. 

These cues range from soluble chemokines and cytokines to alterations in pH and 
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reactive oxygen species (ROS) (Haeger et al. 2015). The binding of chemotactic 

molecules by cell-surface bound receptors can activate downstream signalling 

pathways that initiate cell polarisation and result in directional migration. In 

collective migration, chemotactic responses polarise leader cells that then propagate 

the initial directional signal through the group via cell-cell adhesions. Normally 

chemotactic signals are paracrine, being generated by cells within the surrounding 

environment (Haeger et al. 2015). However, in some situations, migrating cells 

establish their own chemokine gradients along a collectively migrating group. One 

such example is in the collective migration of the zebrafish pLLP during 

development (Venkiteswaran et al. 2013). The Stromal Cell-Derived factor (Sdf-1) 

receptor CXCR7 is present at the rear of the migrating pLLP cluster where it acts to 

sequester Sdf-1 present in the surrounding environment (Venkiteswaran et al. 2013). 

The presence of CXCR7 therefore generates a front-back gradient of normally, 

uniformly expressed Sdf-1, which guides the collective migration of the pLLP 

(Venkiteswaran et al. 2013).  

During migration, cells interact with the surrounding ECM, which possesses both 

physical and molecular cues for directional movement (Haeger et al. 2015). If these 

physical or molecular cues are not homogenously distributed they produce a gradient 

that can induce polarity and direct migration, in processes called durotaxis and 

haptotaxis respectively.  

The ability for the ECM to resist deformation, referred to as its stiffness, can 

influence cellular behaviours including migration. ECM stiffness can vary between, 

and even within, tissues and cells are able to migrate directionally along stiffness 

gradients in the substrate in a process known as durotaxis (Haeger et al. 2015). 

Therefore the presence of ECM stiffness gradients is also thought to regulate 

collective migration. Cellular aggregates plated on stiff substrates are able to spread 

forming a cohesive monolayer (Beaune et al. 2014). However on softer substrates, 

the aggregates become less cohesive and some cells escape from the group (Beaune 

et al. 2014). Also, in epithelial wound healing assays, stiffer substrates can lead to an 

increased collective speed, persistence and directionality (Ng et al. 2012).  On 

wounding, cells at the wound edge become polarised and establish a front-to-back 
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gradient of myosin II contractility. This contractility is then propagated through the 

cell layer via cell-cell adhesions. On stiffer substrates, the propagation of these 

directional cues is faster and further reaching, reinforcing cohesion within the 

migrating monolayer (Ng et al. 2012). 

The ECM also provides guidance cues for haptotaxis, which is the movement of cells 

along a gradient of immobilized ligand (Haeger et al. 2015). These ligand gradients 

can be due to the differential expression or distribution of ECM proteins and/or 

matrix-bound cytokines and chemoattractants. Migrating cells can also directly 

modulate haptotaxis by influencing the distribution of ECM gradients. This can be 

achieved via matrix degradation or the deposition of cell adhesion sites or ligands 

(Haeger et al. 2015). In collective migration, this mechanism allows leader cells to 

respond to initial directional cues and then modify the ECM to provide secondary 

haptotactic guidance cues for follower cells.  

In summary, these extracellular guidance mechanisms work alongside intercellular 

adhesions to establish supracellular polarity within migrating collectives and direct 

cohesive movements. 

 



 30 

       

Figure 1-4 C
ollective m

igration in E
pithelial and M

esenchym
al C

ells 

C
ollective m

igration can occur in both epithelial and m
esenchym

al cell types. Epithelial cells possess stable cell-cell adhesions in com
parison to 

m
esenchym

al cells, w
hich exhibit m

ore transient intercellular adhesions. In m
esenchym

al cells, such as the N
C

, the secretion of soluble factors 

has been observed to regulate the m
utual cell attraction of neighbours. This helps to m

aintain the tight coordination of m
esenchym

al cells in the 

absence of stable cell-cell adhesions.  



 31 

2 The Neural Crest 

The NC is a multipotent cell population that arises at the border between the non-

neural ectoderm and the neural plate. During development this embryonic cell 

population migrates vast distances through the embryo, before settling and 

differentiating into a number of derivatives; from craniofacial bone and cartilage to 

neurons and glia of the peripheral nervous system. Evolutionarily, the presence of 

NC is a defining characteristic of vertebrates and is proposed to relate to the 

development of an advanced craniofacial skeleton and a specialised pair of sensory 

organs. If NC development is disrupted, birth defects and syndromes collectively 

termed as neurocristopathies, can occur. Neurocristopathies involve various pigment, 

craniofacial and heart abnormalities characteristic of the loss of NC derivatives.  

This chapter introduces the multistep process of NC development discussing the 

induction, delamination and migration of this cell population.  

2.1 Neural Crest Induction   

The process of NC induction involves a sequence of signalling events, beginning at 

gastrulation and continuing until neural tube closure (Basch et al. 2006; Rogers et al. 

2012). Gastrulation involves mass cell and tissue migration to form the three germ 

layers of the embryo. It is an essential process for the specification of the neural plate 

border, from which the NC are derived (Rogers et al. 2012). After gastrulation, the 

newly formed ectoderm of vertebrate embryos can be divided into three regions; the 

neural plate which will give rise to the central nervous system, the non-neural 

ectoderm which will become the future epidermis and the neural plate border which 

develops into the NC and pre-placodal ectoderm (Bae & Saint-Jeannet 2013). Lying 

at the border of both the neural plate and non-neural ectoderm, and underlain by 

paraxial mesenchyme, the neural plate border is subject to signals from, and 

interactions with, these surrounding tissues (Figure 2-1). These tissues provide the 

inductive signals required for the segregation of neural plate border cells from their 

neighbours and the subsequent activation of genes required for their specification 

into NC (Simões-Costa & Bronner 2015).  The interaction between the neural plate 

and the non-neural ectoderm is important for the generation of NC (Bae & Saint-
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Jeannet 2013). Experiments, in both chick and frog embryos, have shown that 

grafting neural plate explants into the non-neural ectoderm can induce the expression 

of NC genes at the tissue boundary (Selleck & Bronner-Fraser 1995; Mancilla & 

Mayor 1996). Furthermore studies in Xenopus have shown that the paraxial 

mesoderm is also required for NC induction (Bonstein et al. 1998). The Dorsolateral 

Marginal Zone (DLMZ) of the embryo forms the mesoderm positioned directly 

underneath the NC at the neurula stage. Culture of animal cap (AC) explants with 

DLMZ tissue can induce the expression of the NC specifier gene Slug. Together, 

theses studies highlight a role for surrounding tissues in NC induction.  

NC induction involves the integration of Bone Morphogenetic Protein (BMP), 

Fibroblast Growth Factor (FGF) and Wnt signals from neighbouring tissues (Figure 

2-1). It is defined as a two-step signalling process (LaBonne & Bronner-Fraser 

1998). The first step involves the regulation of BMP levels in the neural plate border 

via BMP antagonists such as noggin, chordin and follistatin (Marchant et al. 1998). 

Prior to gastrulation, BMPs are thought to be present throughout the ectoderm. 

However during this process the dorsal mesoderm begins to release BMP 

antagonists, generating a dorsoventral gradient of BMP activity across the ectoderm 

(Marchant et al. 1998). The neural plate, neural plate border and non-neural 

ectoderm are specified along this gradient, with high BMP levels giving rise to 

epidermis, low levels forming neural tissue and intermediate levels resulting in the 

formation of NC (Marchant et al. 1998). Whilst BMPs are necessary for NC 

induction they are not sufficient for this process.  The exposure of ectoderm to 

intermediate levels of BMP instead primes tissue for further signals in the NC 

induction process (LaBonne & Bronner-Fraser 1998). 

After BMP signalling has generated a competent ectoderm, Wnt signalling is the 

main instructive signal required for NC induction. During development, Wnts are 

expressed in neural tissues and are particularly important signalling molecules in the 

NC, where they are important for NC induction (Rogers et al. 2012).  The Wnts 

involved in NC induction are thought to vary between organisms (Bae & Saint-

Jeannet 2013). Whilst Wnt8 and Wnt3a from the paraxial mesoderm are thought to 

be important for NC induction in frog and fish, non-neural ectoderm residing Wnt6 is 
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instead involved in chick NC induction (Saint-Jeannet et al. 1997; García-Castro et 

al. 2002; Lewis et al. 2004). Gain and loss of function experiments of Wnt signalling 

components have confirmed the requirement of the pathway in NC induction (Saint-

Jeannet et al. 1997 and Reviewed in: Barriga et al. 2015). For example, 

overexpression of dominant negative Wnt8 results in a loss of NC marker expression 

in Xenopus embryos (LaBonne & Bronner-Fraser 1998). Also, the existence of a 

LEF/TCF-binding site in the promoter region of Slug, a known NC specifier gene, 

further supports a role for canonical Wnt signalling in NC induction (Vallin et al. 

2001). 

Mesoderm-derived FGFs have also been implicated in NC induction (Mayor et al. 

1997; Monsoro-Burq 2003). Mayor et al. initially determined a role of FGF in NC 

induction, observing that the expression of a truncated FGF receptor impaired Slug 

expression in Xenopus embryos (Mayor et al. 1997). However, the precise 

mechanism by which FGFs are involved in NC induction is still under debate. 

Initially FGFs were thought to play an indirect role in NC induction by modulating 

Wnt signalling (Hong et al. 2008). However, recent evidence has also implicated a 

direct role for FGF in NC specification through the activation of the transcription 

factor Stat3 (Nichane et al. 2009).  

Wnt, FGF and retinoic acid signals are also important for NC induction as they are 

posteriorising signals in neural tube patterning. These posteriorising signals also 

define the presumptive NC domain and transform the posterior region of the anterior 

neural plate into NC tissue (Villanueva et al. 2002). In avian embryos, FGF and Wnt 

signalling also hold additional roles in establishing the initial dorsoventral BMP 

gradient within the ectoderm, which is critical for NC induction (Trainor & 

Krumlauf 2002). 

Inductive signals from surrounding tissues act on the neural plate border and result in 

the activation of a number of transcription factors known as neural plate border 

specifiers. The expression of neural plate border specifier genes such as Ap2,  
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Figure 2-1  Model of Neural Crest Specification  

A The temporal requirement for BMP and Wnt signalling at gastrula and neurula 

stages. B The signals and tissues involved in the induction of the NC at the gastrula 

stage and the maintenance of its identity at the neurula stage. At the gastrula stage 

anti-BMP signals such as chordin are produced by the DLMZ and set up the gradient 

of BMP that is required for NC induction. At neurula stages chordin levels decrease, 

leading to the rise in BMP that is required for the maintenance of the NC (Adapted 

from (Steventon et al. 2009)). 
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zic1, hairy2, dlx5, gbx2, pax3/7 and msx1/2 defines the neural plate border region 

and confers the ability of the area to later respond to NC specifying signals. NC 

specifier genes hold a more restricted expression in the NC and include genes such as 

c-Myc, Snail, Slug, Foxd3, Sox8/9/10 and Twist. NC specifier genes are primarily 

expressed in the pre and early-migratory NC, however some NC specifiers are also 

expressed during later stages of migration (Betancur et al. 2010). Due to their broad 

expression throughout NC development, many NC specifiers not only hold roles in 

cell specification but also regulate the survival, delamination, migration and 

differentiation of the NC.  

2.2 Neural Crest Migration  

After specification, the NC must separate from the surrounding neuroepithelium, 

initiate EMT processes and begin their migratory journey through the embryo. 

During migration the NC respond to both positive and negative signals from their 

environment and interact with neighbouring NC cells and tissues. The migration of 

the NC thus depends on the integration of extracellular signals and cellular 

interactions, to drive the collective and directional movement (Theveneau & Mayor 

2011b). Due to the diversity of NC migration processes both between organisms and 

at different positions along the anterior-posterior axis, this section will primarily 

concentrate on the migration of cranial NC in Xenopus.  

2.2.1 Initiation of Migration (Delamination and EMT) 

Delamination involves the physical separation of tissues to form distinct cellular 

populations, and is the first process the NC must undergo after specification 

(Theveneau & Mayor 2012b). Whilst the terms delamination and EMT are often 

used interchangeably, these processes are in fact distinct as EMT instead describes 

the set of cellular and molecular events that mediate the change of a cell from an 

epithelial to a mesenchymal type (Theveneau & Mayor 2012b). However, in NC 

development these events, delamination and EMT, temporally overlap with the 

delamination process also involving an EMT (Theveneau & Mayor 2012b).  
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In the cranial region, NC delamination occurs all at once, with these cells physically 

separating from the surrounding neuroepithelium (Theveneau & Mayor 2012c). NC 

delamination involves a partial EMT as cells become more mesenchymal, showing 

alterations is morphology, polarity, motility and cell-cell adhesions without a 

complete loss of tissue cohesion (Theveneau & Mayor 2012c). This process is 

induced by environmental signals such as BMP and Wnt that control a set of EMT 

regulatory genes featuring members of the Snail, Zeb and Twist families (Duband 

2010; Theveneau & Mayor 2012b). EMT-regulating genes act as repressors of 

characteristically epithelial genes such as E-cadherin and tight junction components, 

and activators of mesenchymal-associated genes such as fibronectin, matrix 

metalloproteinases (MMPs) and N-cadherin (Duband 2010). As a result of these gene 

interactions, NC cells lose apico-basal polarity, modify their cell-cell and cell-matrix 

adhesions and acquire motility. 

One of the first steps in the EMT process is the modification of cell-cell adhesions 

(Figure 2-2). Although the repertoire of cadherins expressed by the NC varies 

between species, NC migration is commonly associated with a switch in cadherin 

expression (McKeown et al. 2013). In Xenopus NC, EMT initially involves the 

repression of E-cadherin and its gradual replacement by N-cadherin based adhesions 

(McKeown et al. 2013). This initial cadherin switch also reinforces the delamination 

process, with N-cadherin expressing NC cells sorting from the E-cadherin-expressing 

neural tube. An additional cadherin switch later occurs in the migrating NC, reducing 

the levels of N-cadherin and promoting the de novo expression of type II cadherins 

such as cadherin 11 (McKeown et al. 2013; Vallin et al. 1998). EMT also induces 

intercellular adhesive modifications via the upregulation of MMPs, which cleave 

cadherin molecules. For example, cleavage of Cadherin-11 by the MMP ADAM-13, 

is required for cranial NC migration in Xenopus embryos [27] (Figure 2-2).  

The secretion of MMPs also plays a role in the degradation of the ECM and the 

subsequent remodeling of cell-ECM adhesions required for NC migration (Kuriyama 

& Mayor 2008). NC delamination is also accompanied by an alteration in the 

integrin repertoire of the NC, which further modifies cell-ECM interactions (Duband 

2010). On migration, Xenopus cranial NC replace epithelial tissue-associated laminin 
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Figure 2-2  Cadherin Switch Involved in Neural Crest EMT  

During EMT, the expression of genes such as Slug, Sox9 and Foxd3 results in the 

modulation of intercellular NC adhesions. NC cell-cell adhesions switch from E to 

N-cadherin on their delamination from the neural tube. N-cadherin based adhesions 

are then gradually replaced by type II cadherin adhesions during migration. MMPs 

secreted during EMT also alter cell-cell adhesions via cadherin cleavage. 
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receptor α6β1 with fibronectin-binding α5β1 integrin, (Lallier et al. 1996; Alfandari 

et al. 2003). Expression of α5β1integrin is required for NC migration, highlighting 

the importance of this type of these integrin modifications in this process (Alfandari 

et al. 2003).  

The described alterations in cell adhesions during NC delamination are also 

accompanied by morphological changes to NC cells. As NC cells separate from the 

neural tube they become more rounded and irregular, producing bleb-like structures 

and protrusions to aid their delamination and migration (Duband 2006)(Liu & Jessell 

1998). Rho GTPases are key modulators of cytoskeletal and signalling events that 

dictate changes in cell shape and motility. Their expression has therefore been 

associated with the process of NC delamination. Inhibition of Rho activity, by C3 

exotoxin, results in the failure of NC delamination (Liu & Jessell 1998). Therefore, 

Rho GTPases appear to play an important role in the cellular events associated with 

NC delamination. 

Overall, the delamination and EMT of NC cells transforms them into a more motile 

mesenchymal cell population, through the modulation of cell-cell, cell-ECM 

adhesions and Rho GTPase activity.  

2.2.2 Guidance of Neural Crest Migration 

NC cells delaminate from the neural plate as a group, however they are soon 

organized into discrete streams for migration. In the cephalic region, NC are divided 

into three main streams, the mandibular, hyoid and branchial, with the latter 

eventually dividing into two streams. Inhibitory signals in regions bordering the NC 

help to form distinct NC streams by preventing cells from entering neighbouring 

areas (Figure 2-3). Additional chemoattractant cues are also thought to be important 

for directing the NC during their vast migration within the embryo (Figure 2-3). 

Therefore, the integration of repulsive and attractive environmental signals has been 

proposed to guide NC migration.  

The migration of the cephalic NC is under the control of inhibitory signalling 

pathways involving Ephrins/Eph receptors and semaphorins/neuropilin receptors 
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(Theveneau & Mayor 2012b). NC cells express both Eph and neuropilin receptors 

that bind with ephrins and class3-semaphorins respectively, found in areas 

neighbouring the NC (Smith et al. 1997; Koestner et al. 2008). These ligand-receptor 

interactions prevent the movement of NC cells into regions outside of their proposed 

migratory routes, forcing the collapse of protrusions in non-permissive ephrin or 

semaphorin-containing regions. The inhibition of ephrin/Eph receptor signalling 

results in aberrant NC migration, with the intermingling of NC streams and ectopic 

migration of NC cells (Smith et al. 1997). Similarly in Zebrafish, the inhibition of 

class3-semaphorins or their neuropilin receptors by morpholino (MO) injection 

results in the migration of NC cells into normally non-NC containing regions (Yu & 

Moens 2005). Whilst the inhibitory role of semaphorins in Xenopus cranial NC 

migration has not yet been investigated, expression patterns of semaphorins and 

neuropilins support a similar role for semaphorins in this model also (Koestner et al. 

2008). Together, these results suggest ephrin and semaphorin signalling maintains 

the correct patterning of cranial NC streams during migration.  

NC cells are often referred to as the ‘explorers’ of the embryo, travelling large 

distances to reach their final destination where they can then differentiate. Some 

evidence has suggested the role of cues such as vascular endothelial growth factor 

(VEGFs), platelet-derived growth factors (PDGFs) and FGFs in promoting NC 

migration (Ho et al. 1994; Mclennan et al. 2010; Trokovic et al. 2005).  However 

roles for these factors as chemoattractants during migration has been hard to 

determine, as no observable gradients appear to exist along the dorsoventral axis of 

developing embryos (Theveneau & Mayor 2011b). The expression of these 

chemotactic cues has instead been associated with later stages of NC migration, with 

VEGF and FGF being associated with the homing to, and invasion of, the branchial 

arches (Mclennan et al. 2010; Trokovic et al. 2005).  

In contrast, the expression of Sdf-1 progressively shifts ventrally through the 

embryo, as it is expressed by placodal cells that underlie, and migrate with, the NC 

(Theveneau et al. 2013). In light of this, Sdf-1 has been linked to NC chemotaxis and 

the inhibition of Sdf-1, or its receptor CXCR4, can block NC migration in vivo 

(Theveneau et al. 2010). The chemoattractant effect of Sdf-1 can also been studied in 
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vitro, with NC explants showing chemotaxis towards Sdf-1 coated beads (Theveneau 

et al. 2010). Sdf-1 is thought to work by stabilising protrusions to ensure a persistent 

directional migration of the group (Theveneau et al. 2010).  

2.2.3 Cell-Cell Interactions  

The influence of external guidance in NC migration has recently been re-evaluated 

with evidence suggesting that cell-cell interactions instead drive the directional 

migration of the NC (Theveneau et al. 2010; Woods et al. 2014). As already 

mentioned the NC exhibit CIL (Contact inhibition of locomotion), which orientates 

the formation of protrusions to the front of a migrating cluster and leads to the 

coherent directional migration of the NC (Carmona-Fontaine et al. 2008). As CIL is 

an intrinsically repulsive force attractive forces also exist between NC, in the form of 

cell-cell adhesions and co-attraction, which help to maintain the collective nature of 

the NC (Carmona-Fontaine et al. 2011) (Figure 2-3). 

2.2.3.1 Cell-Cell Adhesions  

The NC migrates as a collective group, interacting with their neighbours throughout 

their migratory journey. Cell-cell adhesions play an important role in coordinating 

NC behaviour, regulating both cell cohesion and directional migration (Figure 2-3). 

As the NC undergo EMT, E-cadherin based adhesions are gradually replaced by 

weaker N-cadherin and Cadherin-11 based adhesions (Vallin et al. 1998; Theveneau 

et al. 2010; Theveneau & Mayor 2012a). This cadherin switch enables the NC to 

transition from a rigid, tightly adhered epithelial cell population to a more motile 

mesenchymal population. During migration, N-cadherin based junctions are also 

recycled in a lysophosphatidic acid (LPA) signalling-dependent manner (Kuriyama 

et al. 2014). This recycling of N-cadherin junctions allows the NC to adopt a more 

fluid-like structure, without compromising the adhesive function of N-cadherin. This 

flexible state of the migrating NC allows them to migrate under the physical 

constraints imposed within the embryo.  
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Figure 2-3 The Coordination of Cephalic Neural Crest Migration 

NC migration depends on the integration of inhibitory and chemotactic signals from 

the environment with cell-cell interactions. Migratory NC cells are maintained in 

streams, through the presence of inhibitory signals in the surrounding environment. 

The balance of attractive and repulsive cell-cell interactions, such as co-attraction 

(CoA) and Contact Inhibition of Locomotion (CIL) respectively, maintains the 

collective movement of the NC. Whilst these cell-cell interactions alone can promote 

in vitro collective migration, the presence of chemotactic cues such as Sdf-1 are also 

thought to be required to maintain directional movement during the vast migration of 

NC in vivo. 
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2.2.3.2 Contact Inhibition of Locomotion (CIL) 

Cadherins hold a dual role in NC migration, regulating both adhesion and polarity. 

Cadherin-dependent cell adhesions confer the directionality of the migrating NC 

through CIL (Theveneau et al. 2010) (Figure 2.3). CIL is composed of a sequence of 

steps whereby cells first come into contact, before collapsing their protrusions at the 

cell contact and generating a new protrusion opposite to the contact site. The NC 

exhibit CIL behaviour both in vivo and in vitro however the outcomes of the cell 

contact differ between the two situations (Mayor & Carmona-Fontaine 2010; 

Carmona-Fontaine et al. 2008). In vitro CIL leads to dispersion over time, as cells 

collide and move away from each other. Instead, in vivo, the inhibitory regions 

neighbouring migrating NC streams limit the formation of protrusions to the front of 

the NC cluster, leading to a collective directional displacement of the group 

(Carmona-Fontaine et al. 2008). 

Non-canonical Wnt signalling has been shown to play an important role in CIL. On 

collision, Wnt/PCP signalling is activated in the region of contact, leading to the 

recruitment of Dishevelled at this site (Carmona-Fontaine et al. 2008). The 

subsequent activation of RhoA by Dishevelled directs the collapse of protrusions at 

the contact and initiates cell repolarization (Carmona-Fontaine et al. 2008). This 

mechanism is further complemented by the inhibition of Rac activity at the contact, 

through the proteoglycan Syndecan-4 (Matthews et al. 2008). Rac is also activated in 

the region away from the contact as a consequence of its mutual inhibition with Rho 

(Machacek et al. 2009; Nimnual et al. 2003; Rottner et al. 1999). Here it promotes 

the formation of protrusions and the migration of cells in opposing directions.  

Cadherin based adhesions are essential for CIL (Becker et al. 2013; Theveneau et al. 

2010). N-cadherin is required for the inhibition of protrusions and regulation of Rac1 

activity at the cell contact (Theveneau et al. 2010). In turn, N-cadherin contacts also 

promote the formation of protrusions and activation of Rac1 at the free edge. 

Inhibition of N-cadherin disrupts CIL and as a result blocks the directional migration 

of the NC.  
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The presence of Cadherin-11 based adhesions is also important for NC migration in 

vivo (Vallin et al. 1998). At the cell-cell contact the expression of Cadherin-11 has 

been proposed to regulate CIL (Becker et al. 2013). In fact, the inhibition of 

Cadherin-11 mimics the CIL phenotype observed on the inhibition of the Wnt/PCP 

pathway. However, aside from its localisation at the cell-cell contact, cytoplasmic 

Cadherin-11 is also expressed at the free edge, where it interacts with β-catenin and 

the Guanine nucleotide exchange factor (GEF) –Trio (Kashef et al. 2009). Together, 

these proteins activate Rho GTPases and promote protrusive activity at the leading 

edge. Thus, cytoplasmic Cadherin-11 also contributes to CIL by directing protrusive 

activity to the free edge.  

The polarity protein Par3 has also been described to be involved in CIL (Moore et al. 

2013). On collision, Par3 localises to the cell contact and sequesters GEF-Trio. This 

interaction prevents the activation of Rac1 by Trio and leads to microtubule 

catastrophe at the cell-cell contact. This mechanism ultimately results in the reversal 

of cell polarity and the formation of a protrusion in the opposing side to the contact, 

completing the CIL process. 

In the NC, the acquisition of CIL also coincides with the activation of the EMT 

program (Scarpa et al. 2015). The EMT-associated cadherin switch, from E to N-

Cadherin, is essential for CIL (Scarpa et al. 2015). Pre-migratory NC do not exhibit 

CIL, as E-cadherin-based junctions inhibit the polarization of Rac1 and the formation 

of protrusions at the leading edge (Scarpa et al. 2015). However, collisions between 

migratory NC lead to the formation of an N-cadherin based adhesion at the cell 

contact, which directs Rac activity, protrusions and FAs to the free edge. As a result, 

large traction forces are generated at the leading edge. N-cadherin dependent 

contacts cannot counteract the strong traction forces generated at the leading edge 

and CIL occurs as the unbalanced cellular forces promote the disassembly of the 

junction and force the cells apart (Scarpa et al. 2015). The redistribution of forces 

from intercellular tension on contact to cell-matrix adhesions on repolarisation is 

therefore essential for CIL. 
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CIL has also recently been described between the NC and the underlying placodal 

cells and is intrinsic to the coordinated migration of these two cell populations 

(Theveneau et al. 2013). During migration, the placodes secrete Sdf-1 causing NC 

cells to follow or ‘chase’ placodal cells as they migrate (Theveneau et al. 2013). 

Eventually the two populations come into contact and CIL is activated, inhibiting the 

formation of protrusions at the contact and re-directing them to the free edge of the 

placodal group (Theveneau et al. 2013). Placodal cells then move in the opposite 

direction to the contact and ‘run’ away from the NC (Theveneau et al. 2013).  This 

‘chase and run’ mechanism results in the continuous displacement of the 

chemoattractant source, the placodes, and results in the concerted migration of these 

two cell populations through the embryo.  

Co-attraction 

In vivo the directional migration of the NC can be coordinated by chemotactic cues, 

which help to stabilise protrusions at the front of the migrating cluster (Theveneau et 

al. 2010). However recent evidence has suggested that directional collective 

migration of the NC can also develop in vitro in the absence of chemoattractants 

(Woods et al. 2014). If CIL were the only force regulating collective behaviour, it 

would be predicted that NC cohesion would eventually be lost; as cells move away 

from each other after cell-cell contact. However, an additional attractive force, 

termed co-attraction is also found within the NC. Co-attraction balances the repulsive 

nature of CIL, promoting NC cohesion in vitro (Carmona-Fontaine et al. 2011) 

(Figure 2-3). 

Co-attraction behaviour was first identified during the development of Dictyostelium 

discoideum (Bonner 1969).  In starvation conditions, this amoeba induces a distinct 

developmental cycle whereby neighbouring cells aggregate and differentiate to form 

a fruiting body (King & Insall 2009). The initial aggregation of cells is promoted by 

the release of cyclic adenosine monophosphate (cAMP) from starving cells (Bonner 

1969). This signal recruits neighbouring cells by chemotaxis, directing the formation 

of pseudopods towards the cell aggregate (King & Insall 2009). The formation of 

fruiting bodies in Dictyostelium thus presented the first existence of mutual cell 
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attraction, where the chemotactic cue originates from, and acts upon, the same cell 

population.  

Co-attraction is also involved in the collective migration of the zebrafish pLLP.  

Mutual cell attraction recruits isolated cells, known as separate primordial cells or 

SPCs, to the remainder of the migrating posterior lateral line primordium (pLLP). At 

the onset of pLLP migration, FGF signalling from the primordium attracts SPCs, 

allowing the two cell populations to coalesce (Breau et al. 2012). The fusion of SPCs 

clusters to the main primordium results in an acceleration pLLP movement, which is 

required for its collective migration and the deposition of posterior neuromasts.  

The mutual cell attraction observed in Xenopus NC is instead coordinated through 

the complement factor C3a and its receptor (C3aR) (Carmona-Fontaine et al. 2011) 

(Figure 2-4). NC cells both secrete C3a and also express C3aR (Carmona-Fontaine et 

al. 2011). If a cell loses contact with its neighbours, the binding of C3aR on its 

surface, with local C3a from the rest of the NC group, can repolarize the cell and 

recruit it back to the remainder of the cluster (Carmona-Fontaine et al. 2011). This 

repolarization is thought to depend on the activation of Rac at the leading edge 

through the binding of C3a to its receptor (Carmona-Fontaine et al. 2011). Thus, co-

attraction works alongside CIL to self-organise NC cell collectives (Figure 2-4).  

The acquisition of C3a/C3aR signalling has also been shown to promote collective 

behaviour in individually migrating cell populations (Carmona-Fontaine et al. 2011). 

Myeloid cells normally disperse from one another as they migrate away from the 

ventral blood island. Expression of C3a and C3aR can transform this individual 

migration of myeloid cells into a collective movement, suggesting the importance 

these complement factors could have in a variety of migratory situations (Carmona-

Fontaine et al. 2011). However as yet, no other examples of mutual cell attraction, 

especially via a complement-dependent mechanism, have been identified. 
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Figure 2-4 The Balance of CIL and Co-attraction 

Whilst CIL is important for orientating cellular protrusions, it also acts as a repulsive 

force between NC, which can lead to cells being forced apart. If this occurs, the 

secretion of C3a by the NC acts to repolarise disorientated cells, bringing them back 

towards the remainder of the cluster.  Together, these mechanisms result in the 

directional and collective migration of the NC.  
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3 The Complement Cascade 

3.1 Introduction to the Complement Cascade 

Complement was initially discovered in the late 1800s when a heat-labile 

bactericidal factor was found in blood plasma (Ehrnthaller et al. 2011). Further study 

demonstrated that the lysis of invading pathogens was dependent on the existence of 

both this heat-labile component and another heat-stable bactericidal component, now 

known to be antibodies (Ehrnthaller et al. 2011). The name complement thus stems 

from the ability of these proteins to supplement the immune function of antibodies. 

Although first discovered as an aid to the antibody response, complement is now also 

known to activate innate immune responses independently, through non-classical 

pathways. 

The complement system is composed of more than 30 soluble proteins and surface 

receptors, which act as the first line of defence against invading pathogens. Many 

components of the cascade are zymogens, inactive precursor proteins that need to be 

cleaved into activated effector molecules. The complement cascade is therefore 

composed of a series of proteolytic cleavage steps that sequentially activate these 

components. Originally proposed to be a linear cascade of three distinct pathways, it 

is now believed to be a hub-like network, whereby complement proteins interact 

freely with each other and other systems (Ricklin et al. 2010) (Figure 3-1). Together, 

the components of this cascade perform three main functions to support the innate 

immune system; the recruitment of immune cells to the site of infection through the 

anaphylotoxins C3a and C5a, the opsonisation of pathogens for phagocytosis, and 

the direct killing of invading pathogens via the membrane attack complex (MAC).  

Inactive complement precursor proteins are secreted into the circulation by the liver 

and then widely distributed throughout the body. At the site of infection complement 

is activated, triggering a series of inflammatory responses to help eliminate the 

infection. This activation of complement can occur via three distinct mechanisms, 

the classical, the mannose-binding lectin (MBL) and the alternative pathways, 

depending on the initial method of pathogen recognition (Figure 3-1). These 
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pathways converge at the point of C3 cleavage by the C3 convertase enzyme, which 

produces the main effector molecule of the cascade C3b.  

3.2 The Classical Complement Pathway 

The classical pathway of complement activation acts as a bridge between the innate 

and adaptive immune responses, as it involves both components of the complement 

system and antibodies (Figure 3-1). The complement component C1q, binds to 

antibody-tagged pathogens or apoptotic cells through the Fc regions of IgG or IgM. 

C1q exists in the complex (C1qr2s2) with the serine proteases C1r and C1s. The 

binding of C1q to its target activates C1r and C1s. C4 is subsequently cleaved into 

C4a and C4b by activated C1s, leading to the deposition of C4b on the pathogen 

surface. C1s also mediates the cleavage of C4b-bound C2 into C2a and C2b, leading 

to the formation of the C3 convertase C4b2a on the pathogen surface. In a process 

common to all activation mechanisms, C3 convertase enzymes cleave C3 into C3a 

and C3b. The complement component C3a plays an important role in mediating 

inflammation through the recruitment of inflammatory cells to the site of infection. 

C3b instead opsonises the pathogen surface resulting in two effects, the destruction 

of the cell by phagocytes, or the direct lysis of the cell by the formation of the MAC.  

3.3 The Mannose-Binding Lectin (MBL) pathway  

In this pathway, activation of the complement cascade is mediated by mannose-

binding lectins (MBLs) and ficolins that bind to carbohydrate patterns on the surface 

of microorganisms (Figure 3-1). MBLs and ficolins share structural similarities to 

C1q and the accompanying Mannan-binding Lectin Serine Proteases (MASPs), 

MASP-1 and MASP-2, resemble C1r and C1s respectively. Once activated MASP-2 

cleaves C4 and C2 generating the same C3 convertase (C4b2a) as the classical 

pathway. MASP-1 is also able to cleave C2, supplementing C3 convertase formation 

and the overall pathway response. The MBL pathway is proposed to be of particular 

importance during early childhood when the immune system is transitioning from 

using the mother’s antibodies to generating its own response (Walport 2001). 
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3.4 The Alternative Pathway 

The alternative pathway has several roles within the immune system from the ‘tick-

over’ segment which keeps the immune system alert, to complement activation via 

properdin and also the amplification of complement responses (Ricklin et al. 2010) 

(Figure 3-1). Inactive C3 can be hydrolysed to form C3H2O, exposing binding sites 

that allow interaction with Factor B. Cleavage of this complex by Factor D results in 

the formation of the C3 convertase (C3H2OBb) and the deposition of C3b on the 

surface of the target cell. This mechanism of complement activation allows the 

immune system to constantly probe its environment. If this tagging occurs on a 

human cell, regulatory mechanisms can then rescue the cell from attack. However on 

foreign cells, this initial recognition is instead amplified by further complement 

activation.  

The amplification of complement signals occurs via the alternative pathway (Figure 

3-1). The cleavage of C3 through any one of the activation pathways results in the 

deposition of C3b on the target cell surface. This C3b can then be rapidly converted 

into the alternative pathway C3 convertase (C3bBb) in the presence of factor B and 

factor D, producing an efficient cycle of C3 cleavage and convertase assembly. 

Therefore, as one C3b molecule is deposited, the alternative C3 convertase is 

generated to cleave more C3 and amplify the cascade. Amplification results in a high 

concentration of C3b molecules in the vicinity of the membrane. Eventually, this 

accumulation results in the generation of convertase enzymes with another C3b 

molecule, converting them into the C5 convertases, C4b2a3b or C3bBbC3b, required 

for the terminal events of the cascade.  

The alternative pathway can also be activated through the recognition of pathogens 

directly, as observed in both the classical and MBL pathway. The activation of the 

alternative pathway in response to pathogens involves Properdin. Properdin binds to 

the surface of a damaged or foreign cell and recruits fluid phase C3b to the cell 

surface. This results in the formation of C3 convertase C3bBb and the activation of 

downstream cascade events.  
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3.5 The Membrane Attack Complex (MAC)  

Although a number of methods of complement cascade activation exist, all pathways 

eventually culminate in the binding of complement components C5b-C9 to form the 

MAC. The MAC has been predominantly linked to the main effector function of the 

complement cascade, cell lysis. However, recent evidence has indicated a role for 

this complex in processes such as proliferation, apoptosis and migration, suggesting 

that non-lytic signalling roles also exist.   

3.5.1 The MAC Proteins (C5, C6, C7, C8 and C9) 

The terminal product of the complement cascade, the MAC, involves the interaction 

of the complement components C5b, C6, C7, C8 and C9 (Sodetz & Plumb 2001). 

The initial protein of the terminal complement cascade, C5, is a structural homologue 

of components C3 and C4 (Havilands et al. 1991). As with its complement 

counterparts C3 and C4, C5 is a multi-subunit protein, composed of an α and β chain. 

Enzymatic cleavage of the C5α chain, by a C5 convertase enzyme, produces the 

small anaphylotoxin C5a and the larger fragment C5b, which is important for the 

initiation of MAC formation. Other human MAC proteins C6, C7 and C9 exist as 

single chain proteins, encoded by a single gene. C8 is a heterotrimer, made up of 

three genetically distinct subunits α, β, and γ. The subunits are held together by 

strong non-covalent interactions between C8α and β and a disulphide bond linking 

C8γ to C8α (Bubeck et al. 2011). 

With the exclusion of C5 and C8γ, the MAC proteins form a group of genetically and 

structurally related proteins belonging to the larger membrane attack 

complex/perforin (MACPF) superfamily (Kondos et al. 2010; Chakravarti et al. 

1989) (Figure 3-2). Within the internal region of these proteins exists the MACPF 

domain; a 40kDa segment linked to the pore-forming capacity of both MAC and 

perforin proteins. These MAC proteins also share several cysteine-rich homology 

modules found in other proteins, such as Thrombospondin 1 (TSP1), the Low- 

density lipoprotein receptor class A (LDLR) and the Epidermal Growth Factor 

receptor (EGFR) which are thought to hold a role in protein-protein interactions 

(Sodetz & Plumb 2001). C6 and C7 also exclusively contain additional C-terminal 
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Figure 3-2  The MACPF Proteins of the Complement Cascade 

Domain structure of MAC proteins. Modules are as follows: T1, thrombospondin 

type I; LA, low density lipoprotein receptor class A; EG, epidermal growth factor; 

CP, complement control protein; FM, factor I module. The MACPF region is shared 

with all other MACPF family members and is important for pore formation. C8γ is 

linked to C8α within the MACPF region at Cys164. 
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repeated modules, such as the complement control protein (CCP) and the Factor I 

module that are shared with other complement pathway proteins. C8γ is structurally 

distinct from other complement proteins and is instead associated with the lipocalin 

protein family (Kaufman & Sodetz 1994). As secreted proteins, members of the 

complement pathway also possess a 21 amino acid-long signal peptide at the N-

terminus however this is later removed once the protein has reached the endoplasmic 

reticulum.  

3.5.2 The Structure and Assembly of the Membrane Attack Complex 

The process of MAC formation occurs through a sequence of intermediates (C5b-7, 

C5b-8 and C5b-9) (Tegla et al. 2011) (Figure 3-3). Together, these intermediate 

complexes are termed the terminal complement complexes (TCCs), with MAC being 

reserved solely for the description of the final complex, C5b-9. The creation of the 

MAC involves a series of polymerization steps, whereby components bind in a 

specific and sequential manner. The formation of each intermediate corresponds to a 

change in binding specificity of the complex to accommodate the next component in 

the pathway (Sodetz & Plumb 2001).  

 The assembly of C5b-9 begins with the cleavage of an Arg-Leu bond in the α-chain 

of C5, by C5 convertase (Discipio et al. 1983) (Figure 3-3) . This enzymatic cleavage 

of C5 produces the labile complement component C5b, which acts as a scaffold for 

MAC formation. C5b is quickly inactivated unless it binds to the next component in 

the cascade, C6, forming the intermediate C5b6. The complement protein C6 binds 

to the α–chain of C5b and in doing so undergoes a conformational change allowing it 

to weakly associate with the target membrane. Subsequently, the next protein of the 

cascade, C7, binds to membrane-associated C5b6 via the α–chain of C5b. This 

binding transforms the terminal complex from a hydrophilic to amphiphilic nature, 

allowing C5b-7 to become more firmly attached to the lipid membrane. Anchored 

within the target membrane, C5b-7 is then able to bind the next component of the 

pathway C8. As previously mentioned, C8, is oligomeric protein consisting of three 

subunits, C8α, C8β and C8γ. Whilst C8α and β are both required for MAC-mediated 

lysis, holding roles in membrane insertion and C5b-7 binding respectively, the role 

of C8γ is still yet to be determined (Brannen & Sodetz 2007; Slade et al. 2006). 
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Figure 3-3 The Assembly of the Membrane Attack Complex (MAC) 

The formation of the MAC involves a series of polymerisation steps. The first step 

involves the cleavage of C5 by C5 convertase, to produce C5b. Generation of C5b 

initiates the assembly of the MAC as it promotes the sequential binding of 

components C6, C7 and C8 and C9. C9 is the last component to join the complex and 

it polymerises to form a pore of 12-18 C9 proteins within the membrane of the target 

cell.  
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C8α also holds an additional role, acting as the site for C9 binding and as such, an 

activator of C9 polymerisation (Slade et al. 2006). Initially, one molecule of the 

terminal complement component, C9, binds C5b-8.  Due to the absence of a 

membrane-interacting hydrophobic region in globular C9, C5b-8 binding results in 

the unfolding of monomeric C9 into an elongated form capable of membrane 

insertion (Stanley et al. 1986; Discipio & Berlin 1999; Laine & Esser 1989). After 

this conformational change, C9 polymerisation can then ensue, forming a pore 

structure of around 12-18 C9 molecules within the target membrane. The formation 

of membrane-spanning C5b-7, C5b-8 and C5b-9 channels is important for the 

disruption of the target membrane associated with both lytic and non-lytic MAC 

functions. 

3.5.3 Lytic Function of the Membrane Attack Complex 

The most well known role of the complement system is that of pathogen lysis, a 

property largely mediated by the MAC. However, the precise method by which the 

MAC can result in cell lysis has been one of much debate. Initial study of MAC 

ultrastructure led to the proposition of the pore hypothesis (Mayer 1972). This 

hypothesis proposed that lysis required the formation of a rigid membrane-spanning 

MAC channel, which allows the transmembrane exchange of water and ions (Podack 

et al. 1982; Mayer 1972). The ‘leaky patch’ hypothesis instead suggests that lysis 

occurs as a result of the disruption of membrane lipids in the vicinity of the MAC 

and does not require pore formation (Esser 1991). Evidence of erythrocyte lysis in 

the absence of pore formation, when only a single C9 molecule is present, has now 

led to the favouring of the ‘leaky patch’ hypothesis (Bhakdi & Tranum-Jensen 1991). 

MAC deposition on cell membranes results in an influx of water into the cell by 

osmosis and eventually results in the swelling and bursting of the cell (Koski et al. 

1983) (Figure 3-4).  

However, a study investigating the correlation between pore size and lysis in 

nucleated cells suggested that this mechanism of colloid osmotic lysis was not 

universal (Kim et al. 1987).  In erythrocytes, a larger MAC pore size correlated to a 

more rapid cell lysis, due to increased ion and water flux (Kim et al. 1987).  

However, in nucleated Ehrlich cells, the kinetics of cell death were consistent in spite 
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of differential MAC pore size (Kim et al. 1987). Furthermore, the prevention of cell 

swelling, in the presence of C5b-9, was unable to rescue complement-mediated cell 

lysis (Sang-Ho et al. 1989). Together, this work provides evidence that nucleated cell 

lysis is not purely a consequence of colloid osmosis, as in erythrocytes, and in fact 

involves a more complicated process.  

Now, calcium (Ca2+) is recognized as a key player in complement-mediated lysis of 

nucleated cells (Kim et al. 1987; Papadimitriou et al. 1991). One of the first cellular 

events on MAC binding is Ca2+ influx into the cell and increased extracellular 

calcium concentrations can speed up the rate of MAC-mediated lysis in the presence 

of C5b-9 (Kim et al. 1987; Campbell et al. 1981) (Figure 3-4). The influx of Ca2+ 

ions disrupts the mitochondrial membrane potential of the cell and results in a 

cellular energy crisis, as energy-expending ion pumps try to readdress the balance of 

ions (Papadimitriou et al. 1994) (Figure 3-4). Subsequent leakage of adenine 

nucleotides through the MAC pore exacerbates the situation further, culminating in 

the eventual necrosis of the cell (Papadimitriou et al. 1991). 

In summary, MAC insertion disrupts the integrity of the target membrane, allowing 

water and ions to enter the cell. Depending on the cell type, both water or calcium 

ion influx can result in MAC-mediated cell lysis. 

3.5.4 Sub-lytic Function of the Membrane Attack Complex 

Nucleated cells are able to remove MACs on the cell surface, via membrane 

shedding or endocytosis (Scolding et al. 1989; Morgan et al. 1987). Therefore, whilst 

a single functional MAC is sufficient to induce osmotic lysis of simple erythrocyte 

cells, nucleated cells routinely require a ‘multi-hit’ approach instead (Koski et al. 

1983) (Figure 3-4). The size of the ion flux initiated on MAC binding is important 

for the elimination of complexes from the cell surface, with larger pores leading to a 
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Figure 3-4  Lytic and Sub-lytic Signalling in both Nucleated and Non-nucleated 
Cells  

The assembly of the MAC on a cell surface can result in a number of events. In non-

nucleated cells the consequence is ultimately osmotic cell lysis. Nucleated cells can 

also undergo lysis instead as a result of a large influx of Ca2+, which leads to the loss 

of mitochondrial membrane potential and a cellular energy crisis. However, 

nucleated cells also possess mechanisms to remove MACs from their cell surface, 

offering protection against osmotic lysis. If MAC form at lower sub-lytic levels, a 

smaller influx of Ca2+ is observed. This smaller Ca2+ influx can lead to the initiation 

of several downstream signalling pathways that regulate processes such as migration, 

proliferation and apoptosis. 
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rapid removal of membrane complexes (Carney et al. 1986; Kim et al. 1987). Both 

buffering of intracellular Ca2+ concentration, or a reduction in extracellular Ca2+ 

levels, suppress the rate of elimination highlighting a specific role for Ca2+ influx in 

this process (Carney et al. 1986; Morgan & Campbell 1985). Therefore it has been 

proposed that Ca2+ is also important for stimulating the processes involved in MAC 

elimination. 

In situations where MAC deposition is unable to induce cell lysis, intracellular 

signalling activities are promoted instead (Figure 3-4). These cell signalling events 

are initiated by the influx of Ca2+ ions into the cytosol on C5b-9 binding (Morgan & 

Campbell 1985; Campbell et al. 1981). Even in the absence of extracellular Ca2+, 

increased cytosolic Ca2+ levels are observed on MAC formation. This is a result of 

the release of Ca2+ from internal stores (Morgan & Campbell 1985). Signal 

messengers including PKC and cAMP then propagate the initial ion flux into an 

intracellular response (Carney et al. 1990; Wiedmer et al. 1987). The activation of 

some phospholipases is also dependent on cytosolic Ca2+ and C5b-9 formation has 

thus been linked to the activation of the cytosolic phosopholipase A2 (Cybulsky et al. 

1998). C5b-9 complexes have also been shown to induce the transactivation of 

tyrosine kinase receptors such as EGFRs, present within the membrane, providing 

another mechanism for signal transduction after complement attack (Cybulsky et al. 

1999). 

However complete TCC assembly and the associated Ca2+ influx is not always 

required for signal messenger generation (Niculescu et al. 1993). C5b-7 assembly is 

sufficient for an increase in the levels of cellular signalling molecules such as cAMP, 

diacylglycerol and ceramide, independent of pore formation (Niculescu et al. 1993; 

Carney et al. 1990).  Furthermore, all TCCs (C5b7, C5b8, C5b9) have been shown to 

bind G-proteins within the membrane, contributing to activation of downstream 

signalling pathways such as the ERK/ MAPK pathway (Niculescu et al. 1994; 

Niculescu et al. 1997). Therefore, many signalling activities of sublytic MAC depend 

purely on the membrane binding function of the complex. At present, a concerted 

signalling pathway in response to sublytic MAC does not exist, with various 

intracellular signalling pathways being initiated depending on the cell type and 
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situation (Cole & Morgan 2003). However ultimately, these signalling pathways 

have been proposed to modulate gene expression, through the activation of 

transcription factors such as NfκB and AP-1. This results in the regulation of cellular 

processes such as proliferation, apoptosis, migration and adhesion (Niculescu et al. 

1997; Takano et al. 2001).  

To date, the most well studied function of sublytic MAC is its role in cell survival, 

modulating both cell proliferation and apoptosis (Rus et al. 2001). Oligodendrocytes 

are the myelinating cells of the central nervous system. Whilst these cells are thought 

to be the target of complement mediated immune attack in diseases such as multiple 

sclerosis, recent work has also indicated the importance of sublytic MAC for the 

activation of the cell cycle in this cell type (Rus et al. 1996; Rus et al. 2006). 

Initially, sublytic activation of complement was linked to a de-differentiation of 

oligodendrocytes, initiating the selective degradation of mRNAs related to myelin 

proteins and accumulating proto-oncogene mRNAs instead (Rus et al. 1996; Shirazi 

et al. 1993). As proto-oncogene expression is intrinsically linked to cell cycle 

activation oligodendrocytes also showed enhanced DNA synthesis on TCC 

activation, indicative of G1 to S-phase progression (Rus et al. 1996). Sublytic 

complement activation is also thought to mediate cell cycle activation in 

oligodendrocytes, by increasing the activity of the Cdc2 and Cdk4, pushing cells 

through the G1/S transition (Rus et al. 1996). Additional evidence has also 

implicated response gene to complement 32 (RGC32) in regulating this response, 

through its ability to both increase DNA synthesis and bind Cdc2 (Badea et al. 1998). 

However, cell cycle activation in response to sublytic complement is not limited to 

oligodendrocytes (Shankland et al. 1999; Niculescu et al. 1999). In aortic smooth 

muscle cells, RGC-32 is thought to again hold a role in cell cycle activation, through 

its interaction with another cell cycle regulator p34cdc2 (Badea et al. 2002).  

Although, in glomerular epithelial cells complement-mediated cell cycle activation is 

not solely attributed to the direct modulation of cell cycle regulators. Sublytic MAC 

is thought to sensitize cells to mitogenic signals and induce the release of several 

mitogenic signals, including bFGF and PDGF, providing an alternative method of 

cell cycle activation in response to complement (Halperin et al. 1993; Shankland et 
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al. 1999; Benzaquen et al. 1994). Supporting the role of TCCs in proliferation, 

sublytic complement has also been implicated in the rescue of cells from apoptotic 

death through the activation of anti-apoptotic proteins such as Bcl-XL (Rus et al. 

2001; Hila et al. 2001).  

However, recent research has also implicated sublytic MAC in apoptotic cell death 

via inflammasome activation (Triantafilou et al. 2013). Inflammasomes are an 

important part of the innate immune system, triggering the activation of 

inflammatory pathways in response to cellular stress (Triantafilou et al. 2013). 

Sublytic MAC induces an increase in cytosolic Ca2+, through both external influx 

and release from stores (Triantafilou et al. 2013). As in lytic conditions, the rapid 

increase in cytosolic Ca2+ can lead to mitochondrial dysfunction and the loss of the 

mitochondrial transmembrane potential (Triantafilou et al. 2013; Papadimitriou et al. 

1991). However at sublytic levels, this response results in the triggering of NLRP3 

inflammasome activation and apoptotic rather than necrotic cell death (Triantafilou 

et al. 2013). This mechanism serves as a method for the amplification of 

inflammatory responses, potentially contributing to chronic inflammatory diseases, 

such as rheumatoid arthritis and atherosclerosis, with which complement is 

intimately associated (Triantafilou et al. 2013). 

The adhesive properties of sublytic MAC have also been linked to the promotion of 

inflammatory responses  (Tedesco et al. 1997). One of the most important steps in 

the inflammatory response is the recruitment of leukocytes to the site of an infection 

or injury (Muller 2013). This process is dependent on a sequence of adhesive 

interactions with endothelial cells, which ensure that leukocytes exit the bloodstream 

at the site of inflammation (Muller 2013). The activation of sublytic complement in 

human vascular endothelial cells upregulates the expression of adhesion molecules 

such as ELAM-1, ICAM-1 and V-CAM1 on the endothelial cell surface (Tedesco et 

al. 1997). This increased expression of adhesion molecules facilitates the interaction 

of endothelial cells with circulating leukocytes, promoting the migration of these 

cells into inflamed tissues and the subsequent inflammatory response (Tedesco et al. 

1997).  
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The migration of aortic endothelial cells is a critical process for angiogenesis and is 

dependent on the release of pro-angiogenic factors such as FGF, PDGF and Il-8 

(Fosbrink et al. 2006). TCC activation has been shown to regulate aortic endothelial 

cell migration by inducing the release of such pro-angiogenic factors (Fosbrink et al. 

2006). The release of growth factors in response to C5b-9 deposition requires the 

phosphorylation of FOXO1. Inhibition of FOXO1 expression blocks the release of 

angiogenic factors confirming the importance of this signalling cascade for 

complement-dependent endothelial migration (Fosbrink et al. 2006). Although this is 

the only evidence of sublytic complement in cell migration at present, the ability for 

the TCC to regulate the secretion of chemotactic factors, such as PDGF and FGF, 

suggests this signalling mechanism could hold a more widespread function in cell 

migration. 

3.6 Complement in Disease  

Genetic deficiencies in complement components are rare. The multifaceted nature of 

the system and the existence of functional redundancies between the components 

leave many complement deficiencies undiagnosed (Degn et al. 2011). However, 

when observed, these deficiencies are primarily associated with infection or immune 

complex diseases (Morgan & Harris 2015).  

The type of immune disease presented on complement deficiency depends on the 

specific role each component holds within the complement pathway. For example, 

deficiencies in early members of the classical complement cascade are often 

associated with autoimmune disease, such as systemic lupus erythematosus (SLE), 

due to the build-up of immune complexes and overall deficiency in normal humoural 

responses (Mayilyan 2012). As C3 is important for the removal of invading bacteria 

by phagocytosis, C3 deficiency results in severe, recurrent infections (Morgan & 

Harris 2015). Impairment of the alternative and MBL pathways can also increase 

susceptibility to infection as fewer invading pathogens are recognized and removed 

from the body (Mayilyan 2012). Deficiencies in members of the terminal 

complement pathway also increase susceptibility to infection, but specifically to 

infections with Neisseria species. Whilst many bacterial pathogens possess methods 
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of eliminating MAC from their surface, Neisseria do not. Therefore Neisseria are 

particularly sensitive to MAC-dependent lysis (Morgan & Harris 2015). 

Although the central function of the complement system is to damage invading 

microorganisms, it is also capable of causing damage to self through the activation of 

inflammation or lytic activities (Wagner & Frank 2010). Therefore, regulator 

proteins present at all levels of the cascade must tightly regulate complement 

activity. Complement regulators can be separated into two main groups; fluid based 

inhibitors such as Factor H and the MAC inhibitor Vitronectin and membrane-bound 

inhibitors including the MAC regulator CD59 (Zipfel & Skerka 2009). Genetic 

deficiencies in complement regulators can ultimately lead to complement attack of 

self-cells, contributing to the pathology of several diseases.  

Factor H, regulates the cleavage of C3 by binding to the alternative pathway C3-

covertase C3bBb (De Córdoba & De Jorge 2008). Mutations in the Complement 

factor H gene have been associated with diseases such as membranoproliferative 

glomerulonephritis type II and age-related macular degeneration (Wagner & Frank 

2010). The loss of Complement factor H results in unregulated activation of the 

alternative pathway. This results in the accumulation of complement-containing 

immune debris at renal and retinal sites, a hallmark of glomerulonephritis and age-

related macular degeneration respectively (Zipfel & Skerka 2009). Also, deficiency 

in the membrane attack complex inhibitor CD59 has been associated with the 

haematological condition paroxysmal nocturnal haemoglobinuria (PNH) (Zipfel & 

Skerka 2009; Wagner & Frank 2010). In this condition, the absence of expression of 

CD59 on erythrocytes leads to their MAC-mediated lysis and as a result, severe 

haemolytic anaemia (Wagner & Frank 2010). 

The complement cascade has also been proposed to hold roles in cancer progression 

(Rutkowski, et al. 2010). Many cancers arise from sites of infection and chronic 

inflammation, with the tissue microenvironment providing signals required for 

cancer cell survival, proliferation, angiogenesis and metastasis (Coussens & Werb 

2002). The pro-inflammatory nature of the complement system suggests this system 

could also be important for tumour growth. In fact, the anaphylotoxins C3a and C5a 



 63 

have been suggested to promote cancer progression, as they activate both mitogenic 

pathways associated with neoplasia and anti-apoptotic pathways required for cancer 

cell survival (Rutkowski et al. 2010). Similarly, the MAC also appears to play a role 

in cancer development. C5b-9 deposits have been observed in a number of human 

malignancies (Vlaicu et al. 2013). The formation of the MAC at sub-lytic levels is 

thought to activate cell cycle progression and oncogenic pathways important for 

tumour growth. Also, MAC components have been found to regulate secretion of 

VEGF in models of age-related macular degeneration, a factor that is also required 

for tumour angiogenesis (Rutkowski et al. 2010). Alternatively, the presence of C5a 

within the tumour microenvironment is thought to have an immunosuppressive 

function that promotes tumour growth as it can inhibit cytotoxic CD8+ T cells which 

act to prevent tumour growth (Markiewski et al. 2008). Together, these findings 

suggest that the presence of complement in the tumour microenvironment could play 

a role in tumour progression.  

Genetic deficiency of the lectin complement pathway members COLEC11 and 

MASP1 result in the development of 3MC syndromes, which are disorders 

principally associated with facial deformities (Rooryck et al. 2011). These                    

deficiencies highlight a role for complement in development, a concept that will be 

discussed in greater depth later in this chapter.   

3.7  Roles of Complement Outside of Immunity 

In biology, it is common for pathways to become intrinsically linked to their first 

known functional role. This has much been the case with the complement cascade, 

where its initial function in immunity still dictates much of the literature today. 

However, with novel evidence highlighting both the expression and function of 

complement in non-immunological cell types and contexts, it is becoming apparent 

that alternative roles for this cascade could exist (Kolev et al. 2014; Leslie & Mayor 

2013; Mastellos et al. 2005; Morgan & Gasque 1997).  

An interesting finding in this field has been the observation of complement 

expression and function during early development (McLin et al. 2008; Mastellos et 

al. 2005; Rutkowski et al. 2010; Leslie & Mayor 2013) (Figure 3-5). As the 
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complement cascade is principally recognized for its role in necrotic cell lysis, a 

function for complement in early embryonic development, when new tissues and 

structures are formed, seems contradictory. However, at its heart, this cascade is 

primarily a dynamic network of proteins, which both interact with each other and are 

also capable of functional crosstalk with other cellular pathways. These cell 

signalling properties of the cascade seem to underlie the proposed roles of this 

cascade outside of immunity.  

3.7.1 Complement in Development 

Since the early 1900s, complement has predominately been associated with functions 

of the innate immune system. However early expression studies in Xenopus embryos 

suggest that the complement cascade could also hold roles in early development 

(McLin et al. 2008; Costa et al. 2003). Mclin et al. highlighted the expression of 

several complement pathway members in early embryonic patterning of the 

mesoderm and neural precursors, and also later, in organogenesis (McLin et al. 

2008). Accumulating evidence has further suggested that complement can play a role 

in developmental processes throughout an organism’s life; being involved in 

fertilization, the renewal or regeneration of adult tissue and ultimately the ageing 

process (Anderson et al. 1993; Leslie & Mayor 2013) (Figure 3-5). 

The developmental function of complement begins at fertilisation where it is 

involved in the initial interaction between a male sperm and a female oocyte 

(Anderson et al. 1993; Llanos et al. 2000). In humans, sperm that have undergone the 

acrosome reaction express the complement C3-binding protein, membrane co-factor 

binding protein or MCP, on their surface (Anderson et al. 1989; Fenichel et al. 1990; 

Okabe et al. 1992). The acrosome reaction leads to the production of the sperm 

enzyme acrosin, which is able to cleave the complement protein C3 into C3b 

(Anderson et al. 1993).  The binding of membrane-bound MCP to C3b is 

fundamental to sperm-oocyte interaction and the inhibition of this interaction can 

prevent oocyte penetration by sperm (Anderson et al. 1993). Similar studies in 

amphibia have also supported a role for complement in fertilization however through 

a slightly different mechanism (Llanos et al. 2000). In B.arenarum, the complement 

C3b and CR3 analogues, C3Ba and CR3Ba, are both present on the cell membrane of 
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eggs (Llanos et al. 2000). In this system, the penetration of sperm into the oocyte is 

proposed to occur via a passive engulfment mechanism mediated by C3b/CR3 on the 

oocyte surface (Llanos et al. 2000).  

The complement anaphylotoxin C5a has also been described as an important factor 

in maintaining the pluripotent state of human stem cells (Hawksworth et al. 2014). 

Both human embryonic and human induced pluripotent stem cells express C5a and 

its cognate receptor C5aR (Hawksworth et al. 2014). In these cells, C5a is capable of 

stimulating ERK 1/2 and AKT signalling in the absence of the pluripotent factor 

FGF-2. This mechanism contributes to pluripotency and overall stem cell survival 

(Hawksworth et al. 2014). Therefore, this evidence suggests complement is 

important for very early development being involved in fertilisation and the 

maintenance of stem cell pluripotency.  

The expression of complement components in neural precursors during both Xenopus 

and mouse neurulation, suggests a role for these components in this process (McLin 

et al. 2008; Jeanes et al. 2015; Wlodarczyk et al. 2013). Recent work aimed to 

address the importance of C5a/C5aR signalling in neural development by studying 

neural tube defects in C5aR1 mutant mice (C5aR1-/-)(Wlodarczyk et al. 2013). 

Whilst C5aR1-/- mice do not show overt congenital abnormalities in normal 

conditions, in conditions of folate deficiency, the effect of C5aR loss becomes 

apparent, with C5aR-/- mice showing exacerbated neural tube defects in comparison 

to Wild Type (WT) mice (Wlodarczyk et al. 2013).  This suggests that C5a/C5aR 

signalling is important for murine neurulation. However, functional redundancy of 

complement proteins potentially masks the importance of these components in neural 

tube development, unless embryos are placed in stress conditions such as folic acid 

restriction (Wlodarczyk et al. 2013).  

Complement is also required at later stages of nervous system development where it 

is involved in the pruning of synaptic connections within the brain (Stevens et al. 

2007; Stephan et al. 2012). At birth, dLGN neurons are innervated by up to ten 

retinal ganglion cells. However by the third postnatal week this number is reduced to 

one or two (Stevens et al. 2007). Studies in the dorsal lateral geniculate nucleus 
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(dLGN) identified the importance of complement proteins C1q and C3 for synapse 

elimination of neuronal connections between the dLGN and the retina (Stevens et al. 

2007). Within the dLGN, C1q is deposited on retinal ganglion cells in response to 

interaction with surrounding astrocytes and concomitant with periods of synaptic 

pruning (Stevens et al. 2007). The presence of C1q activates the classical 

complement cascade and results in the additional expression of the downstream 

component C3 in targeted RGCs (Stevens et al. 2007). This is critical for synaptic 

pruning as reduced postnatal synaptic elimination and excessive innervation of the 

dLGN are observed in both C1q or C3 KO mice (Stevens et al. 2007). The absence 

of synaptic pruning in C1q KO mice has also been associated with the development 

of epilepsy in later life, due to an enhanced synaptic connectivity within the 

neocortex (Chu et al. 2010).     

As the resident phagocytes of the brain, and the only cells that express the 

complement receptor CR3, microglia have been implicated in this complement-

mediated pruning of the dLGN (Paolicelli et al. 2011; Stephan et al. 2012; Schafer et 

al. 2012). Microglia engulf presynaptic inputs during pruning within the dLGN, in a 

C3/CR3 signalling dependent manner (Paolicelli et al. 2011; Schafer et al. 2012). 

Loss of C3/CR3 signalling in C3 or CR3 KO mice decreased the capability of 

microglia to engulf RGC inputs, increasing synaptic density and impairing 

connectivity in affected dLGNs (Schafer et al. 2012). Unlike the majority of 

described developmental processes regulated by complement, complement-mediated 

synaptic pruning resembles complement function in immunity. However, instead of 

an invading microorganism, the tagged RGC synaptic input acts as the pathogen, 

activating the classical complement cascade and initiating its opsonisation and 

subsequent phagocytosis.  

The lytic function of complement is also associated with endochondral bone 

development (Andrades et al. 1996). The formation of endochondral bone is an 

important process during fetal development, whereby chondrocytes proliferate and 

expand before eventually disintegrating, as the cartilage matrix becomes replaced by 

bone (Andrades et al. 1996). The complement components C5 and C9 are expressed 

in the region of chondrocyte disintegration, which could suggest a role for MAC 
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mediated-lysis of chondrocytes in endochondral bone formation (Andrades et al. 

1996).  

Even as an adult, developmental processes are ongoing to renew and replenish 

existing structures. The complement factor C3a has been found to be important in 

two such processes, hematopoiesis and neurogenesis, mediating the migration of 

progenitor cells (Shinjyo et al. 2009; Reca et al. 2003).  In hematopoiesis, C3a/C3aR 

signalling is required for the homing of CD34+ hematopoietic stem cells to the bone 

marrow (Reca et al. 2003). Hematopoietic stem cells express C3aR on their surface 

allowing them to respond to C3a signals secreted from the bone marrow (Reca et al. 

2003).  Whilst C3a itself is not a strong enough chemoattractant to directly recruit 

CD34+ cells to the bone marrow, C3a/C3aR interaction enhances the responses of 

hematopoietic cells to Sdf-1. This helps to improve the bone marrow homing 

responses of the cell population (Reca et al. 2003). Similarly, in vitro evidence has 

shown that C3a also stimulates the migration of neural progenitor cells (NPCs) 

towards Sdf-1 (Shinjyo et al. 2009). As Sdf-1 mediated neural migration is important 

for NPCs in both the developing fetal brain and the adult ischemic brain, C3-

deficient mice exhibit both impaired basal and ischemia-induced neurogenesis 

(Rahpeymai et al. 2006).  

Regeneration is the process whereby a damaged or missing body part can be 

regrown, reactivating development in later life (Gilbert 2000). One of the most well 

studied examples of regeneration is that of the urodele limb. After limb amputation, 

urodeles activate a specific sequence of events in the damaged limb that involves the 

de-differentiation of remaining cells at the amputation site and the formation of an 

embryonic cell mass known as a blastema. A new regenerating limb then forms at 

the blastema. The complement pathway components C3 and C5 have both been 

implicated in this process, showing expression in the blastema and surrounding 

wound epithelium respectively (Yuko et al. 2003; Rio-Tsonis et al. 1998). 

Complementary expression of these proteins was also observed in the regenerating 

lens of urodeles, indicating a role for C3 and C5 in the regeneration of this tissue also 

(Yuko et al. 2003).  
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Whilst expression of complement components during regenerative processes is a 

good indicator of a role in regeneration, it does not directly implicate their 

involvement. Functional evidence of C3 and C5 involvement in regeneration has 

however been provided from studies into liver regeneration in mice (Strey et al. 

2003; Franchini et al. 2015; Clark et al. 2008). Both C3 (C3-/-) and C5 (C5-/-) 

deficient-mice exhibit impaired liver regeneration after injury due to a reduced 

proliferative response of hepatocytes (Clark et al. 2008; Franchini et al. 2015; Strey 

et al. 2003). The reconstitution of C3 or C5-deficient mice with C3a or C5a 

respectively recovers DNA synthesis in hepatocytes implicating the importance of 

C3a/C3aR and C5a/C5aR signalling in this response (Strey et al. 2003). Surprisingly, 

the loss of upstream complement components such as C4 and Factor B did not impair 

hepatocyte proliferation or liver regeneration (Clark et al. 2008). Therefore 

complement activation for murine liver regeneration, may occur via non-traditional 

means, potentially with the cleavage of C3 or C5 being initiated by enzymes outside 

the complement cascade, such as plasmin or thrombin (Clark et al. 2008).  

Contradictory to the large evidence supporting complement in regeneration, recent 

research has also implicated the complement component C1q in tissue degeneration, 

through its interaction with Wnt signalling (Naito et al. 2012). Augmented canonical 

Wnt signalling was recently observed in a mouse model of accelerated ageing (Liu et 

al. 2007). Further work identified that this age-related activation of Wnt signalling is 

dependent on complement C1s activation (Naito et al. 2012). As Wnts are important 

signalling molecules throughout development, the proposed interactions between 

complement and the Wnt pathway could suggest further roles for complement 

throughout embryogenesis.  

Taken together, this evidence implicates complement pathway components in a 

number of developmental processes throughout life, reinforcing the existence of 

alternative roles for these proteins outside of immunity. 

As previously discussed, the collective migration of the NC involves the precise 

coordination of many cells to produce the directional movement of the group. The 

well-established role of complement in mediating cell-cell communication 
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throughout immunity, and more recently in developmental processes, makes it an 

ideal candidate for mediating cellular interactions between the migrating NC. Several 

complement components; including C3 and C9 are expressed within the NC during 

specification and migratory stages (McLin et al. 2008).  

Mutations in the lectin complement pathway genes COLEC11 and MASP1 have also 

been implicated in 3MC syndromes, which show craniofacial disruptions reminiscent 

of NC migration disorders (Rooryck et al. 2011). The inhibition of these genes in 

zebrafish embryos also led to ectopic migration of the NC and disruption of pigment 

and craniofacial cartilage, further suggesting the disruption of NC migration in these 

conditions (Rooryck et al. 2011). Also, the product of the COLEC11 gene, CL-K1 

behaves as a chemoattractant molecule for migrating NC cells (Rooryck et al. 2011). 

Therefore, this work suggests that the complement proteins CL-K1 and MASP-1 

could act as guidance cues for the migrating NC.  

The complement pathway component C3a has also been implicated as a NC 

chemoattractant (Carmone-Fontaine et al. 2011). However instead of directing the 

NC to a distant part of the embryo, C3a instead plays an important role in the mutual 

cell attraction between NC cells, known as co-attraction. In development, 

complement pathway proteins often share concerted expression and functional 

redundancy (Wlodarczyk et al. 2013; Strey et al. 2003). Given that the expression of 

the terminal complement pathway protein C9 resembles that of C3 during NC 

development, it would be interesting to understand whether C9, and more broadly the 

MAC, could share similar functions to other complement proteins, during this 

process (McLin et al. 2008). Thus, this thesis will investigate the importance of C9 in 

NC migration. 
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Figure 3-5 The Complement Cascade in Development 

Several complement proteins are expressed during animal development before 

immune system formation. Many studies have identified roles for some of these 

components in developmental processes such as migration, regeneration and synaptic 

pruning. However the developmental function of other complement proteins, such as 

members of the MAC, are still to be determined. 
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4 Aims  

The complement cascade is primarily known for its role in immunity.  However, 

more recently additional functions of complement have been observed in non-

immunological processes such as development (Leslie & Mayor 2013).  

 

In a recent screen to identify proteins secreted by the NC during migration, several 

members of the complement cascade were highlighted, suggesting their involvement 

in this process. One protein identified in this study, C3a, has since been found to 

mediate NC collective behaviour through the regulation of co-attraction responses 

(Carmona-Fontaine et al. 2011). The importance of C3a in NC cohesion is dependent 

on its interaction with its receptor C3aR. As this receptor-ligand pair is also critical 

for chemotactic responses in immunity, the existing mechanism of action for these 

components appears to be shared with its role in development.  

 

The terminal component of the complement cascade, C9, was also identified in this 

screen however its potential function in NC migration is yet to be determined. As the 

expression of C9 correlates with C3 expression during early embryonic stages, this 

could suggest an overlap in the function of these two proteins during development 

(McLin et al. 2008).   

 

Therefore I propose that:  

 

C9 is required for the collective migration of the NC, mediating the co-attraction 

response between neighbouring cells.  

 

Due to the existence of a number of in vitro and vivo assays to assess NC motility, 

Xenopus laevis embryos provide a good model to study this potential role of C9 in 

NC migration. To test the above hypothesis, I will use this model organism to 

address the following questions: 

 

1. Is C9 required for collective NC migration? 
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2. Does C9 mediate NC cell cohesion? 

 

3. What is the molecular mechanism behind C9 function? 

 

 

 

 

 

 

 

 

 



 73 

 

II Materials and Methods 
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5 Materials and Methods  

5.1 Embryological Procedures and in vitro NC culture 

5.1.1 Obtaining Xenopus laevis Embryos 

Adult Xenopus laevis females were obtained from the Portsmouth Animal Facility, 

UK or Nasco, USA. Mature X.laevis females were pre-primed 2-5 days prior to use 

by subcutaneous injection of 100 units of Pregnant Mare’s Serum Gonadotrophin 

(PMSG, Intervet). To induce ovulation X.laevis females were then injected with 500 

units of chorionic gonadotrophin (Chorulon, Intervet) 16 hours prior to the planned 

fertilisation. After this injection, females were left overnight (O/N) in Marc’s 

Modified Ringer’s (MMR) solution at 17°C. Adult X.laevis males were anaesthatised 

in 0.5% Tricaine solution before being killed by double pithing. Testes were then 

dissected and stored at 4° C in Leibovitz L-15 medium (Invitrogen) supplemented 

with streptomycin (5 µg/mL, Sigma). Oocytes were collected, either directly from 

MMR or by squeezing of X.laevis females and fertilized in vitro by mixing with a 

piece of macerated testes. After 15-20 minutes, oocytes were activated by addition of 

Normal Amphibian Medium (NAM) 1/10. Embryos were de-jellied at the 2-cell 

stage using a 2% L-cysteine solution (pH 8.2, Sigma) and then washed in distilled 

water and NAM 1/10 respectively. Once de-jellied, embryos were transferred to 

either NAM 1/10 for further development or a 3% Ficoll solution (in NAM 3/8) for 

injection. Embryo staging was performed using the standard table provided by 

Niuewkoop and Faber (Niuewkoop & Faber 1956). 

5.1.2 Microinjection of Xenopus Embryos 

Borosilicate glass capillaries (Intrafil) were pulled using a Narishige PC-10 needle 

puller to make needles for injection. Needles were calibrated using an eyepiece 

graticule to inject 5nl per injection. Depending on the experiment, needles were then 

filled with mRNA or morpholinos (MOs) for injection. X.laevis embryos were 

injected with a Narishige IM300 microinjector using a Leica MZ6 or Nikon SMZ645 

dissecting microscope. For experiments described in this thesis, X.laevis embryos 

were injected in Ficoll between the 2-8 cell stages. To target the prospective NC, 

embryos were injected at the 8-cell stage in the animal dorsal blastomeres, on one 
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side of the embryo. If no fluorescently labeled RNA was injected either fluorescein-

dextran (FDX, Invitrogen) or rhodamine-dextran (RDX, Invitrogen) was co-injected 

to confirm the specificity of injection. After injection, embryos were left to develop 

in Ficoll O/N before being transferred to NAM 1/10 the following morning. Embryos 

were kept at 14.5°C. If faster development was required this temperature was instead 

altered to 18°C.  

5.1.3 Grafting of Neural Crest  

NC grafting was performed as previously described (De Calisto et al., 2005). Briefly, 

NC were removed from uninjected host embryos at stages 17-18 and NC tissue was 

also dissected from Stage 17-18 donor embryos, injected at the 8-cell stage with 

FDX and either control or C9 MO. The labeled donor NC tissue was then grafted 

into the unlabeled host embryo and a coverslip was used to keep the grafted tissue in 

place. Embryos were cultured in NAM 3/8 until stage 25-26. The migration of NC 

grafts was then observed by fluorescent imaging using a Leica MZFLIII fluorescent 

microscope. 

5.1.4 Preparation and Grafting of Beads 

Before use Affi-Gel blue beads (BioRad) were washed two to three times in PBS. 

The bead solution was then spun down and PBS was removed to leave dry beads. 

Beads were incubated with C9 antibody or PBS O/N at 4°C. Stage 17-18 X.laevis 

embryos were immobilised in a plasticine-coated dish filled with NAM 3/8. A small 

incision was then made in the ectoderm of the embryos using an eyebrow knife. 

Using forceps, C9 Ab or PBS control beads were then inserted under the ectoderm 

adjacent to the NC. Embryos were then left immobilised to heal. Embryos were fixed 

between stages 23-25 and Twist in situ hybridisation was performed to assess NC 

migration. 

5.1.5 Neural Crest Dissection and In Vitro Culture 

X.laevis embryos were placed in NAM 3/8 and the vitelline membrane was removed 

using forceps. After removal of the membrane embryos were left to heal for 30 

minutes. NC tissue was dissected in 3/8 NAM from stage 17-18 embryos using the 
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previously described method (Alfandari et al. 2003). Fibronectin-coated dishes were 

prepared by the incubation of plastic (Falcon) or glass bottomed dishes (WillCo-

Dish) with 10µg/mL or 100µg/mL fibronectin (Sigma) respectively, at 37°C for 1 

hour. Dishes were then washed three times with PBS and blocked with 0.1% bovine 

serum albumin (BSA)/PBS for 15-30 minutes at 37°C, before washing again with 

PBS. Dishes were filled with Danilchick’s for Amy Medium (DFA). NC explants 

were transferred to DFA during the dissection procedure before plating on 

fibronectin-coated dishes. NC explants were left to attach to the fibronectin-coated 

area of the dish before imaging. For single cell assays, explants were dissociated in 

Ca2+ and Mg2+-free DFA before plating.  

5.1.6 Chemotaxis Assays  

5.1.6.1 NC chemotaxis towards other tissues 

Mesoderm Embryos were injected with either FDX alone or, nRFP and Control or 

C9 MO. FDX-labeled embryos were used for the dissection of cranial mesodermal 

tissue. Mesodermal tissue was dissected at stage 17-20 and plated on fibronectin 

coated-dishes. Nuclear RFP (nRFP)-labeled embryos were used to dissect either 

control or C9 MO NC. Dissected NC explants were then plated in close proximity to 

mesodermal tissue and chemotaxis was observed by time-lapse imaging. 

Animal Caps For the C3a chemotaxis assay, the previously described Activin-C3a 

fusion construct was used (Carmona-Fontaine et al. 2011). Embryos were co-injected 

with FDX and Activin-C3a mRNA at the 2-cell stage and left to develop to stage 8. 

Animal caps were then dissected from these embryos and plated on a fibronectin-

coated dish. Nuclear RFP (nRFP) labeled-NC explants were dissected from control 

or C9 MO-injected embryos and plated in close proximity to the dissected animal 

cap tissue. Coverslips were also placed on top of the dissected tissue to ensure the 

attachment of animal caps to the fibronectin substrate. Coverslips were then removed 

prior to imaging. 
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5.1.6.2 NC chemotaxis towards Sdf-1 coated beads 

Heparin beads (Sigma) were washed with PBS before incubation with Sdf-1 at a 

concentration of 1µg/ml in PBS. Beads were left to incubate on a shaker for 3 hours 

at room temperature. Lines of high-vacuum silicon grease (Dow Corning) were 

placed on the fibronectin-coated areas of culture dishes and Sdf-1 coated beads were 

placed in this grease using forceps. NC explants were then plated in close proximity 

to the beads to allow for chemotaxis. 

5.1.6.3 NC chemotaxis towards other NC (Co-attraction Assay) 

Two NC explants were plated at a distance of roughly 50-100µm. Time-lapse 

imaging was then used to observe co-attraction responses in confronting NC 

explants. To restrict the dispersion of co-attracting explants two methods were 

employed. Firstly, a pipette tip was used to mark either lines, or box shapes, on 

fibronectin-coated dishes. NC explants were then plated inside these restricted areas, 

preventing their migration outside of these areas. The LPAR2 MO was also used as a 

method to restrict NC dispersion during co-attraction (Kuriyama et al. 2014).  

5.1.7 Cell Adhesion Assays 

5.1.7.1 Cell-cell Adhesion Assay 

For the cell adhesion assay NC were dissected from WT embryos and left to spread 

into a monolayer on a fibronectin-coated dish. FDX and RDX-labeled NC were 

dissected from either control or C9 MO-injected embryos and dissociated in Ca2+ and 

Mg2+-free DFA. Control and morphant NC cells were then plated on top of the WT 

NC monolayer and left for 30 minutes to allow for attachment. Images of the NC 

monolayer were captured before and after washing the monolayer with DFA.  

5.1.7.2 Cell Sorting Assay 

The cell sorting assay was previously described by Ninomiya et al. (Ninomiya et al. 

2004). A similar protocol was adopted in this thesis with some minor alterations. 

FDX or RDX labeled-NC from control, C9 or N-Cadherin MO-injected embryos 
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were dissociated in Ca2+ and Mg2+-free DFA. Dissociated cells were then mixed 

together and left to re-aggregate in agarose-coated 4 well plates at 14.5°C. Images of 

cell aggregates were then captured after 6hr.  

5.2 Molecular Biology 

5.2.1 Obtaining and Amplifying DNA Clones 

DNA clones were either obtained on filter paper or diluted in water. If provided on 

filter paper, clones were resuspended in 50µL nuclease free water before 

amplification. For amplification, competent DH5α E-coli cells (Thermo Fisher 

Scientific) were first thawed on ice for 10 minutes. 50µL of cells were then mixed 

with 1-2µL of plasmid DNA and left on ice for a further 30 minutes.  Cells were then 

heat shocked at 42°C for 45 seconds before being returned back to ice for 2 minutes. 

800µL of LB broth (Sigma) was then added to the cells before incubation at 37°C for 

1 hour. After incubation, 70µL of this solution was plated on LB agar (Sigma) plates 

containing the selected antibiotic. Plates were left O/N at 37°C to allow colony 

growth. The following day colonies were picked using a sterile micropipette tip and 

added to 100 mL of LB broth (supplemented with the selected antibiotic at a 

concentration of 1 in 1000) and grown O/N at 37°C in an agitating chamber. The 

next day bacteria were pelleted by centrifugation. A Plasmid Midi Kit (Qiagen) was 

used to extract amplified DNA from the bacteria. Extracted DNA was then 

resuspended in 50-150 µL of water and its concentration was determined using the 

NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific). A list of the pre-

existing constructs utilised in this thesis is provided in Table 1.  

5.2.2 Molecular Cloning  

Plasmids were obtained as described above. Pre-existing constructs used in this 

thesis can be found in Table 1. New constructs made for this thesis are shown in 

Table 2. DNA primers were designed, and synthesised by Life Technologies. A list 

of primers used for cloning these new constructs is listed in Table 3. PCR reactions 

were performed using high-fidelity Taq polymerase (Invitrogen). A PCR purification 

kit (Qiagen) was then used to clean up obtained PCR products and  
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Table 1 List of Pre-existing Constructs 

 

the size and integrity of the PCR product was confirmed by agarose gel 

electrophoresis. The concentration of these products was then quantified using the 

NanoDrop spectrophotometer.  

Ligation reactions were performed using a 2:1 molar ratio of insert to plasmid. 

Ligation was performed using a T4 DNA ligase (New England Biolabs) O/N at 16°C 

using a PCR machine (Eppendorf). Transformation of cells was performed as 

previously described using 5µl of ligation reaction. Some of the transformation 

reaction mix was then plated on LB agar plates supplemented with antibiotic. Plates 

were left O/N at 37°C to allow for colony growth. For each construct four clones 

were picked and cultured in LB broth, supplemented with antibiotic, O/N at 37°C. A 

Plasmid MiniPrep kit (Qiagen) was then used to isolate plasmid DNA. 

Screening for positive clones was performed by restriction digest using the 

appropriate enzymes. Positive clones were sent to the Source Biosciences sequencing 

facility (Cambridge, UK) for sequencing. Correctly sequenced clones were cultured 

mRNA Abbreviation Plasmid Restriction 
Enzyme 

Transcription 
Enzyme 

Amount 
injected per 
embryo 

membrane 
GFP 

mGFP pCS2+ Not1 SP6 300pg 

membrane 
RFP 

mRFP pCS2+ Not1 SP6 300pg 

nuclear(H2B) 
RFP 

nRFP pCS2+ Not1 SP6 300pg 

Lifeact-Cherry Lifeact-Cherry pCS2+ Not1 SP6 300pg 

Activin-C3a Activin-C3a pCS2+ Not1 SP6 200pg 

Chimeric FL 
C9 

C9 FL  pCS2+ 
MT 

Not1 SP6 1ng 
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in LB broth o/n at 37°C and plasmid DNA was then isolated using a MidiPrep Kit 

(Qiagen).  

Table 2 List of new constructs  

mRNA Abbreviation Plasmid Restriction 
Enzyme 

Transcription 
Enzyme 

Amount 
injected 

per 
embryo 

Chimeric FL C9-
GFP 

C9-GFP pCS2+ 
GFP 

Not1 SP6 1ng 

Chimeric FL C9 Δ 
SP 

C9 ΔSP pCS2+ 
MT 

Not1 SP6 1ng 

Chimeric FL C9  
Gaussia Princeps 
Luciferase SP 

C9 GLuc pCS2+ 
MT 

Not1 SP6 1ng 

 

Table 3 Cloning strategies and primers 

Construct Template Destination 
Plasmid 

Forward Primer Reverse Primer Restriction 
Digest 

C9-GFP pCS2+ MT 
FL C9 

pCS2+GFP 301-FL C9 
atataggatccaagagcagcat
gtcagcctgcTGCTTATTG

CTGGGACTAACC 

331- 
tatatatcgatTTTTTCAC
ATGGGATTGTTTTG

G 

Cla1 and 
BamH1 

C9 ΔSP pCS2+ MT 
FL C9 

- 330- ΔSP 
atataggatccaagagcagcA
TGGAGCCAAGTTTTTC

ACAGAACC   

339- 
tatatatcgatgTTATTTT
TCACATGGGATTGT

TTTGG 

Cla1 and 
BamH1 

C9 GLuc pCS2+ 
MT FL 

C9 

- 329- GLuc 
atataggatccaagagcagcat
gggagtgaaagttctttttgccctt
atttgtattgctgtggccgaggcc
GAGCCAAGTTTTTCAC

AGAACC 

339- 
tatatatcgatgTTATTTT
TCACATGGGATTGT

TTTGG 

Cla1 and 
BamH1 

 

5.2.3 Synthesis of mRNA  

Once obtained plasmid DNA was linearized by restriction digest for 2 hours at 37°C. 

The reaction mix, which consisted of 10µg DNA, 10 µL of an appropriate 10X buffer 

(Promega), 1µL BSA (Promega) and 1µL of restriction enzyme (Promega), was 

made up to a volume of 100µL with nuclease-free water. Agarose gel electrophoresis 
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was used to confirm digestion. Linearised DNA was then purified using the PCR 

purification kit (Qiagen) and its concentration was determined using of a NanoDrop 

spectrophotometer. Transcription of 3’ purified, linearized DNA was performed 

using an SP6 Message Machine Kit (Ambion). Briefly, 1µg of digested DNA was 

mixed with 2µL of 10X Reaction Buffer, 10µL NTP/CAP mix and 2µL of SP6 

enzyme mix and made up to a volume of 20µL with nuclease-free water. The 

reaction was incubated at 37°C for 2 hours. Turbo DNase (Ambion) was then added 

to digest the remaining DNA template and the reaction was incubated for a further 30 

minutes-1 hour at 37°C. An RNeasy mini kit was used to purify the RNA and the 

concentration was measured using the NanoDrop spectrophotometer. The quality of 

mRNA was confirmed using agarose gel electrophoresis. 

5.2.4 Synthesis of Antisense Probes 

5’ linearised and purified DNA was used for the transcription of antisense probes. 

This was obtained using the same methods as outlined above.  In vitro transcription 

of probes was carried out at 37°C for 2 hours. The reaction mix consisted of 1µg 

digested DNA, 4µL of 5X buffer, 2µL of 10X DTT, 2µL of NTP-Dig mix, 0.5µL of 

RNAse inhibitor RNAsin, 1µL of RNA polymerase and was made up to 20µL using 

nuclease-free water. DNase was then added to the mix for 30-60 minutes to remove 

any remaining DNA template. Purification of resulting RNA and measurement of its 

concentration was performed as described above. Probes used in this thesis are listed 

in Table 4. 

5.2.5 Morpholinos (MOs)  

MOs (Gene tools) were made up in nuclease-free water to a stock concentration of 

8µg/µL and stored at room temperature. To ensure MOs stayed in solution, they were 

heated to 65°C for 10 minutes and left to cool before use. Equimolar concentrations 

of standard control MOs were injected to test for concentration-dependent 

morpholino toxicity.  
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Table 4 List of Antisense Probes 

Target Plasmid Source Restriction 
Enzyme 

Transcription 
enzyme 

Xl-Twist pBSK (Hopwood et al. 1989) SmaI T7 
Xl-Slug pSP72 (Mayor et al. 1995) BGl II SP6 
Xl-C3 pBS (McLin et al. 2008) KpnI T3 
Xl-C5 - Manuela Melchionda, 

doctoral thesis  
- - 

Xl-C8β - Manuela Melchionda, 
doctoral thesis 

- - 

Xl-C9 pCMV (McLin et al. 2008) KpnI T7 
 

Table 5 List of Morpholinos Used  

Morpholino (MO) Sequence Concentration 

Standard control 5’-CCTCTTACCTCAGTTACAATTTATA-3’ - 

C7 5’-CAACCACCTCCACCCTCATGTTTGC-3’ 12ng 

C9 5’-ATGTTTTCCATGTTGCTTGCTGAAG 3’ 30ng 

LPAR2 5’-ATAAAAGCACTGATTCATCTTGAGT-3’ 12ng 

N-Cadherin 5′-GAAGGGCTCTTTCCGGCACATGGTG-3′ 8ng 

 

5.2.6 In Situ Hybridization  

In situ hybridization was performed as previously described by Harland (Harland 

1991). Briefly, embryos were fixed in MEMFA for either 1 hour at room temperature 

or O/N at 4°C. Then embryos were dehydrated by three times 100% methanol 

washes. Embryos could be kept in methanol and stored at -20°C or rehydrated by 

successive washes in 75% methanol/PBS-Tween 0.1% (PBT), 50% methanol/PBT 

and 25% methanol/PBT. After rehydration, embryos were bleached for 30 minutes 

before washing again in PBT. MEMFA fixation for 30 minutes followed, before 

further washing in PBT. Embryos were then put in hybridization buffer at 62-65°C 

and incubated at this temperature for 3-6 hours. Then embryos were transferred to 

pre-warmed hybridization buffer, containing digoxigenin-labeled probe at a 

concentration of 1μg/μL, and incubated at 62-65°C O/N. The following day embryos 

were washed in washing solutions 1, 2, 3 and 4 for 10 minutes and in washing 
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solution 5 for 30 minutes at 62-65°C. Embryos were washed several times in PBS, 

followed by MAB before blocking in MAB + 2% BMB Blocking Reagent (BMBR, 

Roche) for 2 hours at room temperature. Embryos were then incubated with an AP-

conjugated anti-Digoxigenin antibody (Roche) diluted to a concentration of 1 in 

3000 in 2% MAB/BMBR solution and were incubated O/N at 4°C. Embryos were 

then washed several times in MAB, with each wash lasting around 30 minutes, 

before being washed twice in AP buffer. AP staining was developed at room 

temperature using 4-nitro blue-tetrazolium-chloride (NBT, Roche) and 5-bromo-4-

chloro-3-indoyl-phosphate (BCIP, Roche), both diluted in AP buffer to a 

concentration of 1 in 4000. Once developed embryos were washed in PBT and any 

background staining was removed by several washes with 100% methanol. If 

secondary detection of fluorescein was required, the AP reaction was stopped in 

100% methanol at 62-65°C for 15 minutes before further washing in PBT. Embryos 

were then transferred back to 2% MAB/BMBR and incubated for 1 hour at room 

temperature with an anti-fluorescein-AP antibody (Roche). Embryos were then 

washed several times in MAB before being developed in AP buffer supplemented 

with BCIP alone. The use of BCIP alone gives embryos a pale blue staining in 

comparison to the purple staining achieved with NBT and BCIP combined. After all 

developing and background removal stages were complete, embryos were fixed in 

3.7% formaldehyde(Sigma)//PBS and stored at 4°C. 

5.3 Immunofluorescence 

For immunofluorescence NC explants were plated on glass coverslips (Ø =13mm). 

Explants were left to spread for 3-4 hours before fixation using 3.7% formaldehyde/ 

PBS. NC explants were fixed for 30 minutes at room temperature or O/N at 4°C. 

Explants were then washed three times in PBS before being permeabilised with 0.2% 

Triton-X-100 (Sigma) in PBS for 10 minutes. After permeabilisation, coverslips 

were again washed in PBS before incubation with 2% Fetal Calf Serum (FCS, 

Sigma)/PBS blocking solution for 30 minutes. Coverslips were then incubated with 

primary antibodies, diluted to their working concentration in blocking solution, and 

incubated at 37°C for 1 hour. Coverslips were washed several times in PBS and then 

incubated with the corresponding fluorescently conjugated secondary antibodies. If 
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necessary, phalloidin was also added to the blocking solution at a concentration of 

1:1000. Cells were then washed several times in PBS, with the first wash containing 

DAPI at a concentration of 1:5000. Coverslips were mounted onto slides using 

Mowiol (Sigma) and imaged using a confocal microscope. 

Table 6 List of Antibodies 

Target Species Source Concentration 
N-cadherin Rat Developmental Studies 

Hybridoma Bank (DSHB) 
1 in 100 

E-cadherin Mouse DSHB 1 in 200 
β-catenin Rabbit Sigma 1 in 500 
α-tubulin Mouse DSHB 1 in 80 

GFP Rabbit Abcam 1 in 200 

C9 Rabbit Gift from John Lambris  1 in 50 
 

Table 7 List of Secondary Antibodies 

Target Tag Source Concentration  
Rabbit IgG Alexa 488 Life Technologies 1 in 200 

Rat IgG Alexa 488 Life Technologies 1 in 200 
Mouse IgG Alexa 488 Molecular Probes 1 in 200 

 

 

 

 

 

 

 



 85 

5.4  Solutions 

5.4.1 Solutions for General Use 

Phosphate Buffered Saline (PBS) 
10X                                                        

137mM NaCl 

2.7mM  KCl 

4.3mM  Na2HPO4 

1.4mM  KH2PO4 

Adjust to pH 7-7.4 and autoclave For 
PBT- Add 0.1% Tween-20 to PBS 

DEPC water                                          

0.1%  DEPC    
    (diethylpyrocarbonate) 

Sterilise by autoclaving. DEPC water 
was used for in situ hybridisation 
solutions used  prior to probe addition.  

 

 

5.4.2 Solutions for Embryological Procedures 

Modified Ringer Solution 
(MMR) 10X                                         

1M  NaCl 

20mM  KCl 

10mM   MgSO4 

20mM  CaCl2 

50mM  HEPES 

1mM   EDTA 

Make up to 4L in water. Adjust pH to 
7.8, this will dilute to 7.6 when 
solution is diluted to 1x for use. 

Tricaine solution                                  

5g  Ethyl 3-aminobenzoate 
methanesulfonate 

Add distilled water to make up to 1L 

Ficoll                                                     

3%   Polysucrose  

Dissolve in NAM 3/8 

Normal Amphibian Medium (NAM)  

NAM A                                                  

1.1M  NaCl 

20mM  KCl 

10mM  Ca(NO3)2 

10mM  MgSO4 

1mM  EDTA 

Autoclave to sterilise 
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NAM B solution                                   

20mM  NaH2PO4 

Adjust pH to 7.5 and autoclave 

NAM C solution                                  

100mM  NaHCO3 

Filter sterilize  

Working NAM concentrations           

         NAM    A     B     C 

NAM 1/10 10mL  10mL   1mL 

NAM 3/8 37mL  37mL   1mL 

Add 1mL streptomyocin (5mg/ml) per 
1L of solution 

Danilchick’s for Amy Solution 

(DFA) 

53mM   NaCl 

5mM   Na2CO3 

 

4.5mM  K-Gluconate 

32mM  Na-Gluconate 

1mM  MgSO4 

1mM  CaCl2 

0.1%   BSA 

Adjust pH to 8.3 using 1M Bicine and 
filter sterilise.  

Supplement final solution with 
50µg/mL streptomyocin before use. 

For Ca2+ Mg2+-free DFA omit MgSO4 
and CaCl2. 

 

 

 

 

 

5.4.3 Solutions for Molecular Biology                                                                                                                      

10X MEM                                          

1M   MOPS (pH 7.4) 

10mM  MgSO4 

20mM  EGTA 

 

MEMFA                                               

1 volume  10X MEM  

1 volume  37% formaldehyde 

8 volumes  DEPC-water. 
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20X SSC solution                                 

3M  NaCl 

0.3M   Tri-sodium citrate 

Adjust pH to 7.0. Make up to 1L in 
DEPC H2O. 

Bleaching Solution                               

20%   H2O2 

5%   Formamide 

2.5%   20x SSC 

In DEPC water 

Probe Washing Solutions                    

Solution      Formamide       SSC 20x 

1                  50mL    10mL 

2         25mL   10mL 

3         12.5mL   10mL 

4                     --                       10mL          NaCl 

5                     --                        1mL 

Add 0.1mL of Tween-20 and make up 
to 100mL with DEPC-water.  

Maleic Acid Buffer (MAB)                 

100mM Maleic acid 

150mM NaCl 

0.1%   Tween-20 

Adjust pH to 7.5. 

Hybridisation Buffer                           

50%  Formamide 

5X   SSC 

1X  Dernhardt’s Solution 

1mg/mL Ribonucleic acid 

100µg/mL Heparin 

0.1%  CHAPS 

10mM  EDTA 

Heat to dissolve. Adjust pH to 5.5. Add 
0.1% Tween-20. 

AP Buffer                                              

0.1M  NaCl 

0.1M  TrisHCL (pH 9.5) 

50µM  MgCl2 

1%  Tween-20 

In water         

LB Broth                                               

10g   LB agar 

(In 500mL water) 

Sterilise by autoclave and leave to 
cool. Then add 500µL of selected 
antibiotic. 
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5.5 Imaging Techniques 

5.5.1 Imaging Fixed Embryos 

Embryos were immobilised in an agarose-coated dish to prevent movement during 

imaging. Photographs were taken using a Leica DFL420 camera attached to a Leica 

MZFLIII dissecting microscope using the IM50 software (Leica). 

5.5.2 Time-lapse Imaging of NC Explants 

For low magnification time-lapse imaging, NC explants were cultured in 50mm 

sealable plastic dishes (Falcon) and imaged on an upright compound microscope. 

Once explants were attached the dish was filled with DFA and closed before being 

inverted for imaging. Explants were imaged at low magnification (10X or 20X). For 

most assays images were acquired at a rate of 2-5 minutes for between 12-18 hours. 

For single cell assays, cells were instead imaged for around 6 hours. Imaging of cell 

protrusions was performed using a 40X objective at a higher time resolution. Image 

acquisition was performed using either the Las AF (Leica) or Simple PCI6 

(Hammamatsu) software and files were exported for further analysis using ImageJ.  

To image C9-GFP expression, cells were plated on glass bottomed sealable dish and 

imaged using an inverted spinning disk microscope using a 63X oil objective lens 

(Nikon). Z-stack images were acquired at 10-30 second intervals for a period of 10-

15 minutes using the Volocity software (PerkinElmer).  

5.5.3 Confocal Imaging of NC Immunofluorescence 

NC explants were plated on glass coverslips. After immunofluorescence protocols, 

coverslips were then imaged using an upright Leica SPE1 confocal microscope and 

either 40x or 63x oil objectives (Leica). Acquisition settings were adjusted according 

to each experiment and these conditions were maintained between control and 

treated conditions.  
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5.6 Methods of Analysis  

5.6.1 NC Migration  

In vivo NC migration was analysed either by calculating the percentage of embryos 

exhibiting mild or severe migratory phenotypes or by measurement of NC stream 

length. The severity of migratory phenotypes was determined by the migration of the 

mandibular stream around the eye. To analyse stream length, the distance between 

the neural plate border and the most ventral NC cells was measured. This distance 

was then expressed as a proportion of the distance between the most dorsal and most 

ventral parts of the embryo in the same region. Measurements were recorded for the 

mandibular, hyoid, and branchial arches and represented as a proportion of the 

corresponding stream length on the control side of the embryo.  

Single cell assays were used to analyse in vitro NC migration. nRFP-labeled cells 

were tracked using the Manual Tracking Image J plugin (Ibidi). The co-ordinates of 

the tracks were then imported into the ImageJ Chemotaxis tool plugin (Ibidi) which 

was used to calculate cell speed and persistence. Persistence was calculated by 

measuring the shortest possible distance between the start and end of migration, 

known as the euclidean distance, and dividing this by accumulated distance, which is 

the total distance that the cell migrated or path length. Cells with a lower persistence, 

or directionality, will have a persistence value nearer to 0 whereas more persistent 

cells would provide a persistence value nearer to 1.    

For protrusion analysis, NC clusters were labeled with mGFP. Analysis of protrusive 

activity was performed by measurement of the circularity of NC clusters. The 

circularity of NC clusters measures how close the perimeter of the cluster is to a 

perfect circle, with a circularity value of 1 indicating a perfect circle. The more 

protrusive activity a cell cluster has, the less circular it becomes and its circularity 

value will be closer to 0. Circularity measurements were recorded at 1-minute 

intervals over a period of 10 minutes and the average circularity of these time points 

was calculated.  
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5.6.2 Chemotaxis  

For chemotaxis analysis the Forward Migration Index (FMI) was calculated using 

the Chemotaxis Tool Plugin. This measurement calculates cell persistence in the 

direction of a chemoattractant source. Before analysis, movies must be orientated in 

the same direction so that the y-axis passes through the position of the 

chemoattractant source at the top and the cell cluster at the bottom. A yFMI value 

close to 1, suggests the cell is persistently moving in the direction of the 

chemoattractant. For chemotaxis experiments, around 10-15 cells were tracked per 

cluster and averaged.  

5.6.3 Dispersion  

To quantify cell dispersion Delaunay Triangulation analysis was performed 

(Carmona-Fontaine et al. 2011). Delaunay triangulation measures the dispersion of 

NC explants by calculating the triangle area between a cell and its two closest 

neighbours. Ultimately, this builds a network of triangles covering the entire explant, 

which can be visualized in a colour-coded image, whereby triangle area corresponds 

to colour. As this method is based on local distances between cells the measurement 

is independent of cluster size. The average triangle area of NC clusters at 6 hours 

was used to compare dispersion between conditions.  

5.6.4 Cell adhesions 

To assess endogenous cell adhesion molecule protein expression, confocal stacks of 

immunofluorescence images were acquired. For analysis, these stacks were made 

into a maximum projection. A line 5µm in length was then placed across each cell-

cell junction and the profile of mean grey values was calculated along this line. For 

each experiment, intensity profiles of between 20-25 cells were averaged per 

condition. For cell-cell adhesion assays, cell adhesion was quantified by 

measurement of the percentage of cells remaining attached to the NC monolayer 

after washing. This was measured in Image J by calculation of the particle area for 

each fluorescent channel before and after washing.  
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5.6.5 Contact Inhibition of Locomotion  

For CIL analysis, the behaviour of colliding single cells was observed. Cell collisions 

were divided into three categories, those where cells undergo CIL, those were cells 

ignore or ‘walk past’ each other and those that remain attached after collision, as 

previously described (Scarpa et al. 2013). Attachment was defined as any collision 

whereby cells had remained in contact for 30 minutes or more. For those collisions 

described as CIL (i.e. under 30 minutes), the duration of cell contact was also 

quantified.   

CIL produces a change in velocity on collision. As acceleration is a measurement of 

the change in velocity over time, it can be used to estimate CIL in colliding NC. 

Nuclei of colliding NC cells were tracked at three points: before, during and after 

collision, using the Image J Manual Tracking tool. These tracks were then imported 

into Matlab (R14b, Mathworks) and a previously described script was used to 

calculate and statistically analyse acceleration vectors (Carmona-Fontaine et al. 

2008). Acceleration vectors were then orientated in relation to the initial velocity and 

plotted on a compass plot.  

5.6.6 Co-attraction  

Co-attraction was analysed by calculation of the percentage of confronting explants 

exhibiting co-attraction. For a more quantitative measurement of co-attraction 

displacement vectors were used. For this, the angle of displacement, between T0 to 

Tend, for one explant was measured relative to the position of its pairing explant. 

Displacement vectors close to 0°, in either direction, indicate that the explant is 

moving towards the other confronted explant and is exhibiting co-attraction. All 

displacement vectors, as well as the mean displacement vector, were then plotted on 

a rose diagram using Oriana4 software (Kovach Computing Services). 

5.6.7 Statistical Analysis 

Statistical analysis was performed using Prism5 (GraphPad) unless stated otherwise. 

For results that were analysed using percentages, contingency tables were used to 

calculate significance. The difference between two data sets was considered to be 
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significantly different if T>3.841 (α=0.05,*), T>6.635 (α=0.01,**) or T>10.83 

(α=0.001,***). The normality of data sets was assessed using Kolmogorov-

Smirnov’s test, d’Agostino and Pearson’s test and Shapiro-Wilk’s test. Data was 

only considered normal if it was found to be normal for all three of these tests. For 

normally distributed data, data sets were compared either by use of a Student’s T-test 

(two tailed, unequal variances) or, in situations with more than two conditions, by 

one-way ANOVA with a Dunnett’s multiple comparisons post-test. Data sets that 

were not normally distributed were instead compared using a Mann-Whitney’s test 

or a non-parametric ANOVA (Kruskal-Wallis with Dunn’s multiple comparisons 

post-test). Data sets were only considered significantly different if the P-value was 

less than 0.05.  
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III Results 
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6 C9 is required for NC migration  

The complement system is primarily associated with immunity, enhancing antibody 

and cellular responses to invading pathogens. However recent evidence has also 

shown that complement components are expressed during early embryonic stages, 

prior to immune system formation (McLin et al. 2008).  This developmental 

expression of complement suggests that these proteins also possess non-immune 

functions in early embryogenesis. Some of these functions have already been 

described, however for C9, the terminal component of the complement cascade, its 

early expression has not yet been supported with a developmental role (Leslie & 

Mayor 2013). In situ hybridisation data has shown that C9 is expressed in NC tissue 

during specification and migratory stages (McLin et al. 2008). Here we attempt to 

understand if the expression of C9 during NC migration coincides with a requirement 

for the protein in this embryonic process. 

6.1 C9 is required for NC migration in vivo 

Preliminary work by Mclin et al. observed C9 mRNA expression within the 

developing NC. However, a more in depth temporal analysis was required to confirm 

this expression directly correlated with NC migration (McLin et al. 2008). Therefore, 

I performed in situ hybridisation to observe C9 mRNA expression at the onset (Stage 

20), during (Stage 23) and at the end of NC migration (Stage 27) (Figure 6-1). Twist 

mRNA expression was also observed at these stages to identify the location of 

migrating NC streams (Hopwood et al. 1989) (Figure 6-1). Between migratory NC 

stages 20-23, C9 expression correlates with Twist expression and is observed within 

cranial NC streams (Figure 6.1A-D). However once the NC have undergone 

migration (Stage 27), C9 exhibits an altered expression pattern instead localising to 

tissues surrounding the NC such as the placodes and octic vesicle (Figure 6-1 E and 

F). Together, this in situ data suggests that C9 mRNA is expressed within both the 

NC and surrounding tissues during NC migratory stages.  

To investigate whether the expression of C9 within migrating NC coincides with a 

functional role of C9 within the tissue, loss-of-function experiments were performed.  
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Figure 6-1 C9 mRNA is expressed within the NC and surrounding tissues 

A, C and E In situ hybridisation against Twist during NC migratory stages (Stages 

20-27) B, D and F C9 mRNA expression during NC migratory stages, Stages 20, 23 

and 27 respectively as shown by in situ hybridisation. Black arrows indicate 

migrating NC streams. 
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Firstly, a translation-blocking C9 morpholino (C9 MO) was used to inhibit C9 

protein expression. Injection of C9 MO in X.laevis embryos inhibited C9 protein 

expression as shown by western blot analysis (Figure 6-2A and B, Manuela 

Melchionda, doctoral thesis). To observe the effect of C9 MO injection on NC 

migration, X.laevis embryos were injected at the 8-cell stage in one dorsal and one 

animal blastomere (Figure 6-2C). This injection aimed to target the NC and minimise 

the disturbance of other tissues. MO injection of 30ng did not produce NC 

specification defects, as shown by Slug in situ hybridisation (Figure 6-2D). However, 

C9 MO injection at this concentration was able to inhibit NC migration as observed 

by Twist in situ hybridisation (Figure 6-2E). This result was quantified by calculation 

of the percentage of embryos exhibiting either mild or severe migratory phenotypes. 

The percentage of embryos with NC migratory defects was significantly higher in C9 

MO injected embryos than control MO-injected embryos (Figure 6-2F).  

To confirm that the observed NC migratory defects were specific to C9 inhibition, 

rather than just a general effect of MO injection, a rescue experiment was performed. 

For this, a chimeric full-length C9 mRNA (C9 FL) was designed which could not be 

targeted by the C9 MO. Inhibited NC migratory phenotypes observed on C9 MO 

injection could be partially rescued by the co-injection of C9 FL mRNA (Figure 6-

3A-C). Analysis of both the percentage of embryos showing the migratory defect and 

also the relative length of migratory NC streams confirmed this rescue (Figure 6-3B 

and C). Overall, this confirms that C9 inhibition impairs NC migration.  

A second method was also used to inhibit C9 activity.  A C9 blocking antibody (C9 

Ab) was designed against the X.laevis C9 protein. Grafting of beads incubated in C9 

Ab led to a significantly higher percentage of embryos with migratory defects in 

comparison to those grafted with PBS beads, as shown by Twist in situ hybridisation 

(Figure 6-4A-C). As beads are inserted into embryos once the NC have been 

specified, this result also confirms that C9 holds a critical function in NC migration 

independent of NC induction. 

Whilst microinjection at the 8-cell stage predominantly targets NC tissue, 

surrounding tissues that could indirectly influence NC migration can also be affected.
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Figure 6-3 Co-injection of C9 FL mRNA can rescue blocked NC migration 

observed on C9 inhibition   

A Representative images of embryos in control, C9 MO and C9 MO + C9 FL 

conditions B Percentage of embryos with inhibited NC migratory phenotypes in C9 

MO alone or C9 MO + C9 FL conditions (n= 3 experiments with >20 embryos per 

condition, per experiment; *** p< 0.001) C Rescue of C9 morphant blocked 

migration phenotype as quantified by average stream length. Average length of each 

NC stream on the injected side was measured relative to the length of the same 

stream on the control side. (n> 20 embryos per condition; Fisher’s exact test, *  

p<0.05, n.s. not significant p>0.05). Error bars = SEM. 

 

 

 

 

C9#MO#alone# C9#MO#+#C9#FL#Control#side#

A#

Twist# Twist#

B#

0#

20#

40#

60#

80#

C9#MO# C9#MO#+#C9#
mRNA#

Severe#

Mild#

Twist# Pe
rc
en

ta
ge
#o
f#e

m
br
yo
s#w

ith
#

in
hi
bi
te
d#
m
ig
ra
Ho

n#
(%

)#

***"

C#

0#

0.2#

0.4#

0.6#

0.8#

1#

Mandibular# Hyoid# Anterior#Branchial## Posterior#Branchial#

C9#MO##

C9#MO#+#C9#
mRNA#

Av
er
ag
e#
le
ng
th
#o
f#s
tr
ea
m
#

re
la
Hv

e#
to
#c
on

tr
ol
#si
de

##

n.s.# "*"*" n.s.#

C9#MO#+#C9#
FL#

#####C9#MO#######C9#MO#+#C9#FL#
#

#



 99 

To ensure that C9 is required for migration in a NC cell-autonomous manner, NC 

graft experiments were performed (Figure 6-5A). Wild-type host embryos grafted 

with C9 MO-injected NC showed a significantly increased percentage of embryos 

with inhibited migration, in comparison to those grafted with control MO-injected 

NC confirming that C9 is required in a NC cell-autonomous manner for NC 

migration (Figure 6-5 B and C). 

6.2 C9 is required for NC migration in vitro 

To better understand the NC cellular behaviors that could be responsible for 

migratory defects in C9-inhibited embryos, in vitro NC assays were also performed.  

6.2.1 C9 inhibition does not affect NC cell motility 

To assess NC cell motility control and C9 MO NC explants were dissociated in Ca2+ 

and Mg2+-free DFA and plated on fibronectin. Single cells were then tracked and cell 

coordinates were exported into the Image J Chemotaxis Tool Plugin to quantify cell 

velocity. Both control and C9 MO NC cells were motile in in vitro culture and 

exhibited a similar velocity during migration (Figures 6-6A). Also, no significant 

difference was observed in cell persistence of NC cells between control and C9 MO-

injected NC (Figure 6-6 B and C).  

To confirm that protrusion formation was consistent between control and C9 MO 

NC, high magnification imaging of membrane-labeled NC clusters was performed. 

Both control and C9 MO NC clusters form large lamellipodia in culture (Figure 6-6D 

and E, Supplementary Movie 1). Also, the circularity of NC cluster perimeters was 

not significantly different between the two conditions, suggesting that protrusion 

formation was consistent between the two conditions (Figure 6-6F). Together these 

in vitro results suggest that the in vivo NC migratory defects observed on C9 

inhibition are not a result of altered cell motility or cell polarity. 
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Figure 6-4 Grafting of C9 Ab-coated beads blocks NC migration in X.laevis 

embryos.  

A Images of embryos after grafting of PBS or C9 Ab-coated beads. NC streams are 

shown by Twist in situ hybridisation. Black arrows indicate the location of beads B 

The percentage of embryos showing inhibited migratory phenotype after PBS or C9 

Ab-coated bead insertion (n=5 and n=13 embryos respectively; Fisher’s exact test, * 

p<0.05).  
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Figure 6-5 C9 is required in a NC-autonomous manner for NC migration 

 A Diagram outlining NC grafting procedure B Images of embryos after 

transplantation of either control MO or C9 MO FDX-labeled grafted NC C 

Percentage of embryos showing inhibited NC migration after graft (n=27 embryos 

for both conditions from 3 independent experiments; Fisher’s exact test, ** p<0.01). 

Error bars =SEM. 
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Figure 6-6 C9 inhibition does not affect single cell motility in vitro 

A Single cell velocity of control and C9 MO NC cells (Control NC n=140 cells, C9 

MO NC n=294 cells; Student’s t-test, n.s. p>0.05) B Diagram of cell persistence 

calculation C The persistence of control and C9 MO NC cells. (Control NC n=140, 

C9 MO NC n=294; Student’s t-test, n.s. p>0.05) D High magnification (40X) images 

of NC cluster protrusions in both Control and C9 MO conditions. White arrows 

indicate protrusions F Protrusion formation in NC clusters as shown by cluster 

circularity (Control and C9 MO n=5 clusters, Student’s t-test, n.s. p>0.05). Error 

Bars = SEM. 
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6.2.2 C9 is required for the collective behavior of the neural crest 

The NC can respond to chemotactic cues provided by surrounding tissues and these 

signals help to guide NC migration through the embryo (Theveneau et al. 2010; 

Mclennan et al. 2010). A reduction in NC chemotactic responses to such 

environmental signals can therefore result in an inhibition of NC migration 

(Theveneau et al. 2010; Mclennan et al. 2010). To investigate whether the blocked 

NC migratory phenotype observed in C9 MO-injected embryos was a result of 

reduced chemotaxis, in vitro chemotaxis assays were performed. The chemotaxis of 

NC explants towards two independent chemoattractant sources, mesodermal tissue 

and Sdf-1 coated beads, was assessed (Figures 6-7 and 6-8 respectively). C9 MO-

injected NC exhibited a reduced chemotaxis towards both mesodermal tissue and 

Sdf-1 incubated beads, in comparison to control NC, as shown by a significantly 

lower yFMI (Figures 6-7A-B and 6-8A-B, Supplementary videos 2 and 3). However, 

despite the reduction in yFMI, C9 MO-injected explants still exhibited some 

chemotaxis towards both chemotactic cues (Figures 6-7A and 6-8A). Therefore, C9 

MO inhibition does not impair the ability for NC to sense the chemoattractant cue, 

but rather the ability to respond efficiently to it.   

NC cells exhibit collective chemotaxis, where cells at the front of the cluster respond 

to a chemoattractant cue and guide the directional migration of the cells behind 

(Theveneau et al. 2010). This collective behaviour is essential for efficient 

chemotaxis, as individual cells exhibit a reduced chemotaxis in comparison to cell 

groups (Theveneau et al. 2010). In control conditions, chemotaxis of the front and 

the back of the cluster are similar, indicating collective NC chemotaxis was towards 

both chemotactic cues (Figure 6-7C and 6-8C). However in C9 MO NC, cells at the 

back of the migrating cluster exhibited a significantly lower chemotaxis than cells at 

the front of the cluster (Figure 6-7C and 6-8C). Therefore, a more heterogeneous 

response to chemoattractants is observed in C9 MO NC. Together, these results 

suggest that the reduced chemotaxis observed in C9 MO could be due to a loss of 

collective behaviour within the migrating NC.  
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Figure 6-7 C9 MO NC exhibit a reduced collective chemotactic response 

towards mesodermal tissue 

A Selected frames of a time-lapse movie showing the migration of control and C9 

MO NC clusters towards mesodermal tissue. Cell tracks of individual NC cells are 

also shown (Scale bar =100 µm) B yFMI of control (n=90 cells) and C9 MO NC 

cells migrating towards mesodermal tissue (n=90 cells; Student’s t-test, *** 

p<0.001) C yFMI values for cells at the front and back of control and C9 MO NC 

clusters migrating towards mesodermal tissue (Control= 90 cells, C9 MO= 90 cells; 

One-way ANOVA, n.s. p>0.05, *** p<0.001). Error bars = SEM.  
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Figure 6-8 C9 MO NC show a reduced collective chemotactic response towards 

Sdf-1 coated beads 

A Selected frames of a time-lapse movie showing the migration of control and C9 

MO NC clusters towards an Sdf-1 bead. Individual cell tracks are also shown. Scale 

bar =100 µm. B yFMI of control and C9 MO NC cells migrating towards Sdf-1 

beads (Control n=290 cells, C9 MO n=177 cells; Student’s t-test,  * p<0.05) C yFMI 

values for cells at the front and back of control and C9 MO NC clusters migrating 

towards Sdf-1 beads (Control= 290 cells, C9 MO= 177 cells; One-way ANOVA, n.s. 

p>0.05,  *** p<0.001). Error bars = SEM. 
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To confirm that NC collective behaviour is affected on C9 inhibition, an in vitro 

dispersion assay was used. In culture, NC explants gradually disperse over time. 

Alterations in the rate at which cells disperse can therefore indicate changes in cell 

cohesion. Cell dispersion was quantified using Delaunay triangulation, by 

measurement of the average triangle area between a cell and its two closest 

neighbours (Carmona-Fontaine et al. 2011). In comparison to control NC, C9 MO 

NC exhibited a consistently increased dispersion over a period of 10hr (Figure 6-9A, 

Supplementary video 4). This increased dispersion phenotype was most apparent at 

around 6hr after plating, as beyond this point a dramatic increase in the dispersion of 

control explants is observed. As a result this 6hr time point was used to quantify 

dispersion for further experiments. Rescue experiments using C9 FL mRNA were 

also performed to confirm that the observed increased dispersion phenotype was a 

direct result of C9 inhibition. We observed that the dispersion of C9 MO NC was 

significantly higher than control NC at 6hr after plating and this phenotype could be 

rescued by the co-injection of C9 FL mRNA (Figure 6-9B and C, Supplementary 

Movie 4). Overall, these results confirm that NC cohesion is reduced on C9 

inhibition.  

 

 

 

 

 

 

 

 



 107 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-9 C9 MO NC show increased dispersion in comparison to control NC 

A Dispersion of Control and C9 MO NC over a period of 10 hours as measured by 

the average triangle area (µm2) (n=3 independent experiments; Student’s t-test, * 

p=<0.05) B Average triangle area of control, C9 MO and C9 MO + C9 FL explants 

at 6hr (Control n=48 explants, C9 MO n=27 explants, C9 MO +C9 FL n=34 

explants, from 3 independent experiments; One-way ANOVA*** p=<0.001). Error 

Bars = SEM. C Single frames from time-lapse movies at 0hr and 6hr time points. 

Delaunay triangulation at 6hr is also shown. Scale bar=100 µm.  
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6.3 Conclusions and further work 

Overall, this chapter suggests that C9 is required for NC migration. Firstly, C9 

mRNA is expressed within the NC during migratory stages. Furthermore, inhibition 

of C9 protein expression either by MO injection or insertion of antibody-coated 

beads blocked NC migration in vivo. Graft experiments also suggest that C9 

expression is required in a NC-cell autonomous manner for migration. To further 

understand the influence of C9 on NC cellular behaviours, in vitro culture 

experiments were also performed to investigate both single cell motility and 

collective behaviour in C9-inhibited NC. Whilst single cell motility of NC cells 

appeared unchanged, NC cluster behaviour was impaired on C9 inhibition. A loss of 

NC cohesion was observed in C9 MO NC, which inhibited the collective 

chemotactic responses of the NC to mesodermal and Sdf-1 cues in vitro. This 

reduction in NC cohesion could also explain the observed in vivo migratory 

phenotypes, as NC cell-cell interactions are critical for migration within the embryo 

(Theveneau et al. 2010a; Carmona-Fontaine et al. 2011; Carmona-Fontaine et al. 

2008). Overall, this data proposes a role for the complement protein C9 in NC 

migration and suggests it is involved in the regulation of NC collective behaviour.   

Whilst expression of C9 had previously been described in the developing NC, this 

work provides the first evidence that C9 also holds a functional role within this tissue 

(McLin et al. 2008). As we have shown that C9 expression correlates with a role for 

the protein in NC migration, developmental expression of C9 in other tissues could 

indicate further functions during embryogenesis. My results support previously 

published data, which suggest that developmental expression of C9 is not limited to 

NC tissue (McLin et al. 2008). For example, on completion of NC migration in situ 

hybridisation analysis localised C9 mRNA expression to surrounding placodal tissue. 

Also, at talibud stages, C9 expression has been found to be heavily localised to 

endodermal tissue, specifically in the developing intestines and liver (McLin et al. 

2008). Future experiments should therefore aim to investigate if C9 also holds a 

functional role within these tissues and whether a common mechanism exists for C9 

function during development. Together, this would help us to expand our 

understanding of non-immune functions of this protein.  
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7 C9 is required for NC co-attraction  

The collective behaviour of the NC is regulated by cell-cell interactions between the 

migrating group (Woods et al. 2014). These interactions can be attractive, in the form 

of transient cell-cell adhesions and co-attraction, or repulsive, as observed with CIL 

(Theveneau et al. 2010a; Mayor & Carmona-Fontaine 2010; Carmona-Fontaine et al. 

2011). The balance of these opposing forces is required to maintain the collective 

nature of the migrating NC (Woods et al. 2014). Disruption of this equilibrium can 

have dramatic consequences on the behaviour of the NC, resulting in a more 

individual and thus less efficient NC migration (Theveneau et al. 2010a; Carmona-

Fontaine et al. 2011; Carmona-Fontaine et al. 2008). Results from the previous 

chapter suggest that NC cohesion is lost on C9 inhibition. It is therefore likely that 

one or more of these NC cell-cell interactions could be affected by C9 inhibition. To 

test this hypothesis, a number of in vitro assays were performed to observe if 

differences in cell adhesion, CIL and co-attraction exist between control and C9 MO 

NC.  

7.1 C9 inhibition does not affect NC cell-cell adhesions 

Whilst migrating NC are mesenchymal in nature, transient cell-cell adhesions still 

exist between neighbouring cells (McKeown et al. 2013). These cell-cell adhesions 

are important for adherence between migrating NC cells and loss of these adhesions 

can therefore result in a reduced cohesion of the NC (Kuriyama et al. 2014). To 

assess if the increased dispersion observed on C9 inhibition is associated with 

changes in the levels or localisation of NC cell-cell adhesions, immunofluorescence 

was performed against known Xenopus NC cell-cell adhesion molecules, N-cadherin, 

E-cadherin and β-catenin. In both control and C9 MO conditions these NC cell 

adhesion molecules were localised to the cell contact (Figure 7-1A-F). The 

expression levels of N-cadherin, E-cadherin and β-catenin were also consistent 

between control and C9 MO NC explants, as shown by the calculation of the mean 

gray value (Figure 7-1G-I). This suggests that both the localisation and expression of 

cell-cell adhesions are not affected by C9 MO inhibition.  
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Figure 7-1 The localisation and expression of NC cell adhesion molecules is not 

affected by C9 inhibition  

A-F Immunofluorescence images of β-catenin, N-cadherin and E-Cadherin 

expression in both control and C9 MO NC. Scale bar 10µm. G-I Mean gray values of 

β-catenin, N-cadherin or E-Cadherin immunostaining were measured over a 5µm 

line across cell-cell contacts (n=3 experiments for β-catenin and N-cadherin, and n=2 

for E-Cadherin experiments, 25 contacts were measured per experiment, per 

condition). Error bars = SEM. 
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Figure 7-2 Cell-cell adhesions are not affected by C9 inhibition 

A Images of cell-cell adhesion assay before and after washing. RDX = Control NC 

cells, FDX= C9 or N-cadherin MO NC cells. Scale =100µm. B Quantification of cell 

adhesion strength as measured by percentage of cells remaining adhered to the WT 

cell substrate after washing. N-cadherin MO was used as a positive control (n=2 

experiments) C Diagram to show method for cell sorting assay D Cell aggregates 

after 6hr culture .Scale = 50µm.  
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However, immunofluorescence analysis can only indicate the expression of cell 

adhesion molecules, not the strength or assortment of cell adhesions that exist 

between NC cells. Thus a cell-cell adhesion assay was used to determine the strength 

of cell-cell adhesions in both control and C9 MO NC. For this assay, NC explants 

were dissociated into single cells before being mixed and plated on a monolayer of 

WT NC cells. The strength of intercellular adhesions was determined by the 

percentage of cells that remained on the monolayer after a gentle washing process. 

No significant difference in attachment to the monolayer was observed between 

control and C9 MO-injected NC cells (Figure 7-2A-B).  

The cell sorting assay works on the basic principle that when cells are mixed, cells 

with different adhesive properties will segregate from each other whereas equally 

adhesive cells will mix homogenously (Carmona-Fontaine et al. 2011; Friedlander et 

al. 1989). When dissociated control and C9 MO-injected NC cells were re-

aggregated they mixed homogenously indicating the similar adhesive properties of 

the two cell populations (Figure 7-2C and D). Together, these results suggest that 

both the expression and adhesive properties of cell-cell adhesions are unchanged on 

C9 inhibition.  

7.2 C9 inhibition does not affect contact inhibition of locomotion 
(CIL) between NC cells 

CIL also plays an important role in NC collective migration (Mayor & Carmona-

Fontaine 2010). A balance exists between CIL and co-attraction whereby migrating 

NC cells are forced apart by CIL and then brought back together through co-

attraction (Woods et al. 2014). C9 inhibition could thus impair migratory NC 

collective behaviour by increasing the CIL response to a level that co-attraction is 

unable to counteract. One of the most common methods to assess CIL is by the 

explant confrontation assay, whereby CIL is measured as the extent of overlap 

between two confronting NC explant (Carmona-Fontaine et al. 2008). However, an 

increase in CIL responses would be difficult to observe using this method. Therefore, 

single cell collision assays were instead used to analyse CIL in C9 inhibited-NC. 

When two NC cells come into contact cells will either adhere, undergo CIL or  
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‘Walk-past’ each other (Figure 7-3D, Scarpa et al. 2013). To understand if CIL was 

increased in C9 MO NC, the percentage of cells that underwent each type of 

behaviour was analysed (Figure 7-3E). Both control and C9 MO NC underwent CIL 

and the percentage of embryos that underwent CIL did not increase in C9 MO NC 

(Figure 7-3 A,B,D and E, Supplementary movie 5). During CIL, colliding cells 

normally remain in contact for between 12-15 minutes; therefore alterations in the 

duration of contact can indicate differences in CIL behaviour on treatment. We 

observed that the distribution of collision durations was similar for both control and 

C9 MO NC, suggesting that CIL behaviours were consistent between the two 

conditions (Figure 7-3C). CIL involves the arrest of migration, followed by a change 

in velocity as cells move away from each other. As acceleration measures the change 

in velocity over time, acceleration vectors of colliding cells were used to determine 

CIL behaviour. Both control and C9 MO NC cells exhibited a large acceleration after 

collision velocity confirming similar CIL responses on contact (Figure 7-3F). 

Together, these results suggest that CIL behaviour is not affected on C9 inhibition.  

7.3 C9 is required for NC co-attraction 

NC co-attraction is a mutual cell attraction observed between migratory NC, which 

maintains collective behaviour during migration (Carmona-Fontaine et al. 2011). To 

understand if C9 inhibition has an effect on co-attraction, in vitro confrontation 

assays were performed as previously described. For this, explants were placed at a 

small distance (50-100 μm) from each other (Carmona-Fontaine et al. 2011). In 

control conditions, 37% of NC explants exhibited co-attraction, moving in the 

direction of the other confronted explant (Figure 7-4A and B, Supplementary movie 

6). However, this percentage was significantly lower between confronted C9 MO NC 

explants (Figure 7-4A and B). To quantify this behaviour further, explant 

displacement vectors were calculated and plotted on a rose diagram (Figure 7-4 D-

F). In control conditions, most displacement vectors lie within 90° of 0° in either 

direction, indicating that these vectors are biased towards the confronted explant 

(Figure 7-4E). In C9 MO-injected NC, displacement vectors instead lie further away 

from 0° indicating that most explants are not moving towards the other confronted 

explant (Figure 7-4F). Together, these results suggest that C9 inhibition impairs  
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Figure 7-3 CIL is not affected by C9 inhibition 

A and B Images of Control and C9 MO NC cell collisions respectively. Tracks of 

NC cell collisions are also shown C Histogram to show contact durations (mins) in 

both control and C9 MO conditions (Control MO n= 70 collisions, C9 MO n=51 

collisions) D The possible outcomes of NC cell collisions E Percentage of cells 

displaying CIL, attachment or ‘Walk-past’ behaviour in control and C9 MO NC cells 

(n=3 experiments) F Acceleration vectors of colliding cells (Control n=10 cells, C9 

MO n=10 cells). Error bars =SEM. 
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Figure 7-4   Co-attraction responses are reduced on C9 inhibition  

A Images from a bright field time-lapse movie showing NC co-attraction responses 

at 0hr, 2hr and 4hr in both control and C9 MO NC. Scale bar: 100 µm. B 

Quantification of co-attraction responses in control and C9 MO NC by observation 

of the percentage of explants exhibiting co-attraction (n= 3 experiments, 48 explants 

for both conditions; Fisher’s exact test *** p<0.001). Error bars = SEM. C The co-

attraction response in single NC cells as shown by the average speed at time points 

prior to collision (n=2 experiments with > 15 cells per condition per experiment). D 

Diagram showing calculation of displacement vectors E and F Rose plots showing 

the distribution of displacement vectors of confronted control and C9 MO NC 

(Control NC n =43 explants, C9 MO NC n= 49 explants). The mean displacement 

vector is shown in red (control) or blue (C9 MO).  
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co-attraction responses between NC explants. 

However, co-attraction is a form of chemotactic response and we have already 

shown that increased NC dispersion on C9 inhibition can impair chemotaxis.  To 

confirm that the observed reduction in co-attraction is C9-dependent rather than just 

a consequence of cell dispersion, NC confrontation assays were performed in 

restricted dispersion conditions. Dispersion was restricted by performing co-

attraction assays either in boxes or between lines (Supplementary movies 7 and 8). 

Restricting dispersion in this manner was unable to rescue the reduced co-attraction 

response in C9 MO NC as shown by both the percentage of explants exhibiting co-

attraction as well as the displacement vectors (Figures 7-5 A-E). Restricted 

dispersion co-attraction assays were also performed by molecular manipulation. 

LPAR2 is required for the regulation of N-cadherin recycling in Xenopus NC 

(Kuriyama et al. 2014). Inhibition of LPAR2 by injection of LPAR2 MO, blocks N-

cadherin recycling and prevents the dispersion of NC explants in culture (Kuriyama 

et al. 2014). Co-injection of LPAR2 was able to rescue the increased dispersion 

phenotype observed on C9 inhibition (Figure 7-6A-D, Supplementary movie 9). Co-

attraction assays were then performed in control, C9 MO and C9 MO and LPAR2 

MO injected NC explants (Figure 7-7A-C, supplementary movie 10). Again, 

restriction of dispersion, by use of the LPAR2 MO could not rescue co-attraction in 

C9 MO-injected NC, as shown by both the percentage of explants exhibiting co-

attraction and the calculated displacement vectors (Figure 7-7A-D). Together, these 

experiments show that the impaired co-attraction observed in C9 MO cells is not due 

to poor chemotaxis of dispersed cells, but instead they indicate a role of C9 in co-

attraction. 

Single cell assays were performed to determine if impaired co-attraction responses 

could also be observed at a single cell level. Previous work identified an acceleration 

of NC cells just before collision, likely corresponding to co-attraction responses 

between individual NC cells (Scarpa et al. 2013). Both control and C9 MO nRFP- 

injected NC cells were tracked at two-minute intervals, for a period of 30 minutes 

prior to collision. Whilst control NC exhibited a slight increase in speed prior to 

collision, this increase was less dramatic in C9 MO NC, suggesting that co-attraction  



 117 

 

Figure 7-5 Restriction of dispersion cannot rescue reduced co-attraction 

responses observed in C9 MO NC 

A and B Images from time-lapse movies at 0hr and 4hr showing co-attraction assays 

between control and C9 MO NC when restricted by lines. Scale bar: 100 µm. 

Quantification of co-attraction by calculation of dispersion vectors is shown on 

corresponding rose diagrams (Control NC n=30 explants, C9 MO n=26 explants). 

The mean displacement vector is shown in red (control) or blue (C9 MO) C and D 

Images from time-lapse movies at 0hr and 4hr showing co-attraction assays between 

control and C9 MO NC when cultured in a box shape. Scale bar: 100 µm (Control 

NC n= 21 explants, C9 MO NC n=13 explants). E Co-attraction of control and C9 

MO NC in restricted dispersion conditions as shown by the percentage of explants 

that exhibited co-attraction (Lines control: n= 36 explants, C9 MO: n=37 explants; 

Fisher’s exact test ** p<0.01, Box control: n=21 explants, C9 MO: n=31 explants; 

Fisher’s exact test * p<0.05). Error bars = SEM. 
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Figure 7-6 Co-injection with LPAR2 MO rescues increased dispersion 

phenotype in C9 MO NC 

A- C Single images of time-lapse NC dispersion movies at 0hr and 6hr. Scale bar: 

100µm. Delaunay triangulation at the 6hr time point is also shown for all conditions. 

D Dispersion as shown by average triangle area (µm2) of control, C9 MO and C9 

MO LPAR2 MO NC clusters at 6hr. (Control n=34 explants, C9 MO n=38 explants, 

C9 MO LPAR2 n=20 explants from 3 individual experiments; One-way ANOVA*** 

p<0.001 and * p<0.05). Error bars = SEM. 
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Figure 7-7 Reduced co-attraction responses on C9 inhibition cannot be rescued 

by co-injection of LPAR2 MO  

A-C Images from time-lapse movies at 0hr and 4hr of co-attraction assays with 

control, C9 MO and C9 MO LPAR2 MO NC. Scale bar: 100 µm. Quantification of 

co-attraction by calculation of dispersion vectors is shown on corresponding rose 

diagrams (Control: n=34 explants, C9 MO: n=26 explants, C9 MO LPAR2: n=13 

explants, from three individual experiments). The mean displacement vector is 

shown in red (control) or blue (C9 MO and C9 MO LPAR2 MO) D Percentage of 

explants that exhibited co-attraction in control, C9 MO and C9 MO LPAR2 

conditions (n=3 individual experiments with control: n=33 explants, C9 MO: n=29 

explants, C9 MO LPAR2: n=14 explants). Error bars =SEM. 
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responses of C9-inhibited NC cells were also impaired at a single cell-level (Figure 

7-4C). Together, these observations further confirm the results of the restricted 

dispersion assays, which suggest C9 inhibition impairs NC co-attraction responses 

independent of an effect on cell dispersion. 

Our current understanding of the mechanism for co-attraction depends on the release 

of the complement factor C3a by the NC and its recognition by C3aR, present on NC 

cell surfaces (Carmona-Fontaine et al. 2011). C9 could therefore play a role in either 

the release of C3a from the NC, the recognition of this ligand and the downstream 

signaling needed for a response, or both (Figure 7-8A). To elucidate whether C9 

could regulate C3a/C3aR responses, I first assessed the mRNA expression of C3 in 

control and C9 MO-injected Xenopus embryos. Whilst in situ hybridisation of C3 

expression showed that C9 MO injection was able to inhibit NC migration it did not 

affect the expression of C3 within the NC (Figure 7-8B).  

To investigate C3a/C3aR responses in C9 MO NC, the activin-C3a construct was 

used to express C3a in Stage 8-9 ACs. ACs were dissected and the chemotaxis of NC 

towards C3a-expressing AC tissue was then analyzed (Figure 7-8C). My results 

showed that C9 MO NC exhibit a reduced chemotaxis towards C3a in comparison to 

control NC, as shown by both the percentage of explants exhibiting chemotaxis and 

calculation of the yFMI (Figure 7-8E and F, Supplementary movie 11).  

Together, these results suggest that C9 could regulate the responses of NC to C3a 

rather than the secretion of C3 from NC cells. However more investigation is 

required to confirm this finding, which will be discussed below.  
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7.4 Conclusions and further work 

In the previous chapter I observed that C9 is required for NC collective behaviour. 

Here, I show that the loss of NC cohesion on C9 inhibition can be attributed to the 

disruption of NC co-attraction responses. As previous results had shown that 

increased dispersion of C9 MO NC could impair collective chemotaxis, co-attraction 

responses were observed in both normal and restricted dispersion conditions. The 

restriction of NC cluster dispersion could not rescue co-attraction responses. This 

suggests that C9 inhibition directly affects co-attraction responses, independent of its 

influence on cell dispersion. Together, these results confirm that C9 is required for 

co-attraction and as a result, NC collective migration.  

However, we do not yet understand how C9 is involved in NC co-attraction 

responses. Current understanding of NC co-attraction suggests an integral role of the 

complement protein C3a and its receptor C3aR. Therefore, we performed 

experiments to investigate both the expression and function of these proteins in C9 

MO embryos. Our observations suggest that reduced co-attraction responses in C9 

MO NC could result from impaired C3a/C3aR signalling, as C9 morphant cells 

exhibited a reduced chemotaxis towards C3a-expressing AC. However, considering 

that C9 inhibition can also impair chemotactic responses via its effect on dispersion, 

this assay should be repeated in restricted dispersion conditions to validate that 

reduced chemotaxis towards C3a is C9-specific. Further chemotaxis experiments 

using C3a protein-coated beads could also be used to confirm this result.      

A reduction in C3a or C3aR expression could also explain impaired co-attraction 

responses on C9 inhibition. Therefore, in situ hybridization was performed to 

observe the expression of C3 mRNA in both control and C9 MO embryos. Whilst no 

difference was observed in C3 mRNA expression, a more quantitative analysis is 

required to fully confirm that C9 inhibition does not affect the expression of either 

C3a or C3aR. For this, C3a and C3aR protein expression levels should be observed 

by western blot analysis. Also, if C3a or C3aR levels are downregulated on C9 

inhibition, the restoration of expression levels of either protein should be able to 

rescue both the in vitro and in vivo phenotypes observed on C9 inhibition. Therefore, 
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the Activin-C3a construct could be co-injected with C9 MO, to observe if increased 

levels of C3a can rescue phenotypes observed on C9 inhibition.  

To elucidate whether the secretion of C3a, or the response to C3a binding are 

impaired in C9 MO NC explants, confrontation assays between control and C9 MO 

NC explants should be performed. The ability for C9 MO NC to respond to control 

NC explants would determine how C9 is involved in the co-attraction response. If C9 

MO NC are unable to move towards control NC, this would suggest that C9 

inhibition impairs the ability for the NC to respond to C3a released from 

neighbouring cells. However, if control NC are unable to respond to C9 MO NC, this 

would suggest that the release of C3a from the NC is impaired on C9 inhibition.  

Together, these proposed experiments will help us to better understand how C9 

interacts with C3a and C3aR to mediate NC co-attraction. 
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8 Elucidating the Mechanism of C9 Function Within 
the Neural Crest 

The complement protein C9 is traditionally a serum protein that provides protection 

against pathogens via MAC-mediated cell lysis. Therefore, in immunity the function 

of C9 is dependent on two main features, its secretion and its assembly into the 

MAC. This thesis proposes a new developmental role for C9 in the collective 

migration of the NC. The novelty of this function may also be exhibited in its 

mechanism, which could deviate from its traditional activation via the complement 

cascade. Therefore, in this chapter preliminary experiments were performed to 

investigate if, firstly C9 secretion is required for its function and secondly, if the 

formation of the MAC is critical for the role of C9 within the migrating NC.   

8.1 C9 secretion is required for its function within the Neural Crest 

The production of complement is conventionally attributed to the liver, which then 

releases inactive complement into the circulation. However, it is now widely 

accepted that almost all cells within the human body can generate complement 

(Morgan & Gasque 1997). During NC migratory stages X.laevis embryos have 

neither developed a circulatory system or liver. We have shown that C9 is required in 

a NC-cell autonomous manner, suggesting its production within the NC is required 

for NC migration (Figure 6-5). However the exact mechanism by which C9 acts 

within this cell population is not known.  

Complement activation is primarily confined to either blood plasma or a target cell 

surface. However more recently, an alternative mechanism of action has been 

proposed for the activation of Complement C3, where it is instead activated 

intracellularly (Liszewski et al. 2013). Therefore, two hypotheses could be proposed 

for the mechanism of activation of C9 within the NC cell population. The first 

suggests C9 is produced by one NC cell within the cluster that then secretes this 

protein into the surrounding environment, where it binds to and induces an effect in a 

neighbouring cell.  Alternatively C9 could be both produced by and activated within 

a single cell, resulting in a response from the same cell. Whilst C9 secretion would 
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be important for a paracrine role of this protein, intracellular activation of C9 would 

not require this. Therefore, to investigate which of these two hypotheses could be 

correct for NC migration, I performed some preliminary work to understand whether 

the NC secretes C9, and if this secretion was required for normal NC behaviour. 

To investigate if C9 secretion is important for NC migration, the localisation and 

secretion of C9 within the NC was examined. Firstly, the localisation of endogenous 

C9 protein within NC cells was observed by immunofluorescence using a C9 

antibody (Figure 8-1A and B). C9 protein expression was observed in the 

extracellular membranes of the NC, with some expression localised to cell 

protrusions (Figure 8-1B). This expression was not observed when 

immunofluorescence was performed against the secondary antibody alone (Figure 8-

1C). However, as background staining was high, we were unable to localise C9 

expression to specific cellular structures. Therefore, subcellular C9 localisation was 

observed by expression of a C9-GFP construct. C9-GFP expression was observed 

throughout NC cells (Figure 8-2A-C). At cell protrusions, C9-GFP expression was 

observed as both punctate dots, and filamentous structures that extended towards the 

cell membrane (Figure 8-2C, Supplementary movie 12).  

To investigate whether expression of C9-GFP at cell protrusions correlated with 

cytoskeletal structures important for secretion, such as microtubules or actin 

filaments, immunofluorescence was performed (Figure 8-3A-H).  NC 

immunofluorescence against both GFP and α-tubulin or phalloidin was performed to 

observe the co-localisation of C9 with microtubules and actin filaments, respectively 

(Figure 8-3A-H). Whilst C9-GFP was observed as filamentous structures in cell 

protrusions, this expression did not fully co-localise with either phalloidin or α-

tubulin (Figure 8-3A-H). Together these results suggest C9 is expressed close to the 

cell membrane of protrusions, and in a manner indicative of its incorporation into the 

secretory pathway. However the expression of C9-GFP did not co-localise, with 

microtubules or actin filaments, often associated with secretory vesicle transport. 

Therefore further work is required to confirm the co-localisation of C9 with 

organelles or structures involved in protein secretion.  
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Figure 8-1 Localisation of endogenous C9 in NC cells  

A Endogenous expression of C9 protein in Xenopus NC cells by 

immunofluorescence against a C9 antibody. Scale bar: 25µm B Zoomed image of C9 

localisation in NC cell protrusions C Immunofluorescence with secondary antibody 

alone.  

 

 

Figure 8-2 C9-GFP expression in Xenopus NC cells 

A and B Expression of C9-GFP in NC clusters (Red-LifeActin, green-C9-GFP). 

Scale bar: 55µm C Zoomed image of a C9-GFP-expressing NC cell.  
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Secreted proteins contain a signal peptide, which is a short sequence of amino acids 

located at the N-terminus. This signal peptide sequence is critical for the trafficking 

of proteins, such as C9, to the secretory pathway. Thus, alterations in the signal 

peptide sequence of C9 could affect its secretion. To investigate whether C9 

secretion is required for its function in the NC, we generated two C9 secretion 

mutant constructs, with altered signal peptide sequences (Figure 8-4). Firstly, a C9 

secretion mutant construct lacking the signal peptide (C9 ΔSP) was generated 

(Figure 8-4B). The protein generated from this construct should not be targeted to the 

secretory pathway and therefore expression of this secretion mutant construct would 

be expected to result in an inhibition of C9 secretion. The second construct instead 

contains the signal peptide from Gaussia luciferase (C9 GLuc); a naturally secreted 

protein produced by the copepod Gaussia princeps (Figure 8-4B). As the GLuc 

signal peptide has previously been shown to be highly effective for ‘bulk’ secretion 

of recombinant proteins, this construct would be expected to lead to the secretion of 

the C9 mutant construct (Stern et al. 2007).  

In vitro dispersion assays were used to assess if co-injection of these mutant 

secretion constructs was able to rescue C9 morphant phenotypes (Figure 8-4, 

Supplementary movie 13). Co-injection of FL C9 mRNA was able to rescue the 

increased dispersion phenotype in C9 MO NC, as previously shown (Figure 6-9 and 

8-4A and C). Similarly, the rescue of C9 MO NC with C9 GLuc mRNA was also 

able to significantly reduce the dispersion of NC clusters (Figure 8-4A and C). In 

contrast, co-injection of C9 MO with C9ΔSP mRNA was unable to rescue the 

increased dispersion observed in C9 MO NC. This rescue experiment suggests that 

C9 secretion is required for its function in NC migration; however further work is 

required to confirm this result, and the correct functioning of the mutant C9 

constructs. Proposed experiments to address these questions will be discussed later in 

this chapter. 
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Figure 8-3 Co-localisation of C9-GFP with microtubules and actin filaments 

A-D Immunofluorescence against GFP and phalloidin, showing actin and C9 

expression, in C9-GFP expressing Xenopus NC. Scale bar: 10µm E-H 

Immunofluorescence against GFP and α-tubulin showing expression of C9 and 

microtubules in C9-GFP expressing NC clusters. Scale bar: 10µm. 
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8.2 Other MAC proteins are expressed in early Xenopus 

development and are required for migration 

At present, described functions of C9 rely on the formation of the MAC. The most 

well known role of the MAC is associated with the immune system, where it is 

involved in the lysis of invading pathogens. However, more recently, additional sub-

lytic roles have also been proposed widening MAC functions to processes such as 

proliferation, adhesion and migration (Fosbrink et al. 2006; Francesco Tedesco et al. 

1997; Cole & Morgan 2003). Therefore, it is possible that the observed function of 

C9 in NC migration may also be dependent on the assembly and function of the 

MAC.  

To determine if MAC formation is important for C9 function in the developing NC, 

preliminary experiments were conducted to first investigate if other MAC 

components exhibited a similar expression pattern to C9 during X.laevis 

development. Tissue and stage specific expression of MAC components was 

observed by RT-PCR (Figure 8-5B, Manuela Melchionda, Doctoral Thesis). RNA 

samples were extracted from whole embryos at Stage 6, the animal cap (AC) and 

dorsolateral marginal zone (DLMZ) at stage 10 and the cranial regions of embryos 

between stages 16-27. MAC components C5b, C6, C8β and C9 are all expressed as 

maternal mRNA at Stage 6 (Figure 8-5B). Expression levels of MAC components 

increased at later stages (Stages 10-27) and were particularly enriched within the 

cranial region during NC development (Stages 16-27) (Figure 8-5B). Therefore, 

these results confirm the expression of C5, C6 and C8β mRNA temporally and 

spatially coincide with C9 mRNA expression during early development (Figure 8-

5B).   

Further characterization of C5 and C8β mRNA expression during migratory NC 

stages was performed by in situ hybridization (Figure 8-5C and D). Both components 

are expressed within the NC at Stage 23, C5 mRNA expression in the mandibular 

NC stream and C8β expression being observed within the mandibular and hyoid NC 

streams (Figure 8-5C and D). Collectively, this expression data confirms that other  
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Figure 8-5 Expression of MAC proteins during NC migratory stages 

A Diagram of MAC assembly B RT- PCR of C9, C5, C6, C8β mRNA expression in 

X.laevis embryos between stages 6-27. ODC was used as a positive control (Manuela 

Melchionda, doctoral thesis) C In situ hybridization showing lateral and dorsal views 

of C5 mRNA expression in X.laevis embryos at stage 23 D In situ hybridization 

showing lateral and dorsal views of C8β mRNA expression in X.laevis embryos at 

stage 23. Black arrows highlight predicted location of NC streams. 
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MAC components are expressed within the migrating NC and suggests MAC 

formation could be required for C9 function in NC migration. 

If MAC assembly is required for C9 NC function, the inhibition of other MAC 

proteins should be able to reproduce the in vitro and in vivo phenotypes observed on 

C9 inhibition. Therefore, I observed the effect of C7 inhibition on NC migration both 

in vivo and in vitro. C7 inhibition was achieved by MO injection in one animal and 

one dorsal blastomere at the 8-cell stage. Twist in situ hybridization was used to 

determine in vivo NC migratory phenotypes after injection (Figure 8-6A). The 

percentage of embryos that exhibited inhibited migration was significantly higher on 

C7 MO injection in comparison to control MO injection at the same concentration 

(Figure 8-6B). However, whilst this result suggests C7 is important for NC 

migration, it does not confirm that C7 inhibition blocks NC migration via the same 

mechanism as C9. To address this, an in vitro dispersion assay was performed to 

assess if C7 MO injection also affected NC cluster behaviour (Figure 8-7A and B, 

Supplementary movie 14). We observed that C7 MO-injected explants exhibited a 

significantly increased dispersion in comparison to control NC, as shown by a 

significantly higher average triangle area at 6hr (Figure 8-7A and B).  

Together, this data confirms the expression of other MAC proteins within the 

migrating NC and suggests the requirement for another component of the MAC, C7 

in NC migration.  

8.3 Conclusions and further work 

Together, the results of this chapter suggest that the traditional mechanism of C9 

function, involving its secretion, and assembly into the MAC, could also be 

important for its role in NC migration.  

Preliminary results suggest that the localisation of C9 within the NC supports its 

secretion. Imaging of C9-GFP expressing NC showed C9 was localised to punctate 

dots and tubular structures extending to the plasma membrane, suggestive of C9-

containing secretory vesicles. Although the tubular structures did not co-localise with 

cytoskeletal elements associated with secretory vesicle transport, it is likely these  
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Figure 8-6 C7 inhibition by C7 MO injection blocks NC migration in vivo  

A Migratory phenotypes observed on C7 inhibition as shown by Twist in situ 

hybridization. Black arrows indicate NC migratory streams B Quantification of 

migratory phenotypes observed on C7 inhibition as shown by the percentage of 

embryos with inhibited migration (Control MO n=49 embryos, C7 MO n=78 

embryos; Fisher’s exact test *** p<0.001). 
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Figure 8-7 C7 inhibition increased NC cluster dispersion in vitro  

A Bright field images from a time-lapse movie showing NC explant dispersion at 0hr 

and 6hr. Delaunay triangulation analysis at 6hr is also shown B Quantification of 

dispersion as shown by the average triangle area at 6hr (Control n=36 explants, C7 

MO n=26 explants from three independent experiments; Student’s t-test *** 

p<0.001). Error Bars= SEM.  
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structures are post-Golgi carriers.  Post-Golgi carriers are membrane bound 

organelles which transport secreted proteins from the Golgi complex (Luini et al. 

2008). Often these carriers extend into tubular structures as they move through the 

cytosol, reminiscent of the structures observed in C9-GFP expressing NC clusters 

(Luini et al. 2008). However to confirm this hypothesis further analysis of C9 

localisation should be performed. For example, co-localisation of C9-GFP with 

known cellular structures involved in secretion, such as the Golgi apparatus, or 

disruption of the secretory pathway with inhibitors such as Brefedlin A, which 

blocks the trafficking of proteins between the Endoplasmic Reticulum (ER) and 

Golgi, would confirm the presence of C9-GFP within the secretory pathway. High 

time resolution imaging could also be used to track the movement of C9-GFP 

expressing particles within NC protrusions. Together, these experiments would help 

to confirm the preliminary observations that suggest C9 is secreted from NC cells. 

In immunity, complement proteins are normally secreted from one cell to confer a 

response in other cells within the surrounding environment. A similar mechanism 

could also be observed within the NC, whereby one cell within the population 

secretes C9 that will then bind to and affect the migration of a neighbouring cell. Co-

culture experiments, whereby C9-GFP expressing NC explants are plated alongside 

membrane-labeled control NC explants, could therefore be used to determine if this 

paracrine function of C9 also exists within the NC.  

The observation that expression of non-secretable forms of C9 was unable to rescue 

C9 morphant dispersion phenotypes in vitro suggests C9 secretion is also required 

for NC migration. However further work is needed to firstly, confirm the ability for 

these constructs to alter the secretion of C9 from NC explants and secondly, confirm 

this preliminary result on cell dispersion using other C9 morphant phenotypes such 

as co-attraction. 

In both its roles within and outside of immunity, C9 function depends on the 

formation of the MAC. Our preliminary data suggests that MAC formation is also 

required for NC migration. Both RT-PCR and in situ hybridisation analysis show 

that other MAC components are expressed in cranial regions of X.laevis embryos 
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during NC migratory stages. Furthermore, functional overlap was observed between 

C9 and C7, as inhibition of C7 was able to replicate both the in vivo and in vitro 

phenotypes observed on C9 inhibition. However, co-attraction assays between C7 

MO NC should also be performed to confirm that the loss of collective behaviour on 

C7 inhibition is also a consequence of impaired co-attraction responses.  

The MACPF domain, common to C5b, C6, C7, C8 and C9 proteins, is critical for the 

formation of the MAC. Therefore, a C9 deletion construct, lacking this MACPF 

domain could be used to demonstrate the importance of MAC assembly for C9 

function in the NC, by performing in vivo and in vitro rescue experiments of C9 

morphants.  

Together, the additional experiments proposed in this discussion will help to support 

our initial observations and improve our understanding of the mechanism behind C9 

function in NC migration.  
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IV Conclusions and Discussion 
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9 Conclusions and Discussion 

9.1 Summary and Working Model 

The complement factor C9 plays an important role in immunity, providing protection 

against invading pathogens. However, more recently the expression of complement 

proteins during early development has also indicated a potential role for these 

proteins in embryonic processes (Leslie & Mayor 2013; McLin et al. 2008). Here, I 

provide evidence that C9 is required for the collective migration of the NC, 

suggesting a novel role for this protein outside of its well-described function in 

immunity. 

Firstly, I have demonstrated that C9 is expressed within migrating NC cells and 

inhibition of this protein, by MO injection, is able to block NC migration in vivo. NC 

graft experiments further show that C9 is required in a NC autonomous manner, 

suggesting that the expression of C9 within the NC is directly required for their 

migration. To further characterize how C9 could influence NC migration in vivo, I 

assessed the cellular behaviour of C9-inhibited NC in vitro. One important 

observation from initial in vitro assays was that whilst C9 morphant NC did not show 

altered single cell motility, migratory defects were observed when C9 morphant NC 

formed part of a group. In particular, C9-inhibited NC cells responded 

heterogeneously to chemoattractant cues, resulting in a reduced chemotactic response 

in general. As such a response had previously been identified in situations of reduced 

cell cohesion, a dispersion assay was performed to assess NC collectiveness 

(Carmona-Fontaine et al. 2011). This confirmed that C9-inhibited NC exhibited 

reduced cohesion in vitro. Together, these results suggest that C9 is required for the 

collective behaviour of the NC, which is intrinsic to their efficient migration both in 

vitro and in vivo.  

The maintenance of collective NC behaviour during migration relies on an intricate 

balance of attractive and repulsive intracellular forces (Woods et al. 2014). To 

understand how C9 inhibition could impair NC cohesion, in vitro assays were used to 

observe the three main intracellular forces regulating NC collectivity; cell-cell 

adhesions, CIL and co-attraction. Firstly, alterations in the strength of cell-cell 
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adhesions or the expression of known NC cell adhesion molecules could result in the 

loss of cohesion observed on C9 inhibition. Analysis of the expression and 

localisation of known cell adhesion molecules, as well as the strength of cell-cell 

adhesions did not support the hypothesis that NC cell-cell adhesions were altered on 

C9 inhibition. As immunofluorescence analysis of NC cell-cell adhesions only 

included several of the known NC cell adhesion molecules, a cell sorting assay was 

also performed to understand if the general assortment of expressed cell-cell 

adhesion molecules was altered between control and C9 MO NC. However, the two 

NC populations mixed homogenously suggesting that cell-cell adhesions were 

similar between the two conditions. Thus my results indicate that cell-cell adhesion 

molecule localisation, expression and function are consistent between control and 

C9-inhibited NC.  

CIL is a repulsive interaction between colliding NC cells (Carmona-Fontaine et al. 

2008). On contact, NC cells collapse their protrusions and concomitantly repolarize, 

redirecting their protrusions in the opposite direction to collision. Therefore an 

increase in CIL responses could result in the lack of NC cohesion observed on C9 

inhibition. Measurement of the duration of NC cell-cell contacts, the percentage of 

collisions that resulted in CIL and the acceleration of NC cells after collision were 

used to assess CIL behaviour. However, these results suggest that CIL is unaffected 

on C9 inhibition, indicating that the loss of collective behaviour is independent of 

CIL.  

Mutual NC cell attraction, known as co-attraction, is required to maintain the 

collective behaviour of NC clusters (Carmona-Fontaine et al. 2011). My results 

suggest that the loss of cohesion on C9 inhibition can be attributed to a reduction in 

this co-attraction response. Loss of cell cohesion results in a more individual 

migration of NC cells, which can impair chemotactic responses in general. However, 

restriction of C9 morphant NC dispersion was unable to rescue the observed effect 

on co-attraction, suggesting that this inhibited co-attraction phenotype was specific 

for C9 inhibition, rather than just the result of poor NC cohesion. Together, these 

results indicate that C9 mediates NC collective migration through its regulation of 
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intercellular co-attraction. However, further investigation is still required to 

understand the mechanism behind C9 involvement in NC co-attraction.  

At present, described functions of C9 rely on its incorporation into the MAC whether 

it is in a lytic, sub-lytic or soluble form. Similarly, some preliminary results suggest 

that the function of C9 in NC migration could also depend on its association with 

other MAC proteins. Firstly, the spatiotemporal expression of other MAC 

components was similar to C9 during NC migratory stages, indicating a potential 

association of these components during this process. Furthermore, the inhibition of 

the MAC component, C7, produced in vivo and in vitro NC migratory phenotypes 

comparable to those observed on C9 inhibition. Together, this evidence suggests the 

potential for MAC function in NC migration, however more study is needed to 

confirm these results.  

My preliminary work also suggests secretion of C9 is required for its function in NC 

migration. Firstly, initial studies looking into the localisation of C9 within the NC, 

using both immunofluorescence against a C9 antibody and overexpression of a C9-

GFP construct, are indicative of its secretion. In addition, the expression of a non-

secretable form of C9, C9ΔSP, was unable to rescue increased dispersion phenotypes 

observed on in vitro culture of C9 morphant NC. Whilst these preliminary results 

suggest the importance of C9 secretion for its function within the NC, further work is 

required.   

Therefore, I propose the following model for NC cell migration.  C9 is required in 

the migrating NC to mediate co-attraction responses between individual NC cells. C9 

thus acts to maintain the collective behaviour of migrating NC cells, allowing their 

efficient directional migration in vivo (Figure 9-1).  
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9.2 Discussions 

9.2.1 How could C9 regulate co-attraction? 

One of the main outstanding questions from this thesis is how C9 regulates co-

attraction within the NC. NC co-attraction is thought to depend on the interaction of 

the complement component, C3a, and its receptor C3aR (Carmona-Fontaine et al. 

2011). NC cells both secrete and respond to C3a within the environment, via C3aR 

expressed on their surface. As a result, if individual NC cells migrate away from the 

cluster, they are attracted back to the remainder of the cluster through this 

mechanism.  

The complement cascade involves the sequential assembly and cleavage of 

complement proteins that eventually culminates in MAC formation and pathogen 

lysis. Whilst C3a acts as an early effector molecule in the cascade, C9 is the terminal 

component of the complement pathway.  Therefore, the potential involvement of C9 

in C3a/C3aR signalling contradicts our current knowledge of the cascade, which 

places C9 downstream of C3. However as the described function of C9 in NC 

collective migration is novel, the mechanism behind C9 function could differ from 

the traditional sequence of complement activation observed in immunity.  

The spatiotemporal similarity between the developmental expression of C3 and C9, 

suggests that co-operation of these proteins could be important for their function 

within early Xenopus NC development. One potential mechanism for C9 function in 

co-attraction could be via the regulation of C3a or C3aR expression. Whilst current 

literature does not suggest the ability for C9 to regulate either C3a or the C3aR 

expression, the formation of sub-lytic MAC has been associated with the modulation 

of several other chemotactic responses. Firstly, sublytic C5b-9 has been shown to 

induce the secretion of factors such as bFGF and PDGF from endothelial cells and 

VEGF from epithelial cells (Benzaquen et al. 1994; Kunchithapautham & Rohrer 

2011). C5b-9 has also been associated with the secretion of Sdf-1 during 

hematopoietic stem cell homing (Kim et al. 2011). Together this evidence suggests, 

C9 is able to regulate the secretion of NC chemoattractants such as Sdf-1 and VEGF, 

via formation of the sub-lytic MAC (Mclennan et al. 2010; Theveneau et al. 2010). 
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However more investigation is required to see if this capacity extends to the 

modulation of the NC chemoattractant molecule C3a.  

Rather than regulating the expression of C3a and its receptor, C9 could instead affect 

cellular responses to C3a/C3aR binding. Some functional redundancy between C3a 

and C9 has previously been described for inflammasome activation (Triantafilou et 

al. 2016). Activation of inflammasomes is thought to be a two-step process whereby 

the first signal acts to prime cells for the second signal, which involves the 

penetration of the cell membrane (Triantafilou et al. 2016). Both the formation of 

sublytic MAC and the binding of C3a to C3aR, can result in inflammasome 

activation (Triantafilou et al. 2013; Asgari et al. 2013). It has been proposed that C3a 

may act to provide the priming signal for inflammasome activation through the 

regulation of IL-1β production (Triantafilou et al. 2016). C5b-9 then produces the 

second signal via membrane perturbation. Two-signal models are a common theme 

in immunity, allowing the tight regulation of important processes. The role of 

complement in NC co-attraction could hold a similar two-signal mechanism to that 

of inflammasome activation: whereby C3a-C3aR binding is required to initiate the 

co-attraction response and C9 signalling is then required for the functional outcome 

of this initial signal.  

On C3a binding to its receptor, a signalling cascade is initiated within the responding 

NC. This intracellular signalling culminates in the activation of Rac in the leading 

edge and the formation of protrusions in the direction of the C3a source (Carmona-

Fontaine et al. 2011). However details of the intermediate signalling steps required 

for this Rac activation are not known. One important response to C3a-C3aR binding 

is a G-protein dependent-increase in intracellular calcium (Ca2+), which is thought to 

initiate downstream signalling events (Norgauer et al. 1993). Similarly, insertion of 

sub-lytic MAC in cellular membranes can also result in an increase in intracellular 

calcium (Wood et al. 1993). Therefore, influx of Ca2+ is a common intracellular 

event on both C5b-9 insertion and C3a-C3aR ligand binding and could provide a 

common mechanism for the involvement of both complement proteins in the NC co-

attraction response. In line with the two-signal model common to immunity, NC co-
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attraction could involve C3a/C3aR binding to generate a small Ca2+ flux into the cell, 

which is then amplified by C9 (or C5b-9) to then produce a more effective response.  

To determine if Ca2+ signalling is important for C9 function in co-attraction, 

observation of intracellular calcium fluxes during NC co-attraction could be 

performed using the genetically encoded calcium indicator R-GECO (Zhao et al. 

2011). R-GECO belongs to a class of calcium indicators of a single fluorescent 

protein type that are dim in the absence of Ca2+ and bright when bound to Ca2+. In 

normal conditions, an increase in intracellular Ca2+ levels would be expected on the 

initiation of a co-attraction response. Loss of this Ca2+ response in co-attracting C9 

morphant NC could suggest that Ca2+ acts as an interaction point between the 

signalling of these two distinct complement proteins, and is important for their 

collaboration in the mediation of the co-attraction response.  

However, the binding of sublytic MAC has also previously been described to 

sensitise cells to mitogenic factors (Halperin et al. 1993; Shankland et al. 1999). 

Therefore, C9 could instead mediate C3a/C3aR responses by sensitising the NC to 

C3a. Alternatively, C9 could be required for NC co-attraction in a manner 

independent of C3a. For example, C9 itself could act as a NC chemoattractant for co-

attraction helping to maintain NC cohesion alongside C3a-C3aR signalling. However 

at present there is no evidence to suggest that C9 or the MAC, can directly act as 

chemoattractants in biological processes. 

Overall, further investigation is required to determine the interaction between C3a/ 

C3aR and C9 in the modulation of NC co-attraction.  

9.2.2 What other non-immune functions of C9 exist? 

This thesis highlights two previously unknown features of C9, its ability to regulate 

collective migration and its potential interaction with C3a/C3aR responses. The 

identification of these non-lytic functions of C9 suggests that this protein could be 

important for many other processes outside of immunity.  
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Firstly, collective migration is a mode of cell movement common to many 

developmental processes. Therefore C9 could be relevant for other early embryonic 

collective movements, such as in the formation of the lateral line, to the migration of 

border cells within the Drosophila ovary. As such, it may be of interest to further 

investigate the expression of C9 in other developing organisms and its coincidence 

with collective migratory processes. However, collective migration is not solely a 

property of developmental processes, it is also intrinsic to cancer cell migration. 

Therefore, this proposed role for C9 in collective migration could also be important 

for this disease state. In fact, C9 has been found to be upregulated in the plasma of 

gastric cancer patients and the deposition of C5b-9 has been documented widely in 

human malignancies (Chong et al. 2010; Vlaicu et al. 2013). Traditionally, 

complement has primarily been hypothesized to play a role in cancer progression 

through its inflammatory effects (Markiewski et al. 2008). However, the evidence 

from this thesis suggests C9 could instead play a direct role in cancer metastasis 

through its influence on collective migration. Understanding the relevance for 

complement proteins such as C9 in cancer progression and metastasis could also 

provide an important avenue for future work.  

My results suggest that C9 regulates collective behaviour through the mediation of 

co-attraction responses. Co-attraction is important for NC migration as it allows 

mesenchymal NC cells to migrate as a collective, in the absence of strong epithelial 

cell-cell adhesions. Therefore, it would be interesting to observe if other collectively 

migrating mesenchymal tissues, such as the mesendoderm, may also adopt co-

attraction to maintain cell cohesion during migration. Whilst at present, examples of 

mutual cell attraction are limited, the vast diversity of the few processes that involve 

co-attraction, from Dictyostelium swarming behaviour to Xenopus NC migration, 

suggests that there may be many more examples of co-attraction yet to be uncovered.  

Also, if C9 acts in concert with C3a/C3aR binding during NC migration, C9 function 

may not only be important for co-attraction, but any other processes in which 

C3a/C3aR responses have been implicated, such as regeneration, hematopoiesis and 

neurogenesis (Reca et al. 2003; Rahpeymai et al. 2006; Yuko et al. 2003; Rio-Tsonis 

et al. 1998). Interestingly, recent evidence from our laboratory suggests that 
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C3a/C3aR signalling is important for epiboly, a process of cell thinning during 

gastrulation (Isidoro Cobo, MPhil). Inhibition of C3a or C3aR has been proposed to 

prevent gastrulation by preventing the radial intercalation of deep and superficial 

layer cells during epiboly (Isidoro Cobo, MPhil). As C9 expression can also be 

observed in X.laevis gastrula, further work should examine if C9 also possesses a 

functional role during these stages.  

In this thesis we propose a novel role for C9 within NC development. However the 

identification of this non-immune function of C9 also suggests the potential for C9 to 

play an important part in a whole host of other biological process.  
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