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Abstract 

During development, neurons extend axons over long distances to connect to their 

target cells. Growth cones, specialized structures at the tip of extending axons interact 

with a vast number of extracellular cues en route to their target. These guidance cues 

are detected by specific receptors expressed on the growth cone. Receptor-ligand 

binding triggers downstream signaling pathways that affect actin and microtubule 

assembly in the growth cone leading to directed outgrowth. The identification of these 

guidance cues and their corresponding receptors is essential for our understanding of 

the molecular mechanisms underlying neuronal connectivity.  

The aim of this study was the identification and characterization of novel genes involved 

in axon guidance in the nematode Caenorhabditis elegans. We have identified the 

laminin αB subunit EPI-1, the two collagen receptors DDR-1 and DDR-2 and their 

potential ligand collagen COL-99. DDR-1 and DDR-2 are the two C. elegans homologs 

of the receptor tyrosine kinase family of discoidin domain receptors. COL-99 represents 

a novel transmembrane collagen with similarity to collagen XIII and XXV in vertebrates. 

Mutants in col-99 exhibited axon guidance defects in the major longitudinal nerve tracts, 

most prominently in the left ventral nerve cord. Analysis of the ddr-2 mutant phenotype 

revealed similar but less penetrant defects in these axon tracts. We found that DDR-2 

functions cell-autonomously in the primary axon establishing the left ventral nerve cord. 

ddr-1 mutants showed no significant phenotype on their own but significantly enhanced 

guidance defects of ddr-2 in double mutants. Both genes interacted genetically with col-

99 and were expressed in the neurons projecting in the nerve tracts affected in col-99 

mutants. The DDR-1 and DDR-2 proteins localized to axons. COL-99 was expressed on 

the cell surface of hypodermal cells underlying the future nerve tracts and might serve as 

ligand for DDR-1 and DDR-2 expressing growth cones during axonal outgrowth in the 

embryo.  

Keywords:  Neuronal development; axon guidance; C. elegans; Discoidin Domain 
Receptors; COL-99 
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1. Introduction 

1.1. Development of the nervous system 

The nervous system is one of the most complex and fascinating organ systems 

in our body. It is the seat of our consciousness, it enables us to perceive the world 

surrounding us, allows us to feel, think, reflect and learn.  

During embryonic development the nervous system forms from the ectoderm. 

Neurons, the discrete functional units of the nervous system, then differentiate from the 

neural ectoderm and extend processes to form an intricate neural network (Sanes et al., 

2011). Two types of neuronal processes can be distinguished. Dendrites form the 

receptive part of neurons. They are frequently branched processes that receive and 

conduct electrical signals to the soma. The axon is required for signal transduction. It 

transmits electrical impulses along its shaft to its target cell, which in most instances 

represent other neurons or muscle cells. Axons connect to their target cells via 

specialized contacts, the synapses. At chemical synapses the membranes of the axon 

and its target are in close proximity separated by a small gap, the synaptic cleft. 

Transmission at chemical synapses is achieved through neurotransmitters, which are 

released from the axon at the pre-synaptic side upon sufficient electrical stimulation and 

transmit signals across the synaptic cleft to the postsynaptic partner. Electrical synapses 

between neurons directly interconnect axon and target via gap junctions allowing for a 

direct transmission of electrical signals. Frequently, the two synaptic partners are far 

away and axons have to extend over long distances to connect to their target cell. The 

wiring of the neuronal network is particularly challenging considering the large number of 

neurons involved. Despite this axons navigate reproducibly to their targets with 

remarkable accurateness. How do these axons find their way? One mechanism reducing 

this daunting task is the sequential process of axonal outgrowth. Early extending primary 

axons establish axon tracts at a time when distances between neurons and their targets 

are still comparatively small in the embryo (Tessier-Lavigne and Goodman, 1996). Later 
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outgrowing axons can extend along these pre-established axon tracts. Another 

mechanism simplifying axonal growth over long distances are intermediate targets, often 

formed by specialized cells, which separate axonal trajectories into smaller segments 

(Tessier-Lavigne and Goodman, 1996). Axons of primary neurons navigate to these 

intermediate targets in the absence of pre-established axon tracts with the help of cues 

in their environment.  

Axons sense their environment through a specialized structure at the tip of the 

axon, the growth cone. Growth cones are highly motile and constantly extend cellular 

protrusions in their surroundings in search for molecules guiding the axon en route to 

their synaptic partner. These molecules include permissive substrates that promote 

axonal outgrowth such as components of the extracellular matrix and basement 

membranes as well as cell adhesion molecules presented on the surface of other cells. 

Other molecules function as instructive cues. These so called ‘guidance cues’ can attract 

or repel growth cones. Guidance cues can be diffusible molecules that are able attract 

growth cones over far distances towards their sites of secretion. Cues can also act 

repulsive and guide axons along their concentrations gradient away from areas of high 

concentration. Other guidance cues act locally and are contact-dependent. Repulsive 

local cues for example can prevent axons from entering certain tissues. The response 

towards an individual cue depends on the receptors expressed on the surface of the 

growth cone. Growth cones with different receptor contingents can respond with 

diametrical opposite outcomes to the same extracellular cue. The activation of these 

receptors upon ligand-binding triggers downstream signaling cascades that modulate 

actin and microtubule assembly promoting either growth cone stabilization or collapse. 

At any given point multiple signaling cascades induced by repulsive and attractive 

guidance cues in the environment are integrated in the growth cone which eventually 

determines the direction of axonal outgrowth.  

Studies in the last few decades have led to the identification and characterization 

of multiple classes of guidance cues and their corresponding receptors, which have 

greatly improved our understanding of the molecular mechanisms of axonal guidance. 

The Invertebrate model organisms Caenorabditis elegans and Drosophila melanogaster 

have proven particularly efficient for the identification of novel genes involved in axon 
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guidance. The following paragraphs will review our current knowledge about the major 

classes of these molecules. 

1.2. Axon guidance cues and receptors 

Axonal guidance cues and their receptors are conserved in vertebrates and 

invertebrates (Figure 1.1). In the following paragraphs, I will introduce the major axon 

guidance molecules and discuss their role in axon navigation.  

1.2.1. Netrins 

Netrins are a small family of guidance cues related to the basement membrane 

component laminin. The Netrin gene family is evolutionally conserved and comprises 

five genes in mammals, two in Drosophila and a single gene in C. elegans (reviewed in 

Lai Wing Sun et al., 2011). Members of the Netrin family were independently identified 

as directional guidance cues in vertebrates and in C. elegans. Netrin-1 and Netrin-2 

were isolated from embryonic chick brain and revealed as the chemoattractant agents 

guiding commissural axons towards the floor plate of the spinal cord (Placzek et al., 

1990; Serafini et al., 1994). In C. elegans, mutants in the Netrin homolog unc-6, were 

found to exhibit defects in circumferential axon migrations (Hedgecock et al., 1990; Ishii 

et al., 1992). Axonal projections in dorsal and ventral direction were affected, which led 

to the idea that UNC-6/Netrin might be acting both as an attractive and repulsive 

guidance cue. UNC-6/Netrin is expressed in ventral cells in C. elegans, and likely forms 

a gradient from ventral to the dorsal, which provides positional information and serves as 

global guiding cue for axons in the nematode (Wadsworth et al., 1996). Attraction 

towards or repulsion away from the UNC-6/Netrin source depends on the receptors 

expressed on the growth cone of the outgrowing axon. The first Netrin receptor mutants 

were identified in C. elegans (Hedgecock et al., 1990). Mutants in unc-5 showed 

exclusively defects in dorsally directed projections. Mutants in unc-40, the C. elegans 

homolog of Dcc (Deleted in Colorectal Carcinoma), showed both defects in ventrally 

directed axon navigation and to a lesser degree in migrations away from the UNC-

6/Netrin source (Colavita and Culotti, 1998; Hedgecock et al., 1990). unc-5 and unc-40 

encode for type-I transmembrane receptors that belong to the IG-superfamily (Chan et 
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al., 1996; Leung-Hagesteijn et al., 1992). In C. elegans, UNC-5 and UNC-40 represent 

the only two receptors for UNC-6/Netrin (Hutter et al., 2000). Like UNC-6, UNC-5 and 

UNC-40 are evolutionally conserved but have been expanded in mammals and include 

the four UNC-5 homologs UNC5A-D, the UNC-40 homolog DCC, its paralog Neogenin 

and Down syndrome cell adhesion molecule DSCAM (reviewed in Lai Wing Sun et al., 

2011). 

Growth cones expressing UNC-5 are repelled from the ventral UNC-6/Netrin 

source in C. elegans leading to a dorsally directed axon extension (Leung-Hagesteijn et 

al., 1992). UNC-40/DCC expression mediates attraction towards UNC-6/Netrin but also 

supports repulsion when co-expressed with UNC-5 (Chan et al., 1996). Studies in 

Drosophila showed that ectopic expression of UNC-5 is sufficient for short-range 

repulsion but requires co-expression of the UNC-40/DCC family homolog Frazzled for 

long-range repulsion (Keleman and Dickson, 2001). A physical interaction between 

UNC5 and DCC has been demonstrated in Xenopus (Hong et al., 1999). Binding of 

Netrin-1 to either receptor results in the formation of an UNC5/DCC receptor complex 

and triggers an interaction between the two cytoplasmic domains, which leads to a 

switch from attraction to repulsion mediated by the cytoplasmic domain of UNC5 (Hong 

et al., 1999). In C. elegans, the switch from short to long-range repulsion is facilitated by 

the transforming growth factor-beta (TGF-β) family homolog UNC-129 (MacNeil et al., 

2009). UNC-129 is expressed exclusively in dorsal body wall muscles and forms a 

gradient directed in opposition to the UNC-6/Netrin gradient (Colavita et al., 1998). 

Interaction between UNC-129 and UNC-5 enhances long-range repulsion mediated by 

UNC-5 and UNC-40/DCC at the expense of UNC-5-mediated short-range repulsion 

(MacNeil et al., 2009). The juxtaposed UNC-129 and UNC-6 gradients allows for a 

model for dorsal directed axon navigation in C. elegans (Figure 1.2A). At high 

concentrations of UNC-6/Netrin, secreted from ventral cells, axons are repelled from the 

ventral side using UNC-5-mediated short-range repulsion. Facing increasing 

concentrations of UNC-129, UNC-5-mediated short-range repulsion is extenuated while 

simultaneously UNC-5/UNC-40-mediated long-range repulsion is increased allowing 

axonal growth toward the dorsal midline under increasingly low concentrations of UNC-

6/Netrin.  
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In mammals, Netrins have been implicated in the dorso-ventral guidance of 

axons in the spinal cord. UNC-6/Netrin family member Netrin-1 is expressed by floor 

plate cells and is proposed to form a gradient within the spinal cord (Kennedy et al., 

1994; Serafini et al., 1996). Spinal commissural axons are attracted towards the Netrin-1 

source at the floor plate (Serafini et al., 1996). Attraction of spinal commissural axons is 

mediated by a collaboration of DCC and DSCAM (Keino-Masu et al., 1996; Liu et al., 

2009; Ly et al., 2008). Axons of trochlear motor neurons from hindbrain-midbrain 

junction explants are repelled by floor plate cells, which can be mimicked by COS cells 

secreting Netrin-1 in vitro (Colamarino and Tessier-Lavigne, 1995). In addition, UNC-5 

homologs have been found to bind Netrin-1 and are expressed in the region of trochlear 

neurons (Leonardo et al., 1997). However, in contrast to spinal commissural axons, 

projections of trochlear axons are unaffected in Netrin-1 deficient mice (Serafini et al., 

1996), suggesting that Netrin-1 signaling is not required in vivo in trochlear motor 

neurons. To date, none of the mammalian UNC5 receptors have been implicated in 

dorsal directed axon repulsion from the Netrin-1 source at the floor plate. The only UNC-

5 homolog with demonstrated axon guidance phenotype in vivo is UNC5C, which is 

required for the guidance of corticospinal axons in mammals (Finger et al., 2002). In 

UNC5C deficient mice a subgroup of corticospinal axons separates from the main fiber 

and fails to cross the midline at the pyramidal decussation and aberrantly continues on 

the ipsilateral side in the spinal cord. The remaining axons in the main fibre cross the 

midline at the pyramidal decussation but fail to turn into the dorsal funiculus (Finger et 

al., 2002). 

In addition to the classical, secreted UNC-6 homologs many vertebrate genomes 

encode for the two glycosyl phosphatidyl-inositol(GPI)-anchored Netrin family members 

netrin-G1 and netrin-G2 (Nakashiba et al., 2000; Nakashiba et al., 2002). Netrin-G1 and 

netrin-G2 function through the transmembrane proteins NGL-1 and NGL-2 in an isoform-

specific manner (Kim et al., 2006; Lin et al., 2003) but do not interact with the three 

secreted Netrins (Nakashiba et al., 2000; Nakashiba et al., 2002). NGL-3, the third NGL 

(netrin-G ligand) family member, interacts exclusively with the Leukocyte common 

antigen-related Protein (LAR), a receptor tyrosine phosphatase (Woo et al., 2009). 

Netrin-G1 and netrin-G2 are expressed in a complimentary pattern in the central nervous 

system and localize to axons (Inaki et al., 2004; Meerabux et al., 2005; Nakashiba et al., 
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2002). Immobilized netrin-G1 or netrin-G2 and membrane-bound NGL-1 promote neurite 

outgrowth of cultured thalamic neurons in vitro (Lin et al., 2003; Nakashiba et al., 2002). 

In vivo, soluble NGL-1 disrupts growth of thalamic axons when injected into the neural 

tube of chick embryos (Lin et al., 2003). Netrin-G1 is expressed in thalamic axons, 

whereas NGL-1 is highly expressed in the striatum and the cerebral cortex, the 

intermediate and final targets of thalamic projections (Lin et al., 2003). These results led 

to the idea that netrin-G1 and NGL-1 might be implicated in the migration of 

thalamocortical axons in vivo. However, a subsequent study analyzing netrin-G1 

deficient mice found no anomalies in the thalamocortical projections (Nishimura-Akiyoshi 

et al., 2007). Instead, axons from specific neuronal pathways expressing distinct netrin-

Gs directed the distribution of their corresponding NGL receptor to lamina-specific 

dendritic subsegments on their postsynaptic partner cells (Nishimura-Akiyoshi et al., 

2007). In netrin-G1 and netrin-G2-deficient mice the segmental distribution is lost and 

the corresponding NGL diffuses along the entire dendrite (Nishimura-Akiyoshi et al., 

2007). The clustering of NGL-2 has been implicated in excitatory synapse formation. In 

cultured neurons NGL-2 aggregation on dendrites promotes the recruitment of 

postsynaptic proteins (Kim et al., 2006). When expressed in non-neuronal cells NGL-2 

induces presynaptic differentiation in contacting neurites of co-cultured hippocampal 

neurons (Kim et al., 2006). 

Taken together, Netrins are a conserved family of bi-functional guidance cues.  

The generation of a Netrin gradient generated by a ventral source has been proposed as 

a mechanism for dorso-ventral axon guidance in C. elegans and in the developing spinal 

cord of vertebrates. The axonal response depends on the Netrin receptors presented on 

the growth cone, which facilitate either attraction towards or repulsion away from the 

Netrin source. UNC-40/DCC and DSCAM mediate attractive responses. Neogenin 

mediates attraction towards Netrin-1 but also serves as repellent receptor when 

interacting with repulsive guidance molecule (RGMa) (Rajagopalan et al., 2004; Wilson 

and Key, 2006). UNC5 family members mediate short-range repulsion. Receptor 

complexes of UNC5 and DCC family members mediate long-range repulsion. The more 

recently identified, membrane tethered netrin-Gs are involved in the formation of the 

laminar segmentation within dendrites and might function in synapse assembly through 

interaction with their netrin-G ligands. 
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1.2.2. Slits and Robos 

Slit was originally identified in a genetic screen for genes involved in cuticle 

patterning of Drosophila (Nusslein-Volhard et al., 1984). Subsequent studies in the fly 

nervous system showed that Slit is secreted from glial cells at the ventral midline where 

it acts as a chemorepellent agent for ventral nerve cord axons and is required for the 

proper establishment of longitudinal axon tracts in parallel to the ventral midline 

(Rothberg et al., 1988; Rothberg et al., 1990). Slits are large conserved glycoproteins, 

with three family members in vertebrates and a single member in the invertebrate 

genomes of C. elegans and D. melanogaster (Brose et al., 1999). The principal 

receptors of Slits are Roundabouts (Robos), which belong to the immunoglobulin 

superfamily of cell adhesion molecules (IgCAMs) (Kidd et al., 1998). Robo interacts with 

Slit through two of its immunoglobulin domains which bind to a leucine-rich repeat region 

in the Slit ligand (Howitt et al., 2004; Liu et al., 2004b). C. elegans has one Robo 

receptor gene, sax-3 (Zallen et al., 1998). The Drosophila Robo receptor complement 

comprises three members (Simpson et al., 2000b). Robo receptors in vertebrates have 

expanded independently from flies. Three Robo receptors are expressed in the nervous 

system (Brose et al., 1999; Kidd et al., 1998; Yuan et al., 1999a). An additional Robo 

receptor (Robo4) is expressed in endothelial cells (Huminiecki et al., 2002). Slit/Robo 

signaling has been implicated in midline crossing in the spinal cord of vertebrates and 

the ventral cord of flies (reviewed recently by Evans and Bashaw, 2010). In Drosophila, 

Slit and Netrins are secreted from cells at the midline between the two ventral nerve cord 

fascicles (Figure 1.3) (Harris et al., 1996; Rothberg et al., 1988; Rothberg et al., 1990). 

Robo is expressed on ipsilateral projecting, longitudinal axons preventing them from 

crossing the ventral midline (Kidd et al., 1998; Seeger et al., 1993). Commissural axons 

projecting across the midline, express the Commissureless protein (Comm), which 

prevents Robo transport to the growth cone membrane by sorting Robo into late 

endosomes (Keleman et al., 2002; Keleman et al., 2005). The inactivation of the 

repulsive signaling pathway allows commissural axons to be attracted to the Netrin 

source at the ventral midline through their Frazzled receptors (Harris et al., 1996; 

Kolodziej et al., 1996; Mitchell et al., 1996). Netrin-Frazzled attraction is further amplified 

by DSCAMs (Andrews et al., 2008). Comm expression is transient and silenced after 

midline crossing, restoring Robo transport to the growth cone and subsequent repulsion 

from the midline (Keleman et al., 2002). The molecular mechanism regulating Comm 
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activity is currently not understood. After extending away from the midline, commissural 

axons turn and extend longitudinally in parallel to the midline at distinct lateral positions. 

The lateral positioning is in part dependent on the specific subtype or amount of Robo 

expressed on the growth cone (Rajagopalan et al., 2000; Simpson et al., 2000a). 

Slit also acts as a repulsive cue at the ventral midline in mammals (Long et al., 

2004). All three mammalian Slit homologs are expressed at the floor plate of the spinal 

cord (Holmes et al., 1998; Itoh et al., 1998; Yuan et al., 1999b). The three Robo 

receptors are expressed by commissural axons (Long et al., 2004; Sabatier et al., 2004). 

Comm, however, has not been identified in the genomes of vertebrates (Evans and 

Bashaw, 2010). Instead the switch from attraction to repulsion in pre- and postcrossing 

commissural axons is mediated by alternative splice forms of the Robo3 receptor (Chen 

et al., 2008). Axons growing towards the floor plate express the Robo3.1 isoform, which 

blocks Slit signaling through Robo1 and Robo2 by an unknown mechanism (Figure 1.3). 

The repression of Slit/Robo signaling allows the commissural axons to be attracted 

towards the floor plate by Netrin-1 and Sonic Hedgehog (Charron et al., 2003; Placzek et 

al., 1990; Serafini et al., 1994). After crossing the midline, Robo3.1 expression is turned 

off, while the expression Robo3.2 isoform is initiated. Unlike Robo3.1, Robo3.2 functions 

as an repellant receptor and contributes to Robo1 and Robo2 repulsion from the midline 

to prevent re-crossing of the commissural axons while extending longitudinally on the 

contralateral side (Chen et al., 2008). Ephrin-B3 and class 3 semaphorins contribute to 

midline repulsion through their receptors EphB3 and neuropilin-2 respectively (Kadison 

et al., 2006; Zou et al., 2000). Commissural axon expulsion from the midline might be 

further facilitated by the formation of Robo/DCC receptor complexes, which inhibit 

Netrin-mediated attraction through a physical interaction of their cytoplasmic domains in 

cultured Xenopus spinal axons (Stein and Tessier-Lavigne, 2001). Reminiscent to the 

situation in to Drosophila, the positioning of the longitudinal trajectories of commissural 

axons seems to be determined by the type of Robo receptor (Robo1 or Robo2) (Long et 

al., 2004). In the mid- and hindbrain, the floor plate and Slit/Robo signaling are required 

for ipsilateral pioneer axons to maintain straight longitudinal trajectories in parallel to the 

floor plate (Farmer et al., 2008).  

In contrast to Drosophila and vertebrates, SLT-1/Slit is not expressed at the 

ventral midline in C. elegans. Instead, SLT-1/Slit was found to be predominantly 
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expressed in dorsal body wall muscles and functions mainly in ventral directed axon 

guidance in C. elegans (Hao et al., 2001). SAX-3/Robo expressing axons are repelled 

from the dorsal SLT-1 source and project ventrally (Figure 1.2B). SAX-3-mediated 

repulsion requires the expression of a co-receptor, the transmembrane protein EVA-1 

(Fujisawa et al., 2007). SLT-1 and EVA-1 act in parallel to the Netrin/UNC-40 pathway, 

UNC-6/Netrin is expressed on the ventral side and attracts UNC-40-expressing axons 

towards the ventral side (Figure 1.2B). SAX-3 has SLT-1-independent functions, 

demonstrated by the more severe phenotype of sax-3 mutants compared to mutants of 

slt-1 (Hao et al., 2001; Hutter, 2003).  Even though its ligand SLT-1 is not expressed 

between the two ventral nerve cord fascicles, sax-3 mutants exhibit substantial midline-

crossing defects in the ventral nerve cord (Hutter, 2003; Zallen et al., 1998). It has been 

proposed that SAX-3 might interact with UNC-40 to inhibit UNC-6/UNC-40 signaling 

through a mechanism similar to the silencing of Netrin-signaling through Robo/DCC 

found in cultured Xenopus spinal axons described above. A dual function of SAX-3 as 

receptor in the Slit pathway and as a suppressor in the Netrin pathway could explain the 

discrepancies of the sax-3 and slt-1 phenotypes and the defects in the ventral nerve 

cord of sax-3 mutants. In addition to its function in dorso-ventral guidance SAX-3 has 

been also shown to play a role in epidermal morphogenesis (Ghenea et al., 2005).   

1.2.3. Ephrins and Ephrin Receptors 

Ephrin ligands and their receptors (EphR) are widely expressed cell-surface 

molecules regulating cell shape, attachment and mobility in multiple developmental 

processes (reviewed by Palmer and Klein, 2003). In the developing nervous system they 

guide migrating cells and growth cones through contact-mediated adhesion and 

repulsion (reviewed by Reber et al., 2007; Rodger et al., 2012). Members of the Ephrin 

receptor and ephrin ligand families have been intensively studied for their role in 

topographic mapping (reviewed in Knoll and Drescher, 2002; Reber et al., 2007). During 

topographic map formation the spatial relationship of projecting neurons is transferred 

onto a receiving set of neurons in the target area. The best understood model for 

topographic map formation is the retinotectal projection in vertebrates, which uses 

opposing gradients of Ephrin receptor and ephrin ligands along two perpendicular axes 

in both the projecting tissue (retina) and the target area (colliculus/tectum) to provide 
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projecting growth cones positional information for target recognition in accordance to 

their topographic origin (reviewed by Scicolone et al., 2009; Triplett and Feldheim, 

2012). 

Ephrin receptors (Eph) and ephrin ligands (ephrin) are evolutionary conserved 

but contain only few family members in invertebrates. Drosophila for example has only 

one ephrin and one Eph receptor. The Drosophila Eph receptor has been implicated in 

the formation of a topographic map in the fly visual system, indicating that Eph receptor 

function during development of the visual system is partially conserved in invertebrates 

(Dearborn et al., 2002). In addition, Eph/ephrin signaling is required for the guidance of 

interneuron axons along longitudinal tracts and for the guidance of mushroom body axon 

branches to their synaptic targets (Bossing and Brand, 2002; Boyle et al., 2006). The C. 

elegans genome encodes for a single Eph receptor, VAB-1 and four ephrin ligands, 

EFN-1-4 (Miller and Chin-Sang, 2012). Eph/ephrin signaling in C. elegans is involved in 

various cell migration and organization events in the embryo (Chin-Sang et al., 1999; 

Chin-Sang et al., 2002; George et al., 1998; Tucker and Han, 2008; Wang et al., 1999). 

In addition, Eph/ephrin signaling has been proposed in midline avoidance in C. elegans 

(Boulin et al., 2006; Quinn and Wadsworth, 2006). Embryonic motor neurons aligning at 

the ventral midline express the immunoglobulin superfamily protein WRK-1. WRK-1 acts 

in combination with ephrins to inhibit midline crossing of VAB-1 expressing longitudinal 

axons in the ventral nerve cord. VAB-1 also contributes to the termination of axon 

outgrowth facilitating proper axonal targeting (Mohamed et al., 2012; Mohamed and 

Chin-Sang, 2006). 

In vertebrates, the number of Eph receptors has been substantially expanded 

and forms the largest subfamily of receptor tyrosine kinases (Robinson et al., 2000). 

Based on their ligand-binding preference and similarities in their sequence conservation 

vertebrate Eph receptors have been sub-classified into 10 EphA receptors (EphA1-

EphA10) and 6 EphB receptors (EphB1-EphB6) (Aasheim et al., 2005; Gale et al., 1996; 

Eph Nomenclature Committee, 1997; https://eph-nomenclature.med.harvard.edu). 

Similarly, ephrin ligands are divided into ephrin-A ligands, attached to the plasma 

membrane by a GPI-anchor and ephrin-B ligands, possessing a single-pass 

transmembrane region and a small cytoplasmic domain. EphA receptors interact 

predominantly (but not exclusively) with ephrin-A ligands, while EphB receptors interact 
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with ephrin-B ligands respectively (Cerretti et al., 1995; Gale et al., 1996; Himanen et al., 

2004). The four ephrin homologs in C. elegans possess a B-like receptor-binding domain 

but are tethered to the plasma membrane via a GPI-anchor, like A subclass ephrins of 

vertebrates (Chin-Sang et al., 1999; Wang et al., 1999). Likewise the Eph receptor 

homolog VAB-1 defies classification by showing almost identical sequence similarity to A 

and B subclass Eph receptors of vertebrates (George et al., 1998).  

Eph/ephrin signaling can be bi-directional and requires direct cell-cell contact and 

Eph and ephrin cluster assembly (Egea et al., 2005; Himanen and Nikolov, 2003; Smith 

et al., 2004; Wimmer-Kleikamp et al., 2004). Eph/ephrin interaction triggers high density 

cluster formation resulting in receptor tyrosine kinase autophoshorylation in the Eph 

receptor-expressing cell (forward signaling) (Wimmer-Kleikamp et al., 2004; Wybenga-

Groot et al., 2001). Conversely, receptor-ligand binding can induce a downstream 

signaling cascade in the ephrin-expressing cell (reverse signaling). Ephrin-B mediated 

reverse signaling is dependent on the cytoplasmic domain (Bong et al., 2007; Cowan 

and Henkemeyer, 2001; Lee et al., 2006; Lu et al., 2001). Despite evidence of its 

existence (Knoll and Drescher, 2002), the mechanism of ephrin-A reverse signaling is 

not understood but might require the non receptor tyrosine kinase Src, which has 

recently been implicated in reverse-signaling of GPI-anchored ephrins in the tobacco 

hornworm Manduca sexta (Coate et al., 2009). Forward signaling predominantly 

mediates cell-repulsion, ephrin-A mediated reverse signaling mostly cell-adhesion (Knoll 

and Drescher, 2002). Eph receptors bind ephrin ligands with high affinity (Labrador et 

al., 1997; Lackmann et al., 1997). Cell detachment and growth cone withdrawal requires 

the removal of the receptor-ligand complex from the cell surface and either involves 

proteolytic cleavage of the ephrin ectodomain (Hattori et al., 2000; Janes et al., 2005; 

Mancia and Shapiro, 2005) or endocytosis of the ligand-receptor complex (Cowan et al., 

2005; Marston et al., 2003; Zimmer et al., 2003). Interestingly, many cells co-express 

both receptor and ligand. Co-expression of ephrinA5 in retinal growth cones inhibits 

EphA3 trans phosphorylation by ephrin5A presented from adjacent cells (Carvalho et al., 

2006). EphA receptors silencing through cis expression of its ligand represents a 

mechanism to modulate between forward and reverse signaling leading to repulsion and 

adhesion respectively. Cis silencing can be prevented by segregating EphA receptors 

and ephrin-A ligands into different plasma membrane domains, enabling independent 
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forward and reverse signaling within a single growth cone (Marquardt et al., 2005). 

Receptor-ligand co-localization or separation depends on the level of ephrin-A 

expression (Kao and Kania, 2011). At low levels of ephrinA, ligand and receptor are 

segregated into distinct domains, higher levels lead to co-localization in the same 

domain.  

Ephrins and Eph receptors are conserved modulators of cell-cell interactions with 

multiple functions in axon guidance predominantly in vertebrates. Eph/Ephrin signaling is 

bi-directional and can mediate adhesion or repulsion. The delicate balance between 

adhesion and repulsion is tightly regulated by endocytosis of ligand-receptor complexes, 

cleavage of ephrin ligands and multiple cis and trans interactions between different Eph 

receptors and ephrin ligands. 

1.2.4. Semaphorins 

The first semaphorin was discovered in invertebrates as a novel protein required 

for guidance of pioneer axons in the developing grasshopper limb bud (Kolodkin et al., 

1992). Shortly after, a secreted growth cone-collapsing agent purified from chick brain 

transpired as the first semaphorin homolog in vertebrates (Luo et al., 1993). Since their 

discovery semaphorins have been established as a versatile family of secreted and 

membrane bound molecules required for the formation and functioning of the nervous, 

cardiovascular, renal, skeletal and immune systems (reviewed in Perala et al., 2012). 

During nervous system development, members of the semaphorin family function in 

long- and short-range axon guidance by mediating attraction and repulsion (reviewed in 

Kruger et al., 2005; Tran et al., 2007). At later stages semaphorins regulate synapse 

development and synaptic transmission (reviewed in Pasterkamp and Giger, 2009).  

Members of the semaphorin family are characterized by a conserved 

extracellular ‘sema’ domain and are divided into eight classes based on structural 

characteristics and sequence similarity (Semaphorin Nomenclature Committee, 1999). 

The 20 family members in vertebrates are grouped into classes 3-7. Invertebrate 

members like the five Drosophila semaphorins and three semaphorins of C. elegans are 

grouped into class 1 and 2. Class V is formed by viral-encoded semaphorins. Classes 2 

and 3 and viral semaphorins are secreted proteins. Class 7 semaphorins are tethered to 
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the membrane through a GPI-anchor; classes 1 and 4-6 are transmembrane proteins. 

Semaphorins signal predominantly through plexin receptors, a family of transmembrane 

proteins containing an extracellular semaphorin-like domain and a conserved 

cytoplasmic domain (Comeau et al., 1998; Suto et al., 2005; Tamagnone et al., 1999; 

Winberg et al., 1998; Yaron et al., 2005). Membrane-associated vertebrate semaphorins 

and invertebrate semaphorins bind directly to plexins. Plexin signaling antagonizes 

integrin-mediated adhesion resulting in cell-substrate detachment (Barberis et al., 2004; 

Oinuma et al., 2006). The GPI-anchored semaphorin Sema7A functions through 

integrins to promote axon outgrowth (Pasterkamp et al., 2003). Most of the secreted 

class 3 semaphorins require the transmembrane proteins Neuropilin-1 or Neuropilin-2 

(Npn-1, Npn-2) as obligate co-receptors (Chen et al., 1998; He and Tessier-Lavigne, 

1997; Kolodkin et al., 1997; Takahashi et al., 1999; Tamagnone et al., 1999). Neuropilin 

is required for ligand binding in the receptor complex, signal transduction is mediated by 

the plexin. In certain neuron classes, the signaling complexes also interact with other co-

receptors including the immunoglobulin (Ig) superfamily members L1CAM or NrCAM 

(Castellani et al., 2000; Falk et al., 2005). Like some ephrin ligands, transmembrane 

class 6 semaphorins can interact with their plexin receptors in cis and attenuate 

semaphorin trans signaling from adjacent cells when co-expressed on the same cell 

(Haklai-Topper et al., 2010). In addition, class 6 semaphorins might function as 

receptors in retrograde signaling (Klostermann et al., 2000). 

During the development of the vertebrate nervous system semaphorins function 

predominantly as repulsive cues and have a crucial role in axon fasciculation and in 

restricting axons along their trajectories by preventing them from entering inappropriate 

areas (Tran et al., 2007). Sema3A for example is expressed along brachial spinal nerves 

and within the forelimb and can repel spinal motor axons in vitro (Varela-Echavarria et 

al., 1997; Wright et al., 1995). Disruption of Sema3A or its receptor Npn-1 results in 

nerve defasciculation and defects in pathway selection between dorsal and ventral limb 

muscles (Huber et al., 2005). The transmembrane semaphorin Sema5a is expressed in 

epithelial cells surrounding the optic nerve and prevents retinal axons from straying from 

the optic nerve bundle (Oster et al., 2003). Members of the semaphorin family also 

facilitate attractive responses in specific neuronal subpopulations. Apart from the GPI-

anchored Sema7A mentioned above, for example, class 3 semaphorins attract 
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commissural axons during anterior commissure formation In zebrafish and mice (Falk et 

al., 2005; Wolman et al., 2004).  In both species commissural attraction requires 

Neuropilins and in mice is also dependent on NrCAM. Its family member L1CAM is able 

to convert the growth cone response to secreted Sema3A from inhibition to attraction by 

binding Npn-1 in trans (Castellani et al., 2000; Castellani et al., 2002).  

Of the three semaphorins in C. elegans, only the secreted class 1 semaphorin 

MAB-20 has been implicated in axon guidance. Mutants in mab-20 exhibit mild defects 

in motor neuron commissures, the ventral and dorsal nerve cords and some lateral 

axons but show rather substantial axonal defects in the SDQL interneuron (Roy et al., 

2000; Wang et al., 2008). MAB-20 acts as repulsive cue for the SDQL axon and 

functions through the L1CAM homolog LAD-2 (Wang et al., 2008). In contrast to 

vertebrate L1CAM, which interacts with the vertebrate-specific neuropilins to mediate 

Sema3a signaling, LAD-2/MAB-20 signaling seems to require PLX-2, one of two plexin 

homologs of C. elegans (Wang et al., 2008). PLX-1 and the two transmembrane class 1 

semaphorins SMP-1 and SMP-2 have recently been implicated in restricting DA motor 

neuron synapses into sub-axonal domains (Mizumoto and Shen, 2013). All three 

semaphorins and both plexins are also required for multiple aspects of epidermal 

morphogenesis in addition to their role in the development of the nervous system in C. 

elegans (Fujii et al., 2002; Ginzburg et al., 2002; Nakao et al., 2007; Roy et al., 2000). 

1.2.5. Morphogens 

Morphogens are secreted signaling molecules that are crucial for tissue 

patterning in the developing embryo. Morphogens form gradients and can act at a 

distance from their source to control distinct cell fates in a concentration dependent 

manner. More recently, evidence has emerged that some morphogen gradients are 

reused later in development to provide positional information for outgrowing axons 

(reviewed in Charron and Tessier-Lavigne, 2005, 2007).  

In the spinal cord of vertebrates for example distinct neuronal subtypes are 

specified along the dorso-ventral axis by opposing morphogen gradients (reviewed in 

Ulloa and Briscoe, 2007). The morphogens Wnt1 and Wnt3a of the Wnt family and Bone 

morphogenic proteins (BMPs), members of Transforming growth factor beta (TGF-β) 
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superfamily, are secreted dorsally from the roof plate and induce dorsal cell classes 

such as sensory neurons and dorsal interneurons (Liem et al., 1997; Muroyama et al., 

2002; Panchision et al., 2001). The morphogen Sonic hedgehog (Shh) is expressed 

ventrally at the floor plate and signals through the receptor Patched and the co-receptor 

Smoothened to promote ventral cell types like motor neurons and ventral interneurons 

(reviewed in Briscoe and Ericson, 2001; Ruiz i Altaba et al., 2003). Later in development, 

axons of spinal commissural neurons located dorso-laterally in the neural tube are 

repelled from the roof plate towards the ventral side BMPs (Augsburger et al., 1999). 

Commissural axons repulsion requires the BMP receptor BMPR-IB (Yamauchi et al., 

2008). During their ventral growth commissural axons become exposed to the opposing 

Shh gradient. Shh acts as chemoattractant and functions together with the attractive 

guidance cue Netrin to guide the commissural axons towards the floor plate (Charron et 

al., 2003). Shh signaling in commissural axons requires Smoothened and the non-

canonical receptor BOC, a Robo-related immunoglobulin superfamily member (Okada et 

al., 2006).  After commissural axons have reached and crossed the floor plate, they 

make a turn and ascend towards the brain. In chicken, guidance towards the brain is 

mediated by Shh, which is expressed at the midline in the form of gradient along the 

longitudinal axis with high concentration in more caudal areas and lower concentrations 

in more rostral areas of the spinal cord (Bovolenta and Sanchez-Arrones, 2012). 

Postcrossing chick commissural neurons turn off the expression of Smoothened, while 

expression of the vertebrate-specific Hedgehog receptor Hedgehog interacting protein 

(Hhip) is turned on (Bourikas et al., 2005). Hhip expression switches the growth cone 

response to Shh from attraction towards repulsion. As a consequence, the 

postcommissural axons are repelled from higher Shh concentrations in more caudal 

areas and ascend in rostral direction towards lower Shh concentrations. In mice, Shh 

triggers axonal repulsion by switching on growth cone responsiveness to class 3 

semaphorins (Parra and Zou, 2010). In addition, Shh induces the expression of two 

Secreted frizzled-related proteins (Sfrp1 and Sfrp2) (Domanitskaya et al.). Sfrps are 

antagonists of the Wnt morphogens. In chicken, the Wnt family members Wnt5a and 

Wnt7a are expressed along the spinal cord floor plate but do not form a gradient 

(Domanitskaya et al., 2010). However, the induction of the Wnt antagonist by Shh 

generates a functional rostrocaudal gradient of Wnt activity along the longitudinal axis 

(Domanitskaya et al., 2010). Wnts act as chemoattractants in commissural axons 
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leading to growth in rostral direction i.e. towards rostral areas of the spinal cord floor 

plate with less attenuated Wnt activity compared to more caudal areas with more 

attenuated Wnt activity. In contrast to chicken, in mice Wnts act independent of Shh in 

rostrocaudal guidance of postcommissural axons. Wnt4 is expressed in the form of a 

rostralhigh to caudallow gradient along the longitudinal axis in the floor plate. Wnt4 acts as 

a chemoattractant and interacts with the Wnt receptor Frizzled3 to direct postcrossing 

axons in rostral direction (Lyuksyutova et al., 2003; Wang et al., 2002). Wnts, like Shh 

function as a bi-directional guidance cues.  In addition to their role as chemoattractant in 

the ventral part of the spinal cord, Wnts also promote axon repulsion of caudal directed 

corticospinal tract axons in the dorsal part of the spinal cord (Liu et al., 2005). Wnts are 

expressed in an area surrounding the dorsal funiculus at the dorsal side of the neural 

tube and similar to the floor plate form a rostralhigh to caudallow gradient. Corticospinal 

tract axons projecting along the dorsal funiculus express the Receptor-like tyrosine 

kinase (Ryk) (Liu et al., 2005), a Frizzled co-receptor in vertebrates (Lu et al., 2004). Ryk 

expression confers Wnt mediated-repulsion and directs the corticospinal axons towards 

lower Wnt concentrations in the caudal part of the spinal cord (Liu et al., 2005). In 

Drosophila the Ryk homolog Derailed has been implicated in midline crossing of 

commissural axons (Bonkowsky et al., 1999). Each hemisegment in Drosophila has two 

commissures. Wnt5 is predominantly expressed at or near the posterior commissure 

(Fradkin et al., 2004; Yoshikawa et al., 2003). Commissural axons destined for the 

anterior commissure express Derailed/Ryk (Bonkowsky et al., 1999). Wnt5/Derailed 

interaction mediates repulsion and prevents Derailed/Ryk-expressing axons from 

crossing the midline at the posterior commissure (Yoshikawa et al., 2003).  

In C. elegans morphogen gradients control aspects of dorso-ventral and 

anteroposterior axon guidance and have also been implicated in mediating neuronal cell 

polarity.  As mentioned before, the TGF-β superfamily member UNC-129 is expressed in 

dorsal body wall muscles and is thought to form a dorso-ventral gradient that facilitates 

UNC-6/Netrin-mediated long-range repulsion (Colavita et al., 1998; MacNeil et al., 

2009). The C. elegans genome comprises five Wnts (egl-20, lin-44, cwn-1, cwn-2 and 

mom-2), four Frizzled receptors (mig-1, lin-17, cfz-2 and mom-5) and the Ryk homolog 

lin-18. Several Wnts are expressed in the tail of C. elegans and redundantly organize 

anteroposterior cell polarity and mediate cell migrations and also repel axons of AVM 
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and PVM touchneurons in anterior direction through Frizzled receptors (Hilliard and 

Bargmann, 2006; Pan et al., 2006; Prasad and Clark, 2006). CWN-2 acts as a local 

attractive cue in the pharyngeal region and promotes neurite outgrowth of RME head 

neurons through the Frizzled Receptors CFZ-2 and MIG-1 and the Ror receptor tyrosine 

kinase ortholog CAM-1, a member of the immununoglobulin superfamily (Song et al., 

2010). CWN-2 and to a lesser degree CWN-1 are also important in for the placement of 

the nerve ring, the major neuropil in C. elegans (Kennerdell et al., 2009). In this process 

CWN-2 functions also through CAM-1 and might require MIG-1 as co-receptor 

(Kennerdell et al., 2009). Hedgehog, Smoothened, Hip and several of the pathway 

components that transduce Hedgehog signaling in vertebrates are absent in the C. 

elegans. A Patched homolog and more than 50 Hedgehog-related genes have been 

identified (Aspock et al., 1999; Burglin, 1996), none of which have been implicated in 

axon guidance to date. 

1.3. Cell adhesion molecules 

Cell adhesion molecules (CAMs) constitute a large and diverse group of 

membrane associated proteins that facilitate communication between cells and their 

environment. CAMs are a hallmark of multicellular organisms and are involved in various 

developmental processes such as cell differentiation, adhesion and migration, as well as 

axon guidance. During axon outgrowth, growth cones use CAMs to adhere to the 

surface of surrounding cells or the extracellular matrix. The local modulation of these 

adhesive events contribute to growth cone navigation. In the following paragraphs I will 

discuss the integrin, cadherin and immunoglobulin cell adhesion molecule (IgCAM) 

superfamilies. IgCAMs and cadherins mediate primarily cell-cell interactions. Integrins 

bind predominantly to components of the extracellular matrix. 

1.3.1. IgCAMs 

IgCAMs are characterized by the presence of one or more immunoglobulin 

domains in their extracellular region and are involved in extracellular recognition events 

(Sonderegger, 1998). Most IgCAMs are single-pass transmembrane proteins and 

contain a cytoplamic domain, while other members lack a cytoplasmic domain and are 
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attached to plasma membrane through a glycosylphosphatidylinositol (GPI)-anchor. 

Some IgCAMs facilitate homophilic adhesion between identical IgCAMs presented on 

different cells (Brummendorf and Rathjen, 1998). IgCAMs also mediate heterophilic 

interactions within the Ig superfamily, with members of other receptor groups like 

integrins, cadherins and receptor tyrosine kinases and with components of the ECM 

including laminin and tenascin (Brummendorf and Rathjen, 1998; Rougon and Hobert, 

2003). As mentioned before, in the nervous system IgCAM members of the DCC and 

Robo families also act as receptors for secreted guidance cues of the Netrin and Slit 

families, while members of the L1CAM family function as co-receptors in semaphorin 

signaling. The L1CAM family consists of four members in vertebrates (L1, CHL1, NrCAM 

and Neurofascin) and is one of the best studied families involved in axon guidance within 

the IgCAM superfamily. L1CAMs have recently been shown to function with Ephrin 

receptors in guiding thalamic axons towards their target areas in the neocortex 

(Demyanenko et al., 2011). Apart from being involved in semaphorin and ephrin 

signaling, L1CAMs also mediate axonal outgrowth and guidance decisions in a more 

direct way. For example, L1 can bind homophilically or interact with the IgCAM axonin-

1/TAG-1 to facilitate neurite outgrowth in vitro (Kuhn et al., 1991; Zhao et al., 1998). In 

vivo, the L1CAM family member NrCAM is essential at the floor-plate as substrate for 

axonin-1/TAG-1 expressing commissural axons to cross the ventral midline in the 

vertebrate spinal cord (Stoeckli et al., 1997). IgCAMs also mediate self avoidance of 

neuronal processes. In Drosophila, the dscam1 gene can generate 19,008 isoforms with 

distinct ectodomains through alternative splicing (Schmucker et al., 2000; Yu et al., 

2009). Each specific isoform interacts homopilically and confers a distinct binding 

specificity. Expression of a unique combination of dscam1 isoforms provides different 

neurons with unique adhesion properties (Hattori et al., 2008). Isoform-specific 

homophilic interaction induces repulsion leading to neurites avoiding other neuronal 

processes from the same cell. The two vertebrate DsCAMs are not alternatively spliced 

but are also involved in self avoidance of neuronal processes (Fuerst et al., 2009; Fuerst 

et al., 2008).  

The DsCAM family is not present in the C. elegans genome but various other 

IgCAM families are conserved. The L1 family consists of two members, the L1CAM 

homolog SAX-7/LAD-1 and the paralog LAD-2. Like L1CAM and NrCAM in vertebrates, 
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LAD-2 acts as a co-receptor in MAB-20/semaphorin signaling and mediates dorso-

ventral and longitudinal axon migrations (Wang et al., 2008). In contrast to L1CAM and 

NrCAM, which bind to the vertebrate-specific Neuropilins, LAD-2 interacts with the plexin 

PLX-2 in C. elegans. SAX-7/L1CAM is important for the placement of the nerve ring 

(Zallen et al., 1999). In addition, SAX-7 functions together with the secreted two-Ig 

domain proteins ZIG-3 and ZIG-4 and the giant secreted immunoglobulin member DIG-1 

to maintain axon positions in the ventral nerve cord (Aurelio et al., 2002; Benard et al., 

2009; Benard et al., 2006; Pocock et al., 2008). The IgCAM WRK-1/Wrapper is involved 

in ephrin signaling. WRK-1/Wrapper is expressed in embryonic motor neurons and 

functions with ephrin ligands to prevent axons expressing the Ephrin receptor VAB-1 

from crossing the midline (Boulin et al., 2006). An analysis of eight previously 

uncharacterized IgCAMs with neuronal expression identified only limited axonal defects 

in individual mutants but found evidence for functional redundancy in axonal guidance of 

ventral nerve cord interneurons and motor neuron commissures between some of these 

IgCAM members (Schwarz et al., 2009).  

1.3.2. Cadherins 

The family of calcium-dependent adherent proteins (cadherins) are defined by 

the presence of multiple cadherin domains in their extracellular domains (Hatta et al., 

1988). Cadherins function in cell-cell adhesion and play an essential role in tissue 

formation during embryonic development (Becker et al., 2012; Takeichi, 1995). Based on 

their protein domain composition the cadherin family can be classified into classical 

cadherins, protocadherins and desmosomal cadherins, as well as a number of atypical 

members (Becker et al., 2012). The classical cadherins are single-pass transmembrane 

glycoproteins with five extracellular cadherin repeats in vertebrates. Their highly 

conserved cytoplamic domain is important for the clustering of cadherin molecules and 

interacts with catenins, which connect cadherins to the actin filaments of the 

cytoskeleton (Yap et al., 1998). The cadherin repeats provide homophilic binding 

specificity to classical cadherins (Chappuis-Flament et al., 2001; Shan et al., 2004). The 

predominantly homophilic interaction of classical cadherins is important for cell sorting 

and maintenance of cell contacts in epithelia. For example, cells expressing the 

epithelial (E)-cadherin tend to cluster specifically with other E-cadherin-expressing cells 
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In vitro (Nose et al., 1988). In vivo the expression of specific cadherin members 

regulates clustering of migrating neural crest cell subpopulations during the epithelial-

mesenchymial transition (Nakagawa and Takeichi, 1995). Of the non-classical cadherins 

the protocadherins form by far the largest group. The vertebrate-specific protocadherins 

comprise the largest cadherin family and are structurally similar to classical cadherins 

but differ significantly in their cytoplasmic domain and do not interact with catenins (Sano 

et al., 1993). Protocadherins are primarily expressed in the nervous system, and similar 

to DsCAM1 in Drosophila, mediate dendritic self-avoidance in mammals and also 

function in synapse development (Lefebvre et al., 2012). Desmosomal cadherins 

constitute an essential part of desmosomes, the adhesive junctions linking the 

intermediate filament cytoskeleton of epithelial and cardiac muscle cells (Garrod et al., 

2002). Members of the atypical cadherins include Fat-like cadherins, which are 

characterized by very large extracellular domains with many cadherin repeats. Another 

group of atypical cadherins are the Flamingo cadherins, which show similarity to G-

protein linked receptors and are the only cadherins with a seven-pass transmembrane 

domain. Both Fat-like and Flamingo cadherins have been well studied in the context of 

planar cell polarity flies and vertebrates, the process in which cells align and acquire a 

uniform polarization within the plane of an epithelial sheet (Adler, 2012). 

Members of the cadherin family also function in axon guidance in vertebrates. 

The Flamingo cadherin Celsr3 is implicated in multiple axon guidance decisions during 

nervous system development (Feng et al., 2012) and for example is required for turning 

commissural axons in rostral direction after crossing the spinal cord midline (Shafer et 

al., 2011). The classical cadherin N-cadherin promotes neurite outgrowth in vitro and 

mediates retinal axon extension from explants on R-cadherin expressing cells (Bixby 

and Zhang, 1990; Redies and Takeichi, 1993). In vivo R-cadherin is expressed on optic 

nerve glia and might serve as substrate for N-cadherin expressing chick retinal axons on 

their way to the optic tectum (Redies and Takeichi, 1993; Riehl et al., 1996). Cadherins 

can also function in axon repulsion. The unconventional GPI-anchored T-cadherin 

inhibits neurite extension of spinal motor neurons likely though homophilic interaction 

(Fredette et al., 1996). T-cadherin is expressed in regions that are avoided by axons of 

T-cadherin expressing spinal motor neurons on their growth towards the neuromuscular 

junction in the chicken hindlimb muscle, consistent with the idea that homophilic 
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interaction of T-cadherins mediates axonal repulsion (Fredette and Ranscht, 1994). 

Apart from their function in axon guidance cadherins are also implicated in the 

positioning, stability and plasticity of synaptic connections in vertebrates (Fields and Itoh, 

1996; Huntley et al., 2002; Inoue and Sanes, 1997). 

C. elegans encodes only 12 cadherins, five of them being nematode specific (Hill 

et al., 2001; Pettitt, 2005). The classical cadherins are represented by a single gene, 

hmr-1, which is expressed in two isoforms. The small isoform HMR-1A localizes to 

adherens junctions in the hypodermis and is important during morphogenesis (Costa et 

al., 1998). HMR-1B is expressed in neurons and is required for both midline avoidance 

of motor neuron processes in the ventral nerve cord and outgrowth and guidance of 

commissural axons (Broadbent and Pettitt, 2002). Apart from HMR-1B, the two non-

classical cadherins FMI-1/Flamingo and CDH-4/Fat-like have been implicated in the 

guidance of commissural and ventral nerve cord axons in C. elegans (Schmitz et al., 

2008; Steimel et al., 2010). Both FMI-1/Flamingo and CDH-4/Fat-like are required for the 

navigation of the PVPR interneuron axon, which serves as pioneer axon in the left 

ventral nerve cord fascicle.  FMI-1/Flamingo also mediates pioneer dependent-guidance 

of follower axons (Steimel et al., 2010). FMI-1/Flamingo potentially functions as a 

receptor or co-receptor in the pioneer and requires its intracellular domain, while likely 

acting as an adhesion molecule in follower axons.  

1.3.3. Integrins 

Integrins are heterodimeric transmembrane receptors consisting of an alpha (α) 

and beta (β) subunit. Integrins constitute the main receptors for components of the 

extracellular matrix (ECM) but also mediate cell-cell interactions. In humans, 18 alpha 

and eight beta subunits have been identified, which can form 24 αβ heterodimers 

(Takada et al., 2007). The combination of the α- and β-subunits determines ligand 

specificity (van der Flier and Sonnenberg, 2001). Frequently, individual integrins 

recognize multiple ligands. Interaction partners of the integrin ectodomains include the 

major ECM components fibronectin, collagen, and laminin and cell surface receptors of 

the IgCAM superfamily. The specific interaction between integrins and components of 

the ECM or receptors from other cells are essential for cell anchorage. Linkage between 

the ECM and the cytoskeleton is mediated by the cytoplasmic domains, which interact 
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with actin-binding proteins within the cell (Calderwood et al., 2000). In addition to their 

role as mere adhesion molecules, integrins transduce signals from the surroundings into 

the cell and vice versa, determining cell differentiation and survival or modulating cell 

motility (Miranti and Brugge, 2002). 

Integrins are expressed in the nervous system and are important for aspects of 

neural development. Several integrins have been implicated in corticogenesis (Schmid 

and Anton, 2003). For example, the Integrin α5 subunit is essential for the radial 

migration of cortical neurons away from the ventricular zone to their correct cortical layer 

during cortical lamination (Marchetti et al., 2010). Mutants of integrin α6, the alpha 

subunit of the laminin-binding integrins α6β1 and α6β4, also display defects in laminar 

organization in the cerebral cortex as well as in the retina (Georges-Labouesse et al., 

1998). Unlike the α5 integrin subunit knock-down, integrin α6 subunit mutants exhibit a 

neuroblast over-migration phenotype, which results in a disorganization of the cortical 

plate. The disorganization might be caused by alterations in laminin disposition leading 

to aberrant neuroblast migration in α6 defective mice. In Xenopus, integrin inhibition 

disrupts lamination of the retina and interferes with integrin-mediated cell-adhesion of 

retinal glial cells in culture (Li and Sakaguchi, 2004). Integrins also have been implicated 

in axon extension and guidance in vertebrates. Injection of integrin antagonists between 

the notochord and somite in zebrafish embryos leads to partial axon stalling and lateral 

branching of ventral motor nerves (Becker et al., 2003). The molecular mechanism of 

how integrins regulate axonal guidance is not completely understood but relies at least in 

part on crosstalk with axon guidance molecules or their receptors such as the 

semaphorins and plexins already mentioned above. Netrins, slits and ephrins also 

modulate integrins and their associated cytoplasmic adhesion complexes to promote or 

inhibit axonal outgrowth (Nakamoto et al., 2004). 

C. elegans encodes only two integrin α-subunits (INA-1 and PAT-2) and a single 

β-subunit (PAT-3), which are predicted to form two αβ heterodimers. Only the INA-

1/PAT-3 heterodimer has been confirmed experimentally (Baum and Garriga, 1997). 

Mutations in ina-1 disrupt neuronal cell migrations and lead to axon defasciculation, pat-

2 and pat-3 are essential genes and are required for muscle cell attachment to the 
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hypodermis (Baum and Garriga, 1997). Both ina-1 and pat-3 are required for the 

pathfinding of commissural axons (Poinat et al., 2002). 

1.4. The extracellular matrix and basement membranes 

The extracellular matrix (ECM) is a complex meshwork composed of 

macromolecules filling the extracellular space within tissues and organs. The ECM 

provides structural stability and tissue organization but also serves as scaffold for 

biochemical cues, which control numerous cellular processes such as proliferation , 

survival, differentiation, migration and morphogenesis (Rozario and DeSimone, 2010). 

The two major components of the ECM are fibrous proteins and glycosaminoglycans, 

long polysaccharide chains, which are predominantly bound to protein to form 

proteoglycans. The basement membrane (BM; also referred to as basal lamina) 

constitutes a specialized form of ECM that underlies the basal surface of epithelia and 

endothelia. The BM is important for mechanical stability and serves as a permissive 

substrate for cell and growth cone migrations. In addition, the BM functions as signaling 

platform and harbours guidance molecules such as Netrins and morphogens. The 

interactions between the components of the BM and cell surface molecules on their 

overlying cells regulate assembly (Figure 1.4) (Yurchenco, 2011). The major 

components of BM are the glycoproteins laminin and nidogen, the basement membrane-

specific heparan sulfate proteoglycan perlecan as well as collagens. These components 

will be described in more detail with respect to their role in the BM and their function in 

the nervous system development. 

1.4.1. Laminin 

Laminins are cross- or T-shaped heterotrimeric glycoproteins assembled from α, 

β and γ polypeptides, which are joined through a long coiled-coil domain (Beck et al., 

1993; Colognato and Yurchenco, 2000). In vertebrates five α, four β and three γ chains 

can form 16 different laminin heterotrimers (Aumailley et al., 2005; Macdonald et al., 

2010). All laminin chains have similar domain structures and contain a number of 

globular and rod-like domains (Durbeej, 2010). Once secreted, laminin heterotrimers are 

able to self-assemble on cell-surfaces (Kalb and Engel, 1991; McKee et al., 2007). 
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Laminin anchoring requires the heterodimeric adhesion receptor dystroglycan, sulfated 

glycolipids and syndecans (Henry and Campbell, 1998; Klass et al., 2000; Li et al., 2002; 

Li et al., 2005a; Weir et al., 2006). Interactions with cell surface receptors are largely 

mediated by the α-subunit (Durbeej, 2010). Laminin-polymerization depends on all three 

subunits. The laminin assembly into a mesh-like polymer is essential and a prerequisite 

for the subsequent organization with other extracellular matrix components into a highly 

crosslinked basement membrane (Huang et al., 2003; Miner et al., 2004; Smyth et al., 

1999; Urbano et al., 2009). Laminins can interact with many other BM components 

(Durbeej, 2010). Nidogen for example binds to the laminin chains γ1 and γ3, perlecan to 

the α1 chain. Most laminin subunits are essential during development and result in 

embryonic or postnatal lethality when disrupted (Durbeej, 2010). In the nervous system, 

the laminin β2 and laminin α4 chains are required at the mouse neuromuscular junctions 

for the proper formation and localization of synaptic contacts respectively (Noakes et al., 

1995; Patton et al., 2001). Mice defective in the laminin β2 chain also show retinal 

abnormalities including increased apoptosis and synapse formation of rod 

photoreceptors (Libby et al., 1999). Laminin chains α2, α4 and γ1 are required for the 

myelination of peripherial nerves (Chen and Strickland, 2003; Patton et al., 2008; 

Wallquist et al., 2005). Early on, laminins have been identified as potent neurite 

outgrowth inducing substrates in vitro (Lander et al., 1985a, b; Patton et al., 2008). 

Laminin-1 can change the growth cone response of Xenopus retinal axons to netrin-1 

from attraction into repulsion (Hopker et al., 1999).  In vivo, laminin γ1 is required for 

axonal navigation and cell migration in the cortex. In mice deficient in laminin γ1, axons 

bundles branch away from the corpus callosum and extend aberrantly into the cerebral 

cortex and extend toward the surface of the brain (Chen et al., 2009). In addition, cortical 

neurons under-migrate during radial migration in the cortex, leading to defects in cortical 

lamination.  

C. elegans expresses only four laminin chain subunits which form two 

heterotrimers consisting of either an αA or αB chain, encoded by lam-3 and epi-1 and 

one β and γ chain, encoded by lam-1 and lam-2 respectively (Hutter et al., 2000). The 

αA chain subunit is most similar to the α1 and α2 chain subunits in mammals, αB to 

mammalian α3, α4, and α5 (Hutter et al., 2000; Miner et al., 1995). Laminin subunit gene 

expression starts during gastrulation (Huang et al., 2003; Kao et al., 2006) prior to the 
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onset of expression of other BM components such as type IV collagen and perlecan 

(Graham et al., 1997; Mullen et al., 1999). EPI-1/Laminin αB is expressed in all major 

BMs from embryogenesis to adulthood showing particularly strong expression in the 

thick BMs surrounding the distal tip cell, coelomocytes, the vulval, intestinal and anal 

depressor muscles and at muscle-muscle cell boundaries (Huang et al., 2003). LAM-

3/Laminin αA is first detected close to the end of gastrulation and at the beginning of 

embryo elongation localized along muscle cells as well as the nervous system including 

the ventral nerve cord, the sublateral nerve cords and the nerve ring. During further 

development LAM-3 is found in the BMs of the pharynx, body wall muscles, the 

excretory canal and intestine and continues to localize to the nervous system (Huang et 

al., 2003). Laminin α chain subunit segregation to different cell surfaces is not due to the 

sites of gene expression of the two subunits. Laminin αB (EPI-1) for example is the only 

laminin α subunit that localizes to epidermal membranes although it is lam-3 that is 

exclusively expressed in the epidermal cells, indicating that different cell surfaces have 

differential adhesive properties towards the two α chain subunits (Huang et al., 2003). 

The laminin β chain protein (LAM-1) is expressed in all basement membranes and co-

localizes with both laminin αA and laminin αB protein (Kao et al., 2006). The localization 

of the laminin γ chain protein (LAM-2) remains to be determined. Laminin α chain 

subunit mutants exhibit missing or disrupted BMs in tissues where the proteins normally 

localize. Defects are pleiotropic and range from improper tissue separation and/or cell 

detachment and adhesion, to cells invading adjacent tissues (Huang et al., 2003).  In 

lam-3 mutant animals defects are most severe in the pharynx. epi-1 mutants show 

strong defects in the body wall muscles, the epidermis, the intestine and the gonad 

(Huang et al., 2003).  In addition, epi-1 mutant animals exhibit cell migration and axon 

guidance and outgrowth defects as a result of misguidance along broken or incorrectly 

assembled BMs (Forrester and Garriga, 1997; Huang et al., 2003)). Loss-of-function 

mutations in the α laminin chain subunit genes lam-3 and epi-1 result in embryonic and 

larval lethality with some epi-1 mutant animals developing into sterile adults (Huang et 

al., 2003). RNAi against both α laminin chain subunit genes increases embryonic 

lethality underlining the separate functions of the two laminin subunits during 

embryogenesis (Huang et al., 2003). The identification and initial characterization of a 

novel epi-1/laminin αA allele isolated previously in a genetic screen for genes affecting 

axon guidance in C. elegans is part of this thesis (see Chapter 4). 
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1.4.2. Perlecan 

The heparan sulfate proteoglycan (HSPG) perlecan is a major component of 

basement membranes (Hassell et al., 1980). The large protein core of perlecan consists 

of five discrete domains with similarity to the low-density lipoprotein receptor (LPR) 

(domain II), laminin (domains III and V) and an Ig-rich domain with homology to the 

neural cell adhesion molecule (NCAM) (domain IV) (Murdoch et al., 1992). The N-

terminal domain I contains attachment sites for three glycosaminoglycan chains (Costell 

et al., 1997). Perlecan binds several other basement membrane proteins including 

laminin, nidogen and type IV collagen (Brown et al., 1997; Farach-Carson and Carson, 

2007; Giros et al., 2007; Hopf et al., 2001; Kvansakul et al., 2001; Sasaki et al., 1998a). 

Perlecan promotes integrin-mediated cell adhesion (Brown et al., 1997; Hayashi et al., 

1992). Individual perlecan domains also interact with growth factors and morphogens 

including VEGF, FGF2 and hedgehog proteins (Farach-Carson and Carson, 2007). 

Perlecan is required for BM integrity but not for BM formation. Mouse embryos defective 

for perlecan initially form normal BMs (Costell et al., 1999). Later in development BMs 

show deterioration in areas with mechanical strain like the heart muscle and the 

expanding brain vesicles. Most embryos die before birth due to cardiac arrest. Animals 

without heart defects die perinatally and show strong skeletal abnormalities. In the 

nervous system the perlecan deficiency results in exencephaly in animals with strongly 

disturbed BMs or neuronal ectopias in animals with less affected BMs. An follow-up 

study found reduced neurogenesis in the developing telencephalon likely due to reduced 

levels of sonic hedgehog in the perlecan deficient animals with less severe BM defects 

(Giros et al., 2007).  

The C. elegans ortholog of perlecan UNC-52 is synthesized and secreted by the 

hypodermis and localized to the BM between the body-wall muscle cells and the 

hypodermis (Rogalski et al., 1993; Spike et al., 2002). Similar to integrin mutants, strong 

unc-52/perlecan mutants exhibit a Pat (paralyzed, arrested elongation at twofold) 

phenotype. Body wall muscles are severely disorganized leading to early lethality 

(Hresko et al., 1994; Rogalski et al., 1993). Viable unc-52/perlecan alleles act as strong 

enhancers of distal tip cell migration defects in mutants of unc-6/Netrin and its receptors 

unc-5, or unc-40/DCC (Merz et al., 2003). Distal tip cells lead the extensions of the two 

gonad arms during the larval development in the hermaphrodite. Mutants of the UNC-
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6/Netrin pathway show defects in the ventral to dorsal migration of distal tip cells. The 

unc-52 enhancement of the circumferential distal tip cell migration defects can be 

partially suppressed by mutations in growth factors, including egl-17/FGF, unc-129/TGF-

β, dbl-1/TGF-β and egl-20/Wnt. Mutation in egl-20/Wnt, dbl-1/TGF-β, and dbl-1/TGF-β 

do not exhibit distal tip cell migration defects by themselves, suggesting that the 

enhancement of distal tip cell migration in viable unc-52/perlecan mutants might in part 

be the result of UNC-52/perlecan being unable to regulate the function of these growth 

factors by sequestering or localizing them properly. 

1.4.3. Nidogen 

Nidogens (entactins) are basement membrane glycoproteins (Ho et al., 2008). 

The nidogen family comprises two members in vertebrates, nidogen 1 and nidogen 2 

(Carlin et al., 1981; Kimura et al., 1998; Kohfeldt et al., 1998; Timpl et al., 1983). 

Nidogens contain two globule domains located at the N-terminal and one at the C-

terminus, separated by a stalk region, which largely consists of cysteine-rich EGF-like 

repeats (Ho et al., 2008). Both nidogen 1 and nidogen 2 bind various basement 

membrane proteins including collagen IV and laminin in vitro and have been proposed to 

serve as linkers between the laminin and collagen IV meshworks and other BM 

components like heparan sulfate proteoclycans (Aumailley et al., 1993; Kohfeldt et al., 

1998; Paulsson et al., 1987; Salmivirta et al., 2002) (Aumailley et al., 1993; Kohfeldt et 

al., 1998; Paulsson et al., 1987; Salmivirta et al., 2002). However, nidogen 1-deficient 

mice are healthy and exhibit normal basement membrane formation and tissue 

morphology (Murshed et al., 2000). Similarly, loss of nidogen 2 does not lead to obvious 

phenotypes in basement membrane formation or organ development (Schymeinsky et 

al., 2002). Mice lacking both nidogen 1 and nidogen 2 show aberrant lung development 

and cardiac defects resulting from basement membranes defects in these tissues (Bader 

et al., 2005). However, animals lacking both isoforms develop until birth and basement 

membrane composition is unaffected in other tissues suggesting that nidogens are not 

essential for basement membrane assembly (Bader et al., 2005).  

C. elegans has a single nidogen gene, nid-1. As in vertebrates, nid-1/nidogen 

does not seem to be required for basement membrane assembly (Kang and Kramer, 

2000). NID-1/nidogen protein localizes to all BM but accumulates strongly at the nerve 
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ring, the sublateral nerve tracts and at the muscle edges flanking the ventral and dorsal 

nerve cord (Kang and Kramer, 2000). Mutants in nid-1/nidogen exhibit defects in 

longitudinal axon guidance of the associated nerve tracts (Hutter, 2003; Kim and 

Wadsworth, 2000). NID-1/Nidogen is also enriched together with type XVIII collagen 

CLE-1 at synaptic contacts in the dorsal and ventral nerve cord and seems to play an 

important role in the organization of the neuromuscular junction (Ackley et al., 2003). 

1.4.4. Collagens 

Collagens are the most abundant molecules in the ECM and basement 

membranes. Most collagens are assembled from three separate polypeptide α-chains, 

which are held together by interchain hydrogen bonds (Brodsky and Persikov, 2005). 

Each polypeptide chain contains collagenous repeats, Gly-X-Y triplets with every third 

residue being a glycine and X and Y residues frequently being a proline and 4-

hydroxyproline, respectively. The collagenous repeats (also called triple helix motifs) are 

the defining feature of collagens and are essential for the formation of the right-handed 

triple-helical structure resulting from the intertwining of the three α-chains. The N- and C-

termini of collagens contain non-collagenous (NC) domains, which are usually numbered 

from the C-terminus (NC1, NC2, etc.). The collagenous domains are frequently 

interspersed by non-collagenous sequences. Prior to the triple-helix assembly proline 

and lysine residues are hydroxylated by the enzymes prolyl 4-hydroxilase and lysyl 

hydroxilase in the endoplasmatic reticulum. Hydroxylation of proline residues increases 

triple-helix stability (Berg and Prockop, 1973; Holmgren et al., 1998). Lysine 

hydroxylation is important for collagen cross-linking and a prerequisite for O-linked 

glycosylation, which for example is required for the proper secretion of type IV and type 

VI collagens and BM stability in vivo (Rautavuoma et al., 2004; Sipila et al., 2007). 

Collagen triple-helices can be homotrimeric or heterotrimerc containing identical or 

different α-chains respectively. Thus far, 28 different collagens have been identified in 

vertebrates (numbered I-XXVIII) (Kadler et al., 2007). Other collagen-like molecules 

contain collagenous domains but are named for other domains or specific biological 

functions. Collagens have been classified according to their function and domain 

homology (Kadler et al., 2007).  
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Network-forming collagens 

The group of network-forming collagens comprises the collagens type IV, VIII 

and X. The archetypal collagen type IV is the main collagenous constituent of the BM. 

Like laminins type IV collagen is able to self-assemble into a sheet-like superstructure 

(Kalluri, 2003). Collagen type IV is derived from six different α-chains polypeptides in 

mammals (Hudson, 2004). Each α-chains contains a 7S domain at their N-terminus and 

globular non-collagenous (NC1) domain on their C-terminus, which is separated by a 

long triple-helical domain that is interspersed by short stretches of non-collagenous 

sequence. Triple-helix assembly starts directly from the C-terminal NC1 domain and 

does not require procollagen cleavage. The resulting triple-helical collagen protomer is 

flexible due to its multiple interruptions in the collagenous domain. The collagen 

protomers self-assemble into a scaffold through interactions of their N-terminal 7S and 

C-terminal NC1 domains (Timpl et al., 1981). The NC1 domain connects two protomers 

at one end while the 7S domains connect four molecules on the other end. The collagen 

IV scaffold is essential for the structural integrity and maintenance of the BM but is not 

required for the early stages of BM assembly (Poschl et al., 2004). In the nervous 

system specific type IV collagen α-chains have been implicated in the formation and 

maintenance of neuromuscular junctions (Fox et al., 2007). Type IV collagen is also 

required for proper tectal layer recognition of axons from retinal ganglion cells (Xiao and 

Baier, 2007). Laminar targeting by type IV collagen is independent of integrin function 

and achieved indirectly through anchoring heparan sulfate proteoglycans and potentially 

other guidance cues embedded in the basement membrane, which are subsequently 

used by the retinal ganglion axons for proper tectal layer targeting. 

Fibrillar collagens 

Fibrillar collagens are the most abundant collagens in vertebrates and comprise 

the “classical” collagens types I, II, III, V and XI and collagen XXIV and XXVII. Fibril-

forming collagens are secreted as soluble procollagens, which contain large N- and C-

terminal propeptides. Procollagens are subsequently cleaved to create the 

tropocollagen. The C-terminal propeptide is cleaved by BMP1 or the subtilisin-like 

proprotein convertase furin, while the N-terminal propeptide is predominantly cleaved by 

ADAMTS metalloproteinases. Tropocollagens self-assemble into long cross-strated 

fibrils (Kadler et al., 1996). Fibrillar collagens give structural support to resident cells in 
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the interstitial matrix and provide tensile strength to tissue such as bone, cartilage, 

tendons and skin. Collagen VII is the major component of the anchoring fibrils, 

attachment complexes connecting the cutaneous basement membrane of the skin to the 

underlying connective tissue (Chen et al., 1997; Keene et al., 1987).  

Fibril-Associated Collagens with Interrupted Triple helices (FACITs) 

The group of Fibril-Associated Collagens with Interrupted Triple Helices contains 

collagens type IX, XII, XIV, XVI, XIX, XX, XXI and XXII. FACITs are relatively short 

collagens with interruptions in their collagenous domains that contain a thrombospondin-

like domain, also found in the fibrillar collagens V and XI. Several FACITs associate with 

collagen fibril surfaces and form part of connective tissues. For example, the prototypical 

FACIT collagen type IX is covalently bound to collagen II in the cartilage fibril (Eyre et 

al., 2004). The FACIT collagen XIX has recently been implicated in axonal navigation at 

intermediate targets (Hilario et al., 2010). In zebrafish pioneer motor axons from each 

hemisegment in the spinal cord exit the same ventral root. During their growth to their 

final target in the myotome the motor axons stall at several intermediate targets. 

Collagen XIX is expressed at those intermediate targets during pathfinding of the trunk 

pioneer motor axons. Mutants in the collagenXIXa1 gene stumpy extend pioneer motor 

axons normally from the spinal cord but fail to proceed past the intermediate targets 

(Hilario et al., 2010).  

Beaded-filament-forming collagens 

The Beaded-filament-forming collagens comprise collagen type VI, XXVI and 

XXVIII. The prototypical member type VI collagen is found in most tissues and forms 

tetramers that assemble into long chains of microfibrils with beaded repeats in the 

interstitial matrix, that might form structural links with cells (Aumailley et al., 1989; 

Baldock et al., 2003).  

Endostatin-producing collagens 

Like network-forming collagens, endostatin-producing collagens type XV and 

XVIII (also referred to as multiplexins) associate with basement membranes (Tomono et 

al., 2002). Type XV collagen has been proposed to serve as a linker between the 

basement membrane and collagen fibrils in the underlying connective tissue (Amenta et 
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al., 2005; Myers et al., 1996). Endostatin-producing collagens bind to components of the 

BM such as laminin (Hurskainen et al., 2010; Marneros and Olsen, 2005). The C-

terminal NC1 domain containing the endostatin of collagens XV and XVIII α-chains can 

be cleaved and assembles in to a trimeric form (Sasaki et al., 1998b; Sasaki et al., 

2000). NC1 is further converted into the monomeric endostatins, which functions as 

angiogenesis inhibitor and controls cell migrations as well as axonal guidance (Sasaki et 

al., 2002). In zebrafish, the type XVIII collagen gene col18a1 is expressed dynamically in 

the nervous system, including the spinal cord (Haftek et al., 2003). Knock down of the 

col18a1 gene results in the stalling of pioneer motor axons soon after exiting the spinal 

cord at the ventral root (Schneider and Granato, 2006). 

Transmembrane collagens 

Collagen type XIII, XVII, XXIII and XXV are type II transmembrane proteins 

(Franzke et al., 2005; Franzke et al., 2003). More distantly related collagenous domain-

containing transmembrane proteins include ectodysplasin-A, colmedins, the MARCO 

receptor and the class A macrophage scavenger receptors (Franzke et al., 2005). The 

polypedtide α-chains of transmembrane collagens consist of an N-terminal intracellular 

domain, a single-pass transmembrane domain and a large extracellular domain (Figure 

1.5). The extracellular domain comprises one or several collagenous domains which are 

flanked and interspersed by non-collagenous sequences. All transmembrane collagens 

are homotrimeric. Triple-helix formation of transmembrane collagens has been studied 

for type XIII collagen (Snellman et al., 2007). Stable assembly requires coiled-coil 

formation of several non-collagenous domains (Latvanlehto et al., 2003; Snellman et al., 

2007). α-chain linkage depends on two conserved cysteine residues in the 

juxtamembrane domain, which mediate interchain disulfide-bounds (Snellman et al., 

2007). Transmembrane collagens can have dual functions. They can act as ligands or 

potentially as receptors on the cell surface and are able to release their ectodomains into 

the extracellular matrix, where they can interact with ECM components. Ectodomain 

shedding has been described for all transmembrane collagens (Banyard et al., 2003; 

Hashimoto et al., 2002; Hirako et al., 1998; Snellman et al., 2000). The closely related 

and structurally similar transmembrane collagens type XIII, XXIII and XXV are cleaved 

by furin convertases, collagen type XVII is shed by metalloproteinases of the ADAM 

family (Franzke et al., 2009; Hashimoto et al., 2002; Snellman et al., 2000; Veit et al., 
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2007). Transmembrane-anchored type XIII collagen functions as cell adhesion 

component at cell-basement membrane interfaces (Hagg et al., 2001). The released 

ectodomain binds to BM components such as fibronectin, nidogen 2 and perlecan in 

vitro and reduces adhesion, proliferation and migration of cultured cells by modulating 

their pericellular surrounding (Tu et al., 2002; Vaisanen et al., 2004). The interactions 

between the ectodomain and fibronectin fibers might interfere with the assembly of the 

fibrillar fibronectin meshwork in the pericellular matrix (Vaisanen et al., 2006). In mice, 

type XIII collagen is expressed in various tissues (Sund et al., 2001) and for example is 

found in muscles, where it functions in the maturation of the skeletal neuromuscular 

junction (Latvanlehto et al., 2010). Type XIII collagen is also strongly expressed in the 

developing central and peripheral nervous system and the collagen XIII ectodomain is 

able to induce neurite outgrowth of cultured hippocampal neurons (Sund et al., 2001). 

Type XVII collagen is a component hemidesmosomes, multiprotein complexes on the 

basal surface of basal epidermal keratinocytes and mediates keratinocyte adhesion to 

the underlying epidermal basement membrane (Franzke et al., 2005). Collagen type 

XXIII is also expressed in keratinocytes and likely functions with integrin α2β1 to provide 

cell-cell attachment in the epidermis (Osada et al., 2005). Type XXV collagen is 

expressed in the brain. Its cleaved ectodomain CLAC (collagen-like Alzheimer amyloid 

plaque component) binds and aggregates amyloid beta fibrils into protease resistant 

bundles (Soderberg et al., 2005). Other studies have showed that CLAC inhibits amyloid 

beta fibrillization and fibril elongation (Kakuyama et al., 2005; Osada et al., 2005).  

Functions of collagens in C. elegans 

In C. elegans, the number of collagens is greatly expanded and consists of over 

170 genes (Page and Johnstone, 2007). However, fibrillar collagens are absent in C. 

elegans (Hutter et al., 2000). The vast majority of the C. elegans collagens are 

components of the cuticle. Cuticle collagens are most similar in size and structure to the 

FACITs in vertebrates (Page and Johnstone, 2007). The two network-forming type IV 

collagen α-chain homologs EMB-9 and LET-2 (Graham et al., 1997) and the endostatin-

producing type XV/XVIII collagen homolog CLE-1 associate with the BM (Ackley et al., 

2001). emb-9 and let-2 are predominantly expressed in body wall muscles and some 

somatic cells of the gonad (Graham et al., 1997). Their proteins localize to most BMs 
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including the hypodermal BM underlying the body wall muscle quadrants and the BM 

surrounding the pharynx, intestine, and gonad. The expression pattern of EMB-9 and 

LET-2 is identical, indicating that the two α-chain polypeptides might assemble into one 

single heterotrimeric molecule (Graham et al., 1997). Like in vertebrates, type IV 

collagen is an essential structural component of the BM in C. elegans and emb-9 and 

let-2 mutant embryos arrest at the 2-fold stage (Guo et al., 1991; Gupta et al., 1997). 

The endostatin-producing collagen CLE-1 has several isoforms, which are differentially 

expressed (Ackley et al., 2001). Expression domains include body wall muscles and 

several neuronal subgroups. CLE-1 protein localizes to all BM but accumulates on 

longitudinal nerve tracts, most notably to synapse-rich areas (Ackley et al., 2001; Ackley 

et al., 2003). Deletion of the NC1 domain of cle-1 containing endostatin causes mild 

defects in motor neuron commissural guidance and affects neuronal migrations as well 

as neuromuscular junction organization (Ackley et al., 2001; Ackley et al., 2003). Defects 

are partially rescued by ectopic expression of the trimeric NC1 domain. Expression of 

monomeric endostatin causes dominant cell migration defects in wild type animals 

suggesting that the trimeric NC1 domain and the NC1 derived monomeric endostatin act 

antagonistically (Ackley et al., 2001). Until now, transmembrane collagens have not 

been studied in C. elegans. The GExplore protein domain search interface (Hutter et al., 

2009) predicts seven transmembrane proteins with collagenous domains in the C. 

elegans genome. Five of the candidates are uncharacterized proteins of 278-430 amino 

acid size with very short cytoplasmic domains and an ectodomain containing one or two 

collagenous domains. The two remaining proteins UNC-122 and COF-2 belong to the 

colmedin family of collagenous transmembrane proteins. Colmedins contain a single 

collagenous-domain and a cysteine-rich olfactomedin-like domain in their extracellular 

domain. COF-2 has not been analyzed to date. UNC-122 is found in coelomocytes and 

muscles and accumulates strongly to the postsynaptic surface of GABAergic and 

cholinergic neuromuscular junctions (Loria et al., 2004). Mutants in unc-122 show 

defects in locomotory behaviour and display neurotransmission defects, that 

continuously increase with age (Loria et al., 2004). unc-122 mutants also show ectopic 

axon outgrowth in the DVB motor neuron. We have identified COL-99, a transmembrane 

collagen with similarities to the vertebrate collagens type XIII and XXV. The 

characterization of this novel transmembrane collagen is part of this thesis (see Chapter 

3). 
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1.5. Signal transduction 

During development neurons send out axons, which integrate a vast number of 

extracellular cues in order to reach their target cells. These guidance cues are detected 

by receptors on the growth cone at the tip of an extending axon. Receptor–ligand 

binding triggers intracellular signaling pathways, which affect actin and microtubule 

assembly, leading to growth cone stabilization or collapse resulting in directed axon 

outgrowth. Growth cones at the tip of extending axons are highly dynamic structures. 

Filopodia, finger-like membrane protrusion and flat sheet-like protrusions called 

lamellipodia continuously extend and retract from the growth cone periphery to probe the 

environment (Dent and Gertler, 2003). The protrusions from the growth cone periphery 

require the polymerization of filamentous actin (F-actin), which forms filament bundles in 

filopodia and a branched meshwork in lamellipodias (Figure 1.6). During axon extension 

F-actin is depolymerized at the pointed end and reassembled onto the barbed end at the 

leading edge of the actin filament close to the plasma membrane. F-actin is also subject 

to a constant retrograde flow and transported away from the leading edge towards the 

center by a myosin-motors. The rate of actin polymerization near the plasma membrane 

and retrograde flow regulates filopodia and lamellopedia extension and withdrawal. The 

central region of the growth cone is less dynamic and harbors a dense array of 

microtubules that extend from axon shaft (Figure 1.6). The microtubules provide support 

for the extending growth cone and serve as transport tracks for membranous organelles 

and vesicles. Some microtubules enter the growth cone periphery and influence growth 

cone turning in response to attractive and repulsive cues (Buck and Zheng, 2002; 

Challacombe et al., 1997; Williamson et al., 1996). These dynamic microtubules 

elongate and retract along the actin filaments. Upon encountering an attractive guidance 

cue the dynamic microtubules become coupled to F-actin in direction of the positive cue 

and become stabilized against depolymerization. Recruitment, stabilization and bundling 

of additional microtubules ultimately rearrange the growth cone shaft in direction of the 

positive cue. 

Multiple adaptor molecules associate with actin and microtubules in the growth 

cone and modulate the cytoskeleton dynamics in response to axon guidance cues (Dent 

et al., 2011). Actin-associated molecules modulate assembly, branching and stability of 
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actin filaments. For example, the Ena/Vasp proteins bind with free F-actin barbed ends 

to enhance the rate of actin assembly and also delaying filament termination by shielding 

them from capping proteins. Various proteins also bind the sides F-actin including Fascin 

and Abl, which are involved in F-actin bundling or members of the ERM family that 

adhere actin filaments to the plama membrane. Proteins like Cofilin sever F-actin or like 

Mical lead to F-actin depolymerization. Other molecules such as Profilin bind and 

regulate the availability of actin monomers. The Arp2/3 complex nucleates new filaments 

off the side of F-actin after being activated by Wiskott–Aldrich syndrome protein (WASP) 

and WASP-family verprolin-homologous protein (WAVE) family proteins.  

Molecules associating with microtubules regulate microtubule dynamics and 

stability (Dent et al., 2011). For example, plus-end-tracking proteins bind to the growing 

(+) distal end of microtubules and are enriched in the dynamic microtubules that extend 

into the growth cone periphery. The plus-end-tracking proteins CLIP supports 

microtubule extension, Clip-associating proteins (CLASPs) increase microtubule stability 

(Galjart, 2005). MAP proteins also stabilize microtubules, while spastin and katanin 

sever microtubules. The microtubule motor protein dynein is required for microtubules to 

extend into the growth cone periphery. Dynein function is likely antagonized by the motor 

proteins myosin II and kinesin 5. Myosin II mediates the retrograde flow of actin, which 

counteracts the microtubule entry into to the growth cone periphery. Similarly, kinesin 5 

expressed at the transitional zone inhibits distal microtubule extension. Proteins like 

Drosophila pod-1 crosslink microtubules with the F-actin network allowing the 

coordination between these two cytoskeleton components. 

The cytoskeleton and its adaptor proteins are the target of many signaling 

pathways downstream of guidance receptors on the cell surface. Axons treated with 

agents that disrupt the actin microfilaments lose responsiveness to guidance cues 

resulting in undirected outgrowth (Bentley and Toroian-Raymond, 1986; Buck and 

Zheng, 2002; Chien et al., 1993; Dent and Kalil, 2001). Axon guidance receptors for 

Netrins, Semas, ephrins, and Slits act through Rho-family GTPases to control 

cytoskeleton dynamics (Figure 1.7) (Hall and Lalli, 2010). Members of the Rho family of 

small GTPases such as Rho, Rac and Cdc42 have been established as key regulators 

mediating between axon guidance receptors and effector proteins like WASP and Rho-

associated protein kinase (Rock) that regulate the activity of cytoskeletal adaptor 
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proteins. Guidance receptors regulate Rho GTPase activity through interactions with 

Guanine nucleotide exchange factors (GEFs) or GTPase-activating proteins (GAPs). 

GEFs activate the Rho GTPases by catalyzing the exchange of GDP to GTP. GAPs 

strengthen the intrinsic GTPase activity leading to inactivation. 

C. elegans has one Rho and one Cdc42 homolog encoded by the rho-1 and cdc-

42 genes as well as three Rac-like proteins encoded by ced-10, rac-2 and mig-2. The 

three Rac-like proteins act redundantly in axon guidance (Lundquist et al., 2001). The 

GEF UNC-73/Trio acts in all Rac-dependent guidance pathways, whereas another GEF, 

CED-5/DOCK180, acts together with MIG-2, but not with CED-10 (Lundquist et al., 

2001). CED-10 and MIG-2 control the downstream effectors WVE-1/WAVE and WSP-

1/WASP respectively (Shakir et al., 2008). WAVE and WASP are activators of the 

Arp2/3 complex, which is required for axon guidance and filopodia formation in C. 

elegans (Norris et al., 2009). CED-10 also functions in a parallel pathway through the 

Receptor for Activated C Kinase (RACK-1), which physically interacts with the F-actin-

biding protein UNC-115/abLIM to regulate axonal pathfinding as well as lamellipodia and 

filopodia formation (Demarco and Lundquist, 2010; Struckhoff and Lundquist, 2003). 

CED-10 acts downstream of the UNC-6/Netrin receptor UNC-40/DCC (Gitai et al., 2003). 

However, the GEF UNC-73/Trio does not act with CED-10/Rac1 in this context (Gitai et 

al., 2003). UNC-40/DCC harbors two cytoplasmic motifs (P1 and P2), which are required 

for distinct signaling pathways (Gitai et al., 2003). The P2 motif is required for CED-10, 

UNC-115/ abLIM signaling; the P1 motif acts in a parallel, Rac-independent pathway 

which functions through UNC-34, the C. elegans homolog of Ena/Vasp. Ena/Vasp 

proteins are known to interact with actin filaments (Drees and Gertler, 2008) and like the 

Arp2/3 complex and UNC-115/abLIM control filopodia formation in C. elegans (Norris et 

al., 2009). As a downstream effector of UNC-40/DCC, UNC-34/Ena mediates axon 

outgrowth and is required for UNC-6/Netrin attraction (Gitai et al., 2003).  In addition, 

UNC-34/Ena interacts with the cytoplasmic domain of SAX-3/ROBO and stimulates axon 

repulsion (Yu et al., 2002). 

Non-receptor kinases frequently act as immediate downstream components of 

guidance receptors. Non-receptor tyrosine kinases of the Src family kinase (SFK) and 

focal adhesion kinase (FAK) families bind and phosporylate DCC upon Netrin binding 

and facilitate axonal outgrowth and growth cone turning (Liu et al., 2004a; Meriane et al., 
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2004; Ren et al., 2004). SFKs are also recruited by EphR and are involved in EphR-

mediated repulsion (Knoll and Drescher, 2004). In ephrin-A reverse signaling FAKs can 

serve as biological switch mediating between EphA adhesion and repulsion (Zimmer et 

al., 2007). Signaling downstream of the GPI-anchored ephrins is indirect and might 

require neurotrophin receptors (Lim et al., 2008). SFKs also functions in WNT5/Derailed 

and Sonic Hedgehog signaling (Wouda et al., 2008; Yam et al., 2009). 

The second messengers Calcium (Ca2+) and cyclic nucleotides (cAMP and 

cGMP) can also affect growth cone guidance. Elevation of intracellular Ca2+ levels on 

one side of the growth cone elicits a growth cone turning response (Zheng, 2000). Both 

attractive and repulsive guidance cues can elevate Ca2+ levels. Growth cone response 

depends predominantly on the magnitude of the local Ca2+ increase with high and low 

amplitudes preferentially leading to repulsion, while more moderate Ca2+ amplitude 

increases tend to trigger growth cone attraction (reviewed in Gomez and Zheng, 2006; 

Zheng and Poo, 2007). In cultured neurons attractive cues like BDNF and Netrin result in 

membrane depolarization and Ca2+ influx via voltage-operated calcium channels leading 

to growth cone turning towards the attractive cue (Li et al., 2005b; Wang and Poo, 

2005). Repulsive cues like Sema3A and Slit2 trigger membrane hyperpolarization, which 

leads to growth cone repulsion (Nishiyama et al., 2008). Sema3A induced growth cone 

repulsion involves the second messenger cGMP in cultured neurons. Sema3A increases 

the level of cyclic GMP in the growth cone, which triggers the opening of cyclic 

nucleotide gated calcium channels, resulting in Ca2+ influx and growth cone repulsion 

(Togashi et al., 2008). In Drosophila, the receptor guanylyl cyclase Gyc76C, which 

synthesizes cGMP from GTP, is required for the guidance of motor neurons (Ayoop et 

al., 2004). Gyc76C was placed in the same genetic pathway together with Semaphorin 

and its receptor Plexin supporting a role of cGMP signaling in Semaphorin-mediated 

repulsion in vivo (Ayoop et al., 2004). More generally, the levels of cyclic nucleotides, in 

particular the relative levels between cAMP and cGMP, can modulate the response to a 

guidance cue. High levels of cyclic nucleotide or high ratios of cAMP to cGMP promote 

attraction, while low concentrations of cyclic nucleotides or low ratios of cAMP to cGMP 

promote repulsion (Nishiyama et al., 2003; Song et al., 1998; Song et al., 1997). 

Downstream effectors of the second messenger systems include various kinases like 

PKA PKC and PKG, CaM Kinase II and the tyrosine kinase Src and the Rho-family of 
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small GTPases which ultimately provide a link to the cytoskeleton see above (reviewed 

in Gomez and Zheng, 2006; Piper et al., 2007). 

1.6. The axon guidance problem is not solved 

As described above, our understanding of the molecular mechanisms underlying 

axonal guidance have greatly increased over the last decades. Many guidance cues and 

their corresponding receptors have been identified in both vertebrates and invertebrates 

and their function has been analyzed in close detail. Despite these advances 

unanswered questions remain. Many pathway decisions are unaffected in mutants of 

genes encoding for guidance cues and their receptors. While functional redundancy 

between different guidance systems has been documented and might contribute to the 

lack of phenotype in these mutants, it is likely that novel molecules remain to be 

identified. In addition, several guidance receptor mutants do not fully reflect the 

phenotype of mutants in their corresponding ligand, suggesting that additional receptors 

remain to be discovered. Functionally, many guidance decisions are only partly 

understood. In C. elegans for example the mechanism of dorso-ventral guidance has 

been analyzed in great detail and a basic model for the guidance along this axis has 

been proposed (Figure 1.2). However, guidance along the anteroposterior axis is far less 

understood and while molecules involved in this process have been identified no general 

model has emerged to date. 

Our lab uses the nematode Caenorhabditis elegans to identify and characterize 

novel axon guidance genes. C. elegans combines a simple nervous system architecture 

with all benefits of a genetic model organism and is a very attractive system for 

genetically addressing the axon guidance problem in vivo. In the following paragraphs I 

will introduce our model organisms and its nervous system. 

1.7. The model organism C. elegans 

The majority of molecules involved in axonal guidance are evolutionary 

conserved and have been identified in invertebrates and vertebrates. Our lab uses the 
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nematode Caenorhabditis elegans (C. elegans), which was originally introduced by 

Sidney Brenner as a novel model organism allowing for a functional analysis of the 

nervous system using genetic studies (Brenner, 1973, 1974).  

C. elegans can easily be cultivated in a laboratory in petri dishes on a lawn of E. 

coli bacteria or in liquid culture should large quantities be required (Brenner, 1973; Lewis 

and Fleming, 1995). The life cycle of C. elegans is conveniently short lasting only 3½ 

days at 20° on E. coli (Brenner, 1973). Embryogenesis is completed within 14 hours, 

after hatching animals undergo four larvae stages (L1-L4) before growing into an adult 

(Sulston and Horvitz, 1977; Sulston et al., 1983). The overall life-span is 2-3 weeks. 

Under dire conditions like food shortage or overcrowding, C. elegans can develop into a 

dauer larva (Cassada and Russell, 1975). Dauer larvae are unable to eat but can remain 

viable for three months or longer. Dauer larvae can revert to the L4 stage under 

improved conditions (Wood, 1988). Animals can also be frozen at -80° and stored in 

liquid nitrogen almost indefinitely (Riddle et al., 1997).  

C. elegans is a self-fertilizing hermaphroditic species (Brenner, 1973). Adult 

hermaphrodites are only about one millimeter in length and contain 959 somatic cells 

(Wood, 1988). The number and position of the cells is invariant and can be determined 

directly under a microscope due to the transparency of the animal. As a result the full 

cell-linage has been traced (Kimble and Hirsh, 1979; Sulston and Horvitz, 1977; Sulston 

et al., 1983). A single hermaphrodite can produce about 300 progeny, which are 

genetically identical (Brenner, 1973; Hodgkin and Barnes, 1991). Males arise naturally at 

a low frequency (0.1%) and permit the transfer of genetic markers (Brenner, 1973, 1974; 

Hodgkin et al., 1979). The genome of C. elegans is distributed on six chromosomes – 

five pairs of autosomes (I-V) and the sex chromosome X, which in males is present as a 

single copy (Nigon, 1949). The genome has been sequenced entirely and comprises 

about 19000 genes on 97 Mb (Consortium, 1998). About 38% of the genes are 

conserved in humans (Shaye and Greenwald, 2011). 

Perhaps like no other multi-cellular model organism, C. elegans combines the 

advantages of a short life cycle and small size allowing easy cultivation and fully 

sequenced, compact genome with a stereotypic, invariant development that can directly 
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be monitored in vivo. These features make C. elegans a salient model to study the 

underlying molecular mechanisms of axon guidance during development. 

1.7.1. Anatomy of the nervous system of C. elegans 

The nervous system of C. elegans has been reconstructed from serial electron 

microscopic sections in its entirety (Albertson and Thomson, 1976; Hall and Russell, 

1991; White et al., 1986; White et al., 1976). It consists of a somatic nervous system and 

a pharyngeal nervous system, which are formed in hermaphrodites by 282 and 20 

neurons respectively and connect through a single pair of interneurons. The somatic 

nervous system is interconnected through approximately 5000 chemical synapses and 

600 gap junctions and forms 2000 neuromuscular junctions (NMJs) with 95 body wall 

muscle cells. Chemical synapses between adjacent processes are made en passant. 

The 302 neurons are classified in 118 distinct classes according to their synaptic 

connections and morphology. A single neuron forms between 1 to 30 synapses. Most 

neurons have a simple morphology and extend only one or two processes, which are 

frequently unbranched.  

The majority of neurons in C. elegans is clustered in ganglia in the head and tail 

or align along the ventral midline (Figure 1.8). Most neurons in the head and tail ganglia 

are found as bilateral symmetric pairs, whereas motor neurons associated with the 

ventral nerve cord are predominantly unilateral. The head ganglia consist mainly of 

sensory neurons and interneurons. Sensory neurons extend dendrites to anterior end of 

the animal where they terminate as cilia. Axons of sensory neurons synapse onto 

interneurons in the nerve ring. The nerve ring represents the largest neuropil in C. 

elegans and runs circumferentially around the pharynx. On its ventral side the two ends 

of the horseshoe-shaped ring connect to the ventral nerve cord (VNC), the major 

longitudinal nerve tract connecting the head ganglia with motor neurons and the tail 

ganglia. The VNC consists of two fascicles that are separated by the ventral hypodermal 

ridge and flank the somata of motor neurons that are aligned in a row along the ventral 

midline. The majority of neuronal processes from the head and tail ganglia and from 

motor neurons run in the right axon tract. Only four processes are located in the left 

fascicle creating the highly asymmetric structure of the VNC. Processes from command 

interneurons of the motor circuit extending from the nerve ring form synapses with motor 
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neurons processes in the right VNC fascicle. Motor neurons in turn innervate body wall 

muscle cells via neuromuscular junctions permitting the transfer of information between 

sensory neurons and body wall muscles through interneurons. In contrast to other 

organisms in C. elegans muscle cells extend muscle arms towards the motor neurons to 

form neuromuscular junctions. Motor neurons are classified into inhibitory, GABAergic D-

type motor neurons (DD, VD) and excitatory, cholinergic A- and B-type neurons (VA, VB, 

DA, DB, AS). VA, VB and VD motor neurons innervate ventral body muscles. DA, DB, 

DD and AS motor neurons innervate dorsal body wall muscles. DA, DB, AS and D-type 

motor neurons extend commissures towards the dorsal midline. Commissures of DD, VD 

and AS motor neurons extend on the right side of the body. Commissures of DA and DB 

neurons extend on both sides of the animal. Upon reaching the dorsal midline 

commissures extend longitudinally along the left side of the dorsal midline and form the 

dorsal nerve cord.  

The dorsal and ventral nerve cord are each flanked by two sub-laterally situated 

tracts (Figure 1.9). The dorsal sublateral tracts (DSCs) and ventral sublateral tracts 

(VSCs) run underneath the body wall muscles. Most processes in the sublateral tracts 

originate from the nerve ring. Anterior to the nerve ring the tracts are formed by two 

processes, posterior to the nerve ring the sublateral tracts consist of four processes that 

grow in posterior direction and one process growing in anterior direction. After running in 

parallel to the DNC from the nerve ring the dorsal DSCs move more laterally at the vulva 

region and intersect with the trajectories of the ALN processes, which extends 

longitudinally near the dorsal margin of the lateral hypodermal ridge. The posterior 

directed processes from the nerve ring end shortly after joining the ALN trajectory. The 

DSCs are joined by the processes of the SDQ neurons, which extend anteriorly and 

project into the nerve ring. The right DSC is joined by the process of SDQR at about a 

third of the way towards the vulva. The left DSC is joined by the process of SDQL, which 

extends alongside the process of ALN from the posterior end of the animal. Similarly, at 

the vulva region the VSCs move in a more lateral position and intersect with the 

trajectories of the PLN and PLM processes, which run close to the ventral margin of the 

lateral hypodermal ridge. The processes of the PLN neurons join the VNCs and grow 

towards the head ganglia in anterior direction. The posterior directed VSC processes 

from the nerve ring terminate shortly after intersecting. Two additional nerve bundles are 
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closely associated with the excretory canals and extend longitudinally at a more lateral 

position (Figure 1.9). 

1.7.2. Development of the ventral and dorsal nerve cords 

The outgrowth of nerve processes in the VNC of C. elegans occurs successively 

and has been reconstructed from serial sectioned embryos of various developmental 

stages (Durbin, 1987). In the two-fold stage 480 min after fertilization the AVG neuron 

located at the anterior end of the VNC in the retro-vesicular ganglion extends the first 

process and pioneers the right VNC by growing in posterior direction (Figure 1.10A). 

Shortly after, the axons of the GABAergic DD motor neurons join the right VNC tract and 

grow in anterior direction until they reach the next more anterior DD motor neuron cell 

body. At the same time each DD and cholinergic DA and DB motor neuron sends one 

commissure on a circumferential path the dorsal midline. Commissures of DA and DB 

motor neurons extend directly from the soma, while commissures of DD branch off close 

to the anterior end of their ventral processes in the right VNC tract. Upon reaching the 

left side of the dorsal hypodermal ridge the DD processes branch and grow in 

longitudinal direction, whereas DA processes turn in anterior and DB in posterior 

direction. Together the processes of DA, DB and DD form the dorsal nerve cord (DNC). 

The outgrowth of the motor neuron commissures occurs concurrently. All DD 

commissures with the exemption of DD1 extend on the right side of the body. DA and 

DB commissures extend on both sides of the body in a strict, reproducible pattern. 

During the time of commissure outgrowth, the left VNC tract is pioneered by the process 

of the interneuron PVPR from the posterior end of the VNC (Figure 1.10B). 

Simultaneously, the process of its bilateral partner PVPL extends in the right tract. The 

two PVP processes decussate directly after extending from their somas in the pre-anal 

ganglion and grow anteriorly in the respective contralateral VNC tract. Once in the VNC, 

the PVP processes are closely followed by the processes of the PVQ neurons, which are 

located in the lumbar ganglia in the tail of the animal. At about 550 min after fertilization 

processes from command interneurons of the motor circuit located in the head ganglia 

enter the left and right VNC after descending from the nerve ring (Figure 1.10C). Upon 

entering the retrovesicular ganglia at the anterior end of the VNC all interneuron 

processes on the left side cross in the contralateral tract and extend posteriorly in the 
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right VNC fascicle. The process of AVKR interneuron, which initially extends from its 

soma on the right side and navigates through the nerve ring to enter the VNC on the left 

side being the only exemption. Around the same time DA and DB motor neurons extend 

dendrites into the right VNC fascicle. DA dendrites grow in anterior direction, DB 

dendrites in posterior direction. Both DA and DB dendrites form synapses with the axons 

of the command interneurons (AVA, AVB, AVD, AVE, PVC). 

Later in development additional neurons are formed. At the end of the L1 stage, 

the 13 postembryonic VD motor neurons extend commissures on the right side of the 

body towards the dorsal nerve cord (Figure 1.10D). The only exemption being, VD2, 

which extends along the DD1 trajectory on the left side of the body. In the L4 stage 

eventually, axons of the two hermaphrodite-specific HSN motor neurons descend into 

the two VNC at the vulva region and extend anterior into the nerve ring (Garriga et al., 

1993). HSN neurons innervate the vulval muscles and stimulate egg laying in 

hermaphrodites. 

In summary, axonal outgrowth in C. elegans is stereotypic and reproducible in 

different animals. Axonal trajectories are simple and the number of processes limited. 

These features make C. elegans an excellent model system to study the basic molecular 

principles of axon guidance.  

1.8. Goals and content of this thesis 

The starting point of this thesis were two previously performed screens for novel 

molecules involved in axonal guidance in the nematode C. elegans. The discoidin 

domain receptor homolog ddr-2 was isolated in a candidate screen from a set of mutants 

in genes encoding for proteins with both a single pass transmembrane and an 

extracellular domain with strong expression in the nervous system of C. elegans. DDR-2, 

together with DDR-1 form a small family of collagen receptors within the receptor 

tyrosine kinases in C. elegans. The functional analyses of ddr-1 and ddr-2 were the first 

goals of this dissertation and are presented in Chapter 2. It includes the detailed 

phenotypic description of the nervous system of discoidin domain receptor mutants as 

well as the characterization of the expression pattern of ddr-1 and ddr-2 and their 
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corresponding proteins. In addition, evidence for the requirement of DDR-2 in the 

pioneer PVPR is provided and genetic interaction studies with potential pathway 

components are described. The results presented in Chapter 2 represent the first study 

on discoidin domain receptor function in invertebrates and highlight a novel role for these 

receptors in axon guidance. 

The two novel mutants ast-4(rh311) and ast-6(rh313) were isolated from a non-

clonal genetic screen for genes affecting the guidance of command interneurons (Hutter 

et al., 2005). The second goal of my dissertation was the identification and initial 

characterization of the corresponding genes, which is presented in Chapter 3 and 

Chapter 4 respectively. Chapter 3 describes the mapping and subsequent identification 

of ast-4(rh311) as an allele of the collagen col-99, a novel transmembrane collagen with 

similarities to the vertebrate collagens type XIII and XXV. It further comprises the 

description of phenotypes associated with mutations in col-99, the expression pattern of 

col-99 during development and the subcellular localization of the COL-99 protein as well 

as genetic interaction studies with potential interaction partners, including the two 

discoidin domain receptors. My findings in Chapter 3 suggest a potential receptor-ligand 

relationship between discoidin domain receptors and COL-99 and represent the first 

study, that implicates transmembrane collagens in axon guidance. 

In Chapter 4 I present data establishing the ast-6(rh313) as an novel allele of the 

laminin αB subunit epi-1 and provide an first analysis of the phenotype associated with 

partial-loss of function mutations in epi-1. 
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1.9. Figures 

 

Figure 1.1. Axon guidance molecules and their receptors 
Overview of the four major axon guidance molecule families and their corresponding receptors. 
Growth cone responses and known modifiers for each pathway are shown. ALPS, agrin–laminin–
perlecan–Slit domain; C, netrin C terminus; CUB, C1/Uegf/BMP-1 domain; DCC, deleted in 
colorectal cancer; EGF, epidermal growth factor; FNIII, fibronectin type III domain; GPI, 
glycosylphosphatidyl–inositol anchor; Ig, immunoglobulin domain; LRR, leucine-rich repeat; MAM, 
meprin/A5 antigen motif; MRS, Met tyrosine kinase–related sequence; RK, arginine/lysine-rich 
basic domain; SAM, sterile alpha motif; SP, ‘sex and plexins’ domain; TK, tyrosine kinase 
domain; TSP, thrombospondin domain; VI and V, homology to laminin domains VI and V, 
respectively. Reprinted by permission from Macmillan Publishers Ltd: Nature Neuroscience Vol. 
4, pp 1169-1176, ‘Dynamic regulation of axon guidance’, Timothy W. Yu and Cornelia I. 
Bargmann, © 2001 
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Figure 1.2. Dorso-ventral axon migrations in C. elegans. 
 (A) Dorsal migration. Initially, UNC-5-expressing growth cones are repelled from the ventral side 
by high concentrations of UNC-6/Netrin (yellow) secreted at the ventral side (1). UNC-129 (blue) 
is secreted dorsally and forms a gradient opposing the UNC-6 gradient. UNC-129 interacts with 
UNC-5 and might facilitate UNC-5/UNC-40 receptor complex formation (blue arrow), required for 
repulsion at lower concentrations of UNC-6 (2). (B) Ventral migration. SLT-1/Slit (red) and UNC-
6/Netrin (yellow) form two opposing gradients. Growth cones expressing SAX-3 and the co-
receptor EVA-1 are repelled from the dorsal SLT-1 source. Simultaneously, the growth cones are 
attracted towards the ventral source of UNC-6 via the UNC-40 receptor. At decreasing SLT-1/Slit 
levels unbound SAX-3 might inhibit UNC-40 signaling and attenuate growth cone attraction to 
increasing UNC-6 concentrations. Both schematics depict cross-sections of C. elegans. 
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Figure 1.3. Midline crossing in Drosophila and vertebrates 
 (A) In Drosophila, pre-crossing commissural axons (bottom left) express the Frazzled receptor 
(red) and are attracted to the ventral midline by Netrin. The ROBO receptor (blue) is sorted to late 
endosomes by COMM (purple) preventing it from being presented on the growth cone. Post-
crossing (bottom right), comm expression stops, leading to ROBO being transported to the 
growth cone cell surface, where it can interact with Slit. Slit/ROBO signaling leads to growth cone 
repulsion away from the midline and prevents re-crossing. (B) In vertebrates, Netrin attracts pre-
crossing commissural axons (bottom left) through the Frazzled homolog DCC (red). Slit repulsion 
through Robo1 is supressed by the Robo3.1 isoform of the Robo3 receptor (yellow). Post-
crossing (bottom right), the Robo3.1 isoform is downregulated and the Robo3.2 isoform 
expressed instead. Robo3.2 together with Robo1 (and Robo2, not depicted) mediate Slit 
repulsion leading to axonal extension away from the Slit source at the ventral midline and 
preventing re-crossing of commissural axons. Reprinted from Current Opinion in Neurobiology, 
Vol. 20, Timothy A. Evans and Greg J. Bashaw, ‘Axon guidance at the midline: of mice and flies’, 
Pages 79-85, © 2010, with permission from Elsevier 
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Figure 1.4. Basement membrane assembly 
(a) Type IV collagen protomers, laminin trimers, nidogen/entactin and perlecan are assembled 
and subsequently secreted from the cell. (b) Laminin is anchored by receptors (e.g. integrin) to 
the basolateral surface of cells and self-assembles into a polymer. (c) Collagen IV polymer 
associates with the laminin scaffold. Nidogen/entactin binds the two polymers. Additional 
basement membrane components bind to the laminin-collagen IV meshwork to form a functional 
BM. Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Cancer VOL. 3, pp 
422-433, ‘Angiogenesis: Basement membranes: structure, assembly and role in tumour 
angiogenesis’, Raghu Kalluri, © 2003 
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Figure 1.5. Collagenous transmembrane proteins 
 Domain organization of collagenous transmembrane proteins comprising the four 
transmembrane collagens XVII, XIII, XXIII and XXV and related transmembrane proteins with 
collagenous repeats. The vertical gray line depicts the cell membrane. Black boxes represent 
transmembrane domains; white areas non-collagenous domains; blue rectangles collagenous 
domains; green areas SRCS domains; red areas OLF domains; and black circles IgG-like 
domains. C, cysteine; N, potential N-glycosylation site. The scale shows amino acid residues. 
Negative values refer to intracellular amino acid residues and positive values to residues in the 
transmembrane and extracellular domains. This research was originally published in The Journal 
of Biological Chemistry. Claus-Werner Franzke, Peter Bruckner and Leena Bruckner-Tuderman. 
‘Collagenous Transmembrane Proteins: Recent Insights into Biology and Pathology’. The Journal 
of Biological Chemistry. 2005; 280: 4005 - 4008. © the American Society for Biochemistry and 
Molecular Biology. 
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Figure 1.6. Growth cone structure 
Finger-like Filopodia extending from the leading edge of the growth cone sense the environment. 
Filopodia are separated by lamellipodia-like veils. The cytoskeletal structures underlying the 
growth cone can be distinguished in three domains: The peripheral (P) domain containing 
filopodia and the lamellipodia-like veils formed by F-actin bundles and branched F-actin networks, 
respectively. In addition dynamic ‘pioneer’ microtubules (MTs) extend along F-actin bundles into 
the peripheral domain. In the central (C) domain comprises bundled MTs that enter the growth 
cone from the axon shaft, as well as various organelles, vesicles and central actin bundles. The 
transition zone is located at between P and C domain, where acomyosin contractile structures 
(arctin arcs) form a semicircle perpendicular to the F-actin bundles. Dynamic rearrangements of 
these cytoskeletal elements define the shape of the growth cone and allow for directed 
movement. Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Molecular 
Cell Biology, Vol. 10, pp 332-343, ‘The trip of the tip: understanding the growth cone machinery’, 
Laura Anne Lowery and David Van Vactor, © 2009 
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Actin treadmilling
The process by which the 
continual addition of actin 
subunits at the barbed end  
of an actin polymer and 
disassembly of the polymer  
at the pointed end ensures 
that the polymer stays of 
constant length, but individual 
subunits move along.

Filopodium
A thin, transient actin 
protrusion that extends from 
the cell surface and is formed 
by the elongation of bundled 
actin filaments in its core.

Lamellipodia-like veil
A thin, sheet-like extension of 
cytoplasm between filopodia 
that is formed by branched 
actin networks.

F-actin bundle
Long actin filaments that are 
crosslinked together in parallel, 
forming the core of filopodia.

spatially and to achieve accurate steering. In fact, 
the steering and drivetrain are intimately connected 
at a physical level. Therefore, if we are to fully grasp 
how guidance occurs, it is essential to understand the  
underlying cytoskeletal mechanisms that propel  
the vehicle forward and have the potential to be affected 
asymmetrically.

Turning on the engine: F-actin retrograde flow. Growth 
cone motility and protrusion of the leading edge mem-
brane depend on the dynamic properties of actin (BOX 3). 
Although actin might not be the only engine that powers 
axon elongation per se (axons that lack actin poly mer-
ization can still move forward, albeit with abnormal 
growth cone morphology and substratum selectivity)15, 
actin is a central part of the mechanism that controls 
growth cone exploration. A combination of filamen-
tous (F)-actin treadmilling and F-actin retrograde flow 
(the continuous movement of F-actin from the leading 
edge towards the centre of the growth cone) provide 
the ‘motor’ that keeps the growth cone engine idling 
(FIG. 2a) and available to drive movement in response 
to directional cues16. Following increased technological 
advances in live cell imaging, the past few years have 

seen substantial improvements in our molecular under-
standing of F-actin retrograde flow and how it relates to 
growth cone motility and protrusion.

It has been convincingly demonstrated that F-actin ret-
rograde flow is driven both by contractility of the motor 
protein myosin II, which seems to be tethered through 
protein–protein interactions in the transition (T) zone  
(the region between the peripheral (P) and central (C) 
domains of the growth cone), and the ‘push’ from F-actin 
polymerization in the P domain (the region of the growth 
cone that includes filopodia and lamellipodia-like veils)17. 
Myosin II-driven compression across the T zone cir-
cumference causes buckling of the F-actin bundles (FIG. 2a), 
which might be enhanced by pushing from leading edge 
actin polymerization17. This leads to bundle severing 
near the proximal ends17 and probably involves actin 
filament-severing proteins of the actin-depolymerizing 
factor (ADF)/cofilin family18. A recent paper suggests 
that myosin II might also actively depolymerize actin fila-
ments19. After severing, the actin fragments are recycled 
into individual actin subunits and are available for trans-
port to the periphery for further actin polymerization at 
the leading edge20 (FIG. 2a).

Engaging the clutch and forming traction to push ahead.  
How does the growth cone use the actin engine to move 
forward? Mitchison and Kirschner first proposed the 
‘clutch’ hypothesis21, also called the substrate–cytoskeletal  
coupling model22, which links growth cone protru-
sion to actin dynamics16,23. They suggested that growth 
cone receptor binding to an adhesive substrate leads 
to the formation of a complex that acts like a mole-
cular clutch, mechanically coupling the receptors and 
F-actin flow, thus anchoring F-actin to prevent retro-
grade flow and driving actin-based forward protrusion 
of the growth cone on the adhesive substrate (FIG. 2a). 
Indeed, growth cone–substrate adhesions have long 
been shown to be important for growth cone migra-
tion24 and, in fact, the generation of traction also 
requires myosin II25.

Filopodia, in particular, are considered to be guid-
ance sensors at the front line of the growth cone and 
might have a major role in establishing growth cone–
substrate adhesive contacts during environmental explo-
ration26. Studies show that filopodia function as points 
of attachment to the substrate and produce tension that 
is used for growth cone progression27,28. Whereas earlier 
studies that blocked filopodia formation using general 
F-actin inhibitors showed abnormal growth cone steer-
ing29,30, a recent study that specifically targeted filopodial 
F-actin suggests that filopodia are dispensible for accu-
rate growth cone guidance but are indeed required for 
normal growth cone motility31, supporting their role in 
forming adhesive contacts.

Accumulating evidence in recent years supports the 
clutch model, in particular in vitro live growth cone 
imaging experiments that use APCAM, a neural CAM 
(NCAM) orthologue in Aplysia californica32, a model 
system with large growth cones that allow the high 
resolution imaging of their cytoskeletal dynamics33. 
Following APCAM-mediated growth cone–substrate 

Box 1 | The structure of the growth cone

The structure of the growth cone is fundamental to its function. The leading edge  
consists of dynamic, finger-like filopodia that explore the road ahead, separated by 
sheets of membrane between the filopodia called lamellipodia-like veils (see the figure). 
The cytoskeletal elements in the growth cone underlie its shape, and the growth cone 
can be separated into three domains based on cytoskeletal distribution14. The peripheral 
(P) domain contains long, bundled actin filaments (F-actin bundles), which form the 
filopodia, as well as mesh-like branched F-actin networks, which give structure to 
lamellipodia-like veils. Additionally, individual dynamic ‘pioneer’ microtubules (MTs) 
explore this region, usually along F-actin bundles. The central (C) domain encloses stable, 
bundled MTs that enter the growth cone from the axon shaft, in addition to numerous 
organelles, vesicles and central actin bundles. Finally, the transition (T) zone sits at the 
interface between the P and C domains, where actomyosin contractile structures (termed 
actin arcs) lie perpendicular to F-actin bundles and form a hemicircumferential ring33.  
The dynamics of these cytoskeletal components determine growth cone shape and 
movement on its journey during development.
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Figure 1.7. Signaling in the growth cone 
Receptor activation by guidance cues triggers activation of guanine nucleotide-exchange factors 
(GEFs) and GTPase-activating proteins (GAPs), leading to activation or inactivation of Rho 
GTPases respectively. Rho GTPases integrate signals from upstream pathways and control 
downstream effectors that regulate cytoskeletal dynamics such as F-actin disassembly or 
polymerization and actomyosin contraction in the growth cone. Directed turning of the growth 
cone is determined by the localized remodelling of cytoskeletal components within the growth 
cone. A select subset of guidance cues and receptors, GEFs, GAPs and cytoskeletal effectors 
upstream and downstream of Rho GTPases are shown in the figure. Arrows do not necessarily 
signify direct interaction. Arp2/3, actin-related protein2/3; ENA/VASP, enabled/vasolidator-
stimulated phosphoprotein; LIMK, LIM domain kinase;MLCK,myosin light chain kinase;ROCK, 
Rho kinase; SRGAP, slit–robo GAP; UNC5, uncoordinated protein 5. Reprinted by permission 
from Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology, Vol. 10, pp 332-343, ‘The 
trip of the tip: understanding the growth cone machinery’, Laura Anne Lowery and David Van 
Vactor, © 2009 
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are 6 of the 7 neuroblastoma GAPs. The authors propose 
that spatial compartmentalization of Rho GTPase regu-
lators might allow the same GTPase to be regulated by 
distinct GEFs or GAPs in different locations throughout 
the growth cone. Moreover, time-lapse microscopy after 
individual knockdown of these GEFs or GAPs showed 
distinguishable axonal phenotypes. Whereas depletion 
of several regulators (including the GAP of  RAC1 and 
CDC42 — ARHGAP30 — and dedicator of cytokinesis 4 
(DOCK4), the GEF of RAC1) led to an increase in axon 
extension on an ECM substrate but normal cytoskeletal 
structure, silencing of others led to changes in axon 
extension along with distinct and obvious perturbations 
in the actin cytoskeleton72. For example, knockdown of 
the GAP of CDC42, slit–robo GAP 2 (SRGAP2), resulted 
in increased filopodia and cell spreading, knockdown 
of breakpoint cluster region (BCR), the GAP of RAC1, 

led to increased filopodia without cell spreading, and 
loss of TRIO, the GEF of RhoA and RAC1, led to long 
but unstable filopodia. Thus, even though RAC1 could 
be targeted by seven different GEFs and three different 
GAPs, and CDC42 could be targeted by four GEFs and 
five GAPs, all of which are located in the same cell, each 
upstream regulator is probably required for distinct cell-
ular functions. These data suggest that the same GTPase 
might control various aspects of growth cone cyto skeletal 
dynamics, such as F-actin assembly, disassembly and 
retro grade flow, by receiving different upstream inputs 
of GEFs and GAPs in time and space.

Following activation, how do distinct Rho GTPases 
mediate downstream growth cone responses to affect 
growth cone steering? Intriguingly, activation of the same  
GTPase can lead to opposite responses of the growth 
cone: for example, whereas RhoA activation leads to 
growth cone retraction (by promoting myosin II contrac-
tile activity)73, it can also be required for axon outgrowth74 
(by inhibiting the actin filament-severing protein family 
ADF/cofilin)75. Again, as with the upstream regulators, 
an explanation for this discrepancy is that Rho GTPases 
have different functions in the growth cone depend-
ing on their localization and, specifically, depending 
on which downstream effector molecules are activated. 
Numerous Rho GTPase effectors have been identi-
fied76,77, but only a few (such as Rho kinase (ROCK)) 
have been well studied in the growth cone (see REF. 59 
for a review). Following activation by Rho GTPases, 
these effectors either directly or indirectly regulate 
numerous downstream targets to modify the cyto-
skeleton to direct the growth cone vehicle in a spatially  
biased manner.

Control of actin dynamics at the leading edge. Rho 
GTPase cytoskeletal effectors are known to regulate 
all of the aspects of the actin cycle that affect growth 
cone steering, including F-actin assembly at the periph-
ery, F-actin retrograde flow towards the C domain, and  
disassembly and recycling of actin at the T zone.

Actin polymerization at the leading edge must occur 
for the engine to run. This process is controlled by multi-
ple regulators, including the actin nucleators, actin-
related protein (Arp)2/3 complex and the formins, and 
the F-actin polymerization factors enabled/vasolidator-
stimulated phosphoprotein (ENA/VASP). The Arp2/3 
complex is a major effector of RAC1 and CDC42 and 
is thought to control the nucleation of F-actin polymer-
ization and F-actin branching by binding to existing 
F-actin78. Several studies have shown that Arp2/3 is 
required for guidance79,80, but whether this complex 
functions in a similar way in neuronal and non-neuronal  
cells has been questioned79. However, it was recently 
shown that Arp2/3 is present in the branched F-actin 
networks of growth cones and does affect their protru-
sion dynamics81,82. Inhibition of Arp2/3 in neurons blocks 
pro trusion of both lamellipodia-like veils and filopodia 
and also increases RhoA activity81, but future studies 
will be needed to determine its full role in growth cone 
motility. Downstream of Rho GTPase signalling, formins 
nucleate and then remain continuously associated with 

Figure 3 | The growth cone as a ‘navigator’. Rho family GTPases act as key navigation 
signalling nodes to integrate upstream directional cues and coordinate downstream 
cytoskeletal rearrangements. The activation of receptors by guidance cues leads to the 
activation of Rho GTPase regulators. These include guanine nucleotide-exchange factors 
(GEFs) and GTPase-activating proteins (GAPs), which activate and inactivate Rho 
GTPases, respectively. Rho GTPases integrate the responses of upstream pathways and 
coordinate downstream effects by modifying the function of cytoskeletal effectors. 
Activation or inactivation of cytoskeletal effectors leads to responses such as actomyosin 
contraction, filamentous (F)-actin disassembly or F-actin polymerization. The resulting 
growth cone turning response depends on the localization of the guidance signalling 
inside the growth cone. Only some of the known examples of guidance cues and 
receptors, GEFs, GAPs and cytoskeletal effectors that are downstream of Rho GTPases 
are shown in the figure. Arrows do not necessarily denote direct interaction. The boxed 
inset shows the Rho GTPase activation–inactivation cycle, in which GAPs lead to the 
hydrolysis of GTP to GDP, whereas GEFs catalyse the exchange of GDP for GTP. Arp2/3, 
actin-related protein2/3; ENA/VASP, enabled/vasolidator-stimulated phosphoprotein; 
LIMK, LIM domain kinase; MLCK, myosin light chain kinase; ROCK, Rho kinase; SRGAP, 
slit–robo GAP; UNC5, uncoordinated protein 5.

REVIEWS

338 | MAY 2009 | VOLUME 10  www.nature.com/reviews/molcellbio



 

52 

 

Figure 1.8. The nervous system of C. elegans 
 Confocal image of a C. elegans animal expressing a pan-neuronal GFP marker showing the 
nervous system of the nematode in its in entirety. Lateral view, anterior to the left. Reprinted with 
permission from Dr. Harald Hutter. 
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Figure 1.9. Nerve tracts in C. elegans 
 (A) Left and (B) right lateral view of the nerve tracts in C. elegans. The ventral and dorsal nerve 
cords constitute the major longitudinal nerve tracts. The ventral nerve cord is formed by 
interneuron axons and processes from motor neurons. The dorsal nerve cord is formed by motor 
neuron processes that have extended circumferentially towards the dorsal midline from motor 
neurons situated between the ventral nerve cord. The majority of axons in the dorsal and ventral 
sublateral cords originate form the nerve ring in the head of the animal. The sublateral cords run 
under the body wall muscles; close to the midbody region the sublateral tracts move in a more 
lateral position to the lateral hypodermal ridges, where the majority of axons terminate. SDQ 
processes join the dorsal, PLN processes the ventral sublateral cords respectively, and 
subsequently run in anterior direction. Processes from CAN, ALA, PVD and (in the anterior part of 
the animal) BDU, follow the trajectory of the excretory canal. ALM and ALN processes are located 
close to the dorsal side of the lateral hypodermal ridges and run in anterior direction. PLM and 
PLN processes run in anterior direction next to the ventral side of the hypodermal ridges. J. G. 
White, E. Southgate, J. N. Thomson, and S. Brenner, The Structure of the Nervous System of the 
Nematode Caenorhabditis elegans, Philosophical Transactions of The Royal Society, 1986, 314, 
1165, Pages 1-340, by permission of the Royal Society. 
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Figure 1.10. Development of the ventral nerve cord 
(A) Motor neuron cell bodies (light and dark grey, brown) align along the ventral midline (dashed 
line). The AVG axon (light blue) pioneers the right ventral nerve cord (VNC) tract form the 
anterior. DD neurons (dark brown) extend processes in the right VNC tract and branch off 
commissures that extend circumferentially towards the dorsal midline. DA (light grey) and DB 
(grey) motor neurons extend commissures directly from their cell bodies. (B) PVPR and PVPL 
axons (blue) cross and extend from the posterior in the contralateral tracts on both sides of the 
ventral midline. The axon of PVPR pioneers the left VNC tract. Both PVP axons are closely 
followed by PVQ axons (red). (C) Command interneuron axons (green) extend from the nerve 
ring and grow posteriorly. Axons entering the VNC in the left side cross the ventral midline near 
the AVG cell body and extend in the right VNC tract. AVK axons (orange) enter the contralateral 
VNC tracts at the anterior end and extend posteriorly on both sides of the ventral midline. DA/DB 
motor neurons extend dendrites into the right VNC axon tract. (D) Postembryonically, VD motor 
neurons (light brown) extend processes into the right VNC tract and branch off commissures that 
grow towards the dorsal nerve cord. Axons from the HSN neurons (yellow) join the two VNC 
fascicles in the midbody region and extend in anterior direction. All schematics are ventral views, 
anterior is to the left. 
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2.1. Abstract 

Discoidin domain receptors are a family of receptor tyrosine kinases activated by 

collagens. Here we characterize the role of the two discoidin domain receptors, ddr-1 

and ddr-2, of the nematode C. elegans during nervous system development. ddr-2 

mutant animals exhibit axon guidance defects in major longitudinal tracts most 

prominently in the ventral nerve cord. ddr-1 mutants show no significant phenotype on 

their own but significantly enhance guidance defects of ddr-2 in double mutants. ddr-1 

and ddr-2 GFP-reporter constructs are expressed in neurons with axons in all affected 

nerve tracts. DDR-1 and DDR-2 GFP fusion proteins localize to axons. DDR-2 is 

required cell-autonomously in the PVPR neuron for the guidance of the PVPR pioneer 

axon, which establishes the left ventral nerve cord tract and serves as substrate for later 

outgrowing follower axons. Our results provide the first insight on discoidin domain 

receptor function in invertebrates and establish a novel role for discoidin domain 

receptors in axon navigation and axon tract formation. 
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2.2. Introduction 

During development neurons send out axons, which integrate a vast number of 

extracellular cues in order to reach their target cells. These guidance cues are detected 

by receptors on the growth cone at the tip of an extending axon. Receptor–ligand 

binding triggers intracellular signaling pathways, which affect actin and microtubule 

assembly, leading to growth cone stabilization or collapse resulting in directed axon 

outgrowth (Vitriol and Zheng, 2012). Several receptor tyrosine kinases (RTKs) are 

involved in axon guidance including Ryk/Derailed, which has been implicated in Wnt-

mediated axon repulsion (Callahan et al., 1995; Keeble and Cooper, 2006) and Eph 

receptors which are of particular importance in topographic mapping (Reber et al., 

2007). RTKs are type I transmembrane proteins consisting of an intracellular tyrosine 

kinase domain, a single-pass transmembrane domain and an extra-cellular ligand-

binding domain. Human RTKs are classified into 20 families (Hanks and Hunter, 1995; 

Manning et al., 2002; Robinson et al., 2000). The small family of discoidin domain 

receptors consists of two members in mammals, DDR1 and DDR2. Likewise, C. elegans 

has two discoidin domain receptor genes, ddr-1 and ddr-2, while only one gene has 

been identified in Drosophila (Vogel et al., 2006). Phylogenetic analysis (Figure 2.1) 

suggests that the two discoidin domain receptor genes in mammals and C. elegans 

evolved independently from a single ancestral gene (Vogel et al., 2006). In contrast to 

other RTKs, which typically bind small soluble proteins, mammalian discoidin domain 

receptors are activated by collagens. Both receptors interact with fibrillar collagens and 

require a native triple-helical structure for receptor activation (Shrivastava et al., 1997; 

Vogel et al., 1997). Discoidin domain receptors also interact with members of the 

network-forming collagens. Collagen type IV and VIII act as ligands for DDR1 while type 

X collagen interacts with DDR2 (Hou et al., 2001; Leitinger and Kwan, 2006; Shrivastava 

et al., 1997; Vogel et al., 1997). Unlike most RTKs, which usually dimerize upon ligand 

binding, discoidin domain receptors form stable, disulfide-linked dimers in the absence of 

collagen stimulation (Abdulhussein et al., 2008; Mihai et al., 2009; Noordeen et al., 

2006). Dimerization of the extracellular domains is a prerequisite for ligand binding 

(Leitinger, 2003). Compared to the rapid autophosphorylation of other RTKs, discoidin 

domain receptor activation is slow and is sustained for a prolonged period of time (Vogel 

et al., 1997). 



 

92 

Discoidin domain receptors are involved in numerous processes during 

development such as regulating cell proliferation, adhesion, migration and remodeling of 

the extracellular matrix in part through the activation of metalloproteinases (Curat and 

Vogel, 2002; Hou et al., 2001,2002; Labrador et al., 2001; Olaso et al., 2002). Both 

discoidin domain receptors are expressed in the nervous system. DDR2 expression was 

found in the developing and mature brain of rats (Lai and Lemke, 1994). DDR1 is 

expressed in proliferating areas in the central nervous system of rats and mice (Sanchez 

et al., 1994; Zerlin et al., 1993). Postnatally, DDR1 expression follows the progress of 

myelination and was detected in both myelin and oligodendrocytes (Franco-Pons et al., 

2006; Roig et al., 2010). In humans DDR1 has been suggested as a susceptibility gene 

for schizophrenia (Roig et al., 2007). 

In this study we characterize discoidin domain receptors in the nematode C. 

elegans. We found that ddr-1 and ddr-2 are expressed in the nervous system. ddr-2 

mutants show a variety of axon navigation defects in major longitudinal tracts, most 

notably the left ventral nerve cord. DDR-2 is required cell-autonomously in the left 

ventral nerve cord pioneer neuron PVPR for the proper guidance of both the pioneer and 

follower axons. Mutants in ddr-1 show no phenotype alone but act synergistically with 

ddr-2 highlighting a novel role for the two discoidin domain receptors in axon guidance 

during nervous system development of C. elegans. 

2.3. Materials and Methods 

2.3.1. Strains and transgenes 

The following alleles were used for phenotypic characterization: ddr-1(ok874) X; 

ddr-1(tm382) X; ddr-2(ok574) X; ddr-2(tm797) X; lin-17(n671) I; fmi-1(rh308) V; nid-

1(cg119) V; unc-6(ev400) X; cle-1(cg120) I. 

The following GFP reporter strains were used in this study: hdIs26[odr-2::CFP, 

sra-6::DsRed2] rhIs4[glr-1::GFP, dpy-20(+)] III; hdIs29[odr-2::CFP, sra-6::DsRed2] V; 

zdIs13[tph-1::GFP] IV; bwIs2[flp-1::GFP, rol-6(su1006)]; hdIs22[unc-129::CFP, unc- 

47::DsRed2] V; evIs111[rgef-1::GFP] V. 
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Strains were maintained at 20°C under standard conditions (Brenner, 1974). 

2.3.2. Expression constructs 

The transcriptional reporter constructs ddr-1p::GFP and ddr-2p::GFP were 

generated by PCR amplification of the respective upstream regions and cloning them 

into the promoterless GFP vector pPD95.75 (Fire vector kit): For ddr-1::GFP 10432 bp of 

ddr-1 upstream sequence was amplified from fosmid WRM0625aD02 with primers 5’- 

AACCTGCAGGTTGGGAAAAAGGAGTGGATCAAG-3’ and 5’- 

TTCCTGCAGGCTCATCTGAATAGCAATCCTGC-3’ and cloned into the SbfI site of 

pPD95.75 creating plasmid pVH19.35. Similarly, 8512 bp of ddr-2 upstream sequence 

was amplified from Fosmid WRM0624cD08 with primers 5’- 

AACCTGCAGGATGCTCTTTTGTTTGATAAGG-3’ and 5’-	  
AACCTGCAGGCCTGACATAGATGAGCGTCG-3’ and cloned into the SbfI site of 

pPD95.75 to generate pVH19.36. 

The translational reporter constructs DDR-1::GFP and DDR-2::GFP were 

generated by cloning the full sequence of the ddr-1 and ddr-2 genes and approximately 

3 kb upstream sequence into pPD95.75 thus fusing GFP to the C-terminus of DDR-1 or 

DDR-2: The full ddr-2 gene and 2974 bp upstream sequence was amplified from fosmid 

WRM0624cD08 with primers and 5’-AAAACTGCAGATAAACAAGCCATTTCCCCC-3’ 

and 5’-CGGGATCCCGAAAATGAATATGAGGAGAAGTGT-3’ and cloned into the 

BamHI/PstI sites of pPD95.75 to generate plasmid pVH19.03. DDR-1::GFP was 

generated in two steps. First, a part of the ddr-1 gene and 2891 bp upstream sequence 

was amplified from fosmid WRM0625aD02 with primers 5’-

TAACTCGAGTTTCAACTTGTTGCTTCGCA-3’ and 5’-TCTTGTGTTTTTAGACGAGG-3’. 

The resulting PCR product was digested with XhoI/XbaI and ligated with an SalI/XbaI 

digested pPD95.75 vector creating plasmid pVH19.11. In the second step the remaining 

part of the ddr-1 gene was amplified from fosmid WRM0625aD02 with primers 5’-

AAAATAGGACGGGACATGTGG-3’ and 5’- 

CCCCCCGGGGGTCTTGGAAAGGCTTGACTAG-3’ and cloned into the XbaI/XmaI sites 

of pVH19.11 to generate plasmid pVH19.12. 
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All PCR-amplified coding regions in the final reporter plasmids and areas 

surrounding insertion sites were sequenced. Transgenic animals were generated by 

injecting the reporter plasmid and a pha-1 rescuing plasmid into pha-1(e2123ts) III 

animals as described (Granato et al., 1994; Mello et al., 1991). 

2.3.3. Microscopy 

Animals of a growing population were scored using a 40x objective on a Zeiss 

Axioscope. Images were acquired on a Zeiss Axioplan II microscope (Carl-Zeiss AG, 

Germany) connected to a Quorum WaveFX spinning disc system (Quorum 

Technologies, Canada). Stacks of confocal images with 0.2 to 0.5 mm distance between 

focal planes were recorded. Image acquisition and analysis was carried out using 

Volocity software (Perkin-Elmer, Waltham, MA). Images in the figures are maximum 

intensity projections of all focal planes unless otherwise mentioned. Figures were 

assembled using Adobe Creative Suite CS5.1 (Adobe, San Jose, CA, USA). 

2.3.4. Analysis of neuronal defects 

Axonal trajectories were examined in late-stage larvae and adult animals of a 

mixed stage population expressing fluorescent markers in the corresponding neurons. 

Cell body positions of BDU, SDQ, AVM, ALM, HSN and PVM neurons were analyzed in 

adult animals using the pan-neuronal marker evIs111[rgef-1::GFP] V. Animals were 

incubated with 10 mM NaN3 in M9 buffer for 1 h and mounted on agar pads prior to 

analysis. 

2.3.5. Test for ventral nerve cord maintenance defects 

Animals were hatched on plates containing 0.5 ml or 1 ml of 30 mM Levamisole 

to immobilize the larvae after hatching. Axonal trajectories of PVPL neurons were scored 

30-45 minutes after hatching at the L1 stage. Axonal defects of Levamisole treated 

animals were compared to a mixed-stage animal population from untreated plates. zig-

4(gk34) animals, which have previously shown to exhibit PVQ maintenance defects 

(Aurelio et al., 2002), were used as positive control.  
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2.3.6. Mosaic analysis and targeted cDNA expression 

Transgenic animals for the mosaic analysis were created by injecting Fosmid 

WRM0624cD08 (containing the full ddr-2 gene), the GFP reporter constructs odr-2::GFP 

and sra-6::GFP, and pRF4 (containing rol-6(su1006)) into ddr-1(ok874) ddr-2(ok574) X; 

hdIs29[odr-2::CFP, sra-6::DsRed2] V animals. These injected DNA are combined into a 

single extrachromosomal array, which is occasionally lost during cell divisions in the 

embryo, resulting in random loss in some cell lineages and mosaic expression of the 

transgene. Mosaic animals were scored for axon guidance defects in PVP, PVQ and 

AVG; the presence or absence of the rescuing extra-chromosomal array in the 

corresponding neuron was determined by GFP reporter expression. 

To specifically express ddr-2 in PVP neurons cDNA derived from mRNA of a 

mixed stage C. elegans population was PCR amplified with primers 5’-

TTCTACCGGTATGAAGTTGCTGCTGTATC-3’ and 5’-

CCGGAATTCTTAAAAATGAATATGAGGAGAAG-3’ and cloned into the AgeI/EcoRI 

sites of pPD95.75 generating plasmid pvH19.37. The odr-2 promoter (PMID: 9246444) 

was excised from pVH17.47 and cloned into pVH19.37 with PstI and XmaI to generate 

pVH19.39. The cDNA in pVH19.39 was sequenced. To generate a construct with the 

ddr-2 cDNA expressed under its native promoter, the full-length ddr-2 promoter was 

excised from pVH19.36 and ligated into pVH19.37 with SbfI creating plasmid pVH19.38. 

The two constructs were injected together with the co-injection marker rol-6(su1006) into 

ddr-1(ok874) ddr-2(ok574) X; hdIs29[odr-2::CFP, sra-6::DsRed2] V animals as 

described previously (Mello et al., 1991). Transgenic strains carrying the rol-6(su1006) 

co-injection marker were subsequently analyzed for rescue of axonal defects in PVQ 

neurons. 

2.3.7. Phylogenetic analysis 

ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/) was used to align full 

gene sequences of discoidin domain receptors from Homo sapiens sapiens, Mus 

musculus, Drosophila melanogaster and Caenorhabditis elegans. The multiple sequence 

alignment file was subsequently used to generate a phylogenetic tree file 

(http://www.ebi.ac.uk/Tools/phylogeny/clustalw2_phylogeny/). The unrooted 
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phylogenetic tree diagram was plotted from the phylogenetic tree file with fdrawtree 

(http://www.ebi.ac.uk/soaplab/). 

2.4. Results 

2.4.1. Discoidin domain receptors in C. elegans 

Discoidin domain receptors are single-pass transmembrane proteins. Their 

extracellular region contains the ligand-binding discoidin domain and a stalk region. The 

intracellular region consists of a juxtamembrane region and the catalytic tyrosine kinase 

domain (Figure 2.2). The ddr-1 gene of C. elegans encodes a protein with 766 amino 

acids. ddr-2 has two alternative splice forms with the product of ddr-2a comprising 797 

amino acids and 767 amino acids for isoform ddr-2b (Figure 2.2) (Gerstein et al., 2010; 

Yook et al., 2012). 

Deletion alleles for ddr-1 and ddr-2 are available from the C. elegans Knockout 

Consortium and the National BioResource Project (Moerman and Barstead, 2008). The 

357 bp deletion ddr-1(tm382) results in an early stop codon truncating the DDR-1 protein 

after amino acid 94 in the discoidin domain. ddr-1(ok874) is a large 2975 bp deletion 

which eliminates most of the ddr-1 gene and causes a frame shift resulting in an early 

stop after 179 amino acids in the extracellular domain. Both ddr-1 alleles remove the 

tyrosine kinase and transmembrane domains and thus likely result in loss-of-function 

(Figure 2.2). ddr-2(ok574) is a 809 bp deletion and 17 bp insertion which removes the 

last two exons of the DDR-2 protein containing part of the kinase domain (Figure 2.2). 

ddr-2(tm797) is a 349 bp deletion resulting in a premature stop after amino acid 234 in 

the extracellular domain. Both alleles remove or disrupt the intracellular kinase domain 

and therefore likely represent strong loss-of-function or even molecular null alleles of 

ddr-2. All ddr-1 and ddr-2 single mutants or double mutant combinations of ddr-1 and 

ddr-2 analyzed in this study were viable and showed no obvious anatomical defects or 

movement impairment. 
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2.4.2. ddr-2 mutants show axon guidance defects in major 
longitudinal tracts, which are enhanced in ddr-1 ddr-2 double 
mutants 

Expression data from different embryonic tissues indicate that ddr-1 and ddr-2 

are highly expressed in embryonic neurons (McKay et al., 2003), raising the possibility 

that these genes might have a role in nervous system development. We analyzed the 

nervous system of both ddr-1 and ddr-2 mutants with various cell-type specific markers 

and found axon guidance defects in several longitudinal axon tracts in ddr-2 mutant 

animals. C. elegans has two major longitudinal fascicles, the ventral nerve cord (VNC) 

and the dorsal nerve cord (DNC). The VNC consists of two nerve bundles separated by 

motor neuron cell bodies arranged in a line at the ventral midline (Durbin, 1987; White et 

al., 1976,1986). Most of the axons extend in the right fascicle; only four axons run in the 

left tract (Figure 2.3A). Each VNC tract is initially established by a single axon (Durbin, 

1987). The process of the AVG neuron, located at the anterior end of the VNC, pioneers 

the right tract. The left tract is pioneered by the axon of the PVPR neuron, which extends 

anteriorly from the posterior end of the VNC (Figure 2.3A). Whereas ddr-2 mutants had 

only very mild defects in the AVG pioneer, in more than one third of ddr-2 mutant 

animals the axon of the PVPR pioneer neuron crossed the ventral midline to join the 

right VNC tract or failed to establish the left axon tract altogether (Figure 2.3C, E; Table 

2.1). 

The PVPR pioneer axon in the left tract is closely followed by the PVQL axon 

(Durbin, 1987). PVPR and PVQL in the left tract are subsequently joined by the AVKR 

axon, growing posteriorly from the nerve ring; and post-embryonically by the axon of 

HSNL, which joins the VNC tract in the midbody region and extends anteriorly (Figure 

2.3A). In ddr-2 mutant animals the later outgrowing axons from PVQL and HSNL 

neurons followed the misled pioneer, suggesting that defects in these neurons are a 

secondary consequence of a primary defect in PVPR (Figure 2.3G, I; Table 2.1). The 

AVKR axon was not affected. Cross-over defects could be secondary defects induced by 

mechanical stress during sinusoidal locomotion as a result of a failure to properly 

maintain axon positions post-developmentally. ddr-2(ok574) larvae immobilized with 

Levamisole showed no significant reduction of the PVQL defects compared to an 

untreated mixed-stage population (Table 2.3), pointing to axon navigation defects during 
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development as the primary cause for the axonal defects in left VNC tract of ddr-2 

mutant animals rather than an inability to maintain axon tract architecture post-

developmentally. 

The situation in the right VNC tract is more complex due to the larger number of 

axons in this fascicle. Similar to the left tract, axon outgrowth follows a distinct pattern 

with the pioneer and various follower axons growing out sequentially. In ddr-2 mutant 

animals PVPL and PVQR follower axons were weakly affected while HSNR axon 

navigation was not significantly disturbed (Table 2.1). Command interneuron axons 

descending from the nerve ring normally extend in the right VNC tract. In ddr-2 mutant 

animals command interneurons occasionally crossed into the left VNC tract (Figure 

2.3K; Table 2.1). DD/VD and DA/DB motor neurons each extend one process in the right 

VNC axon tract. In addition, they extend commissures circumferentially towards the 

dorsal midline to form the dorsal nerve cord. In nearly one third of the ddr-2 mutant 

animals DD/VD motor neuron axons aberrantly joined the left VNC tract (Figure 2.3M; 

Table 2.1). DD/VD commissure navigation was not significantly disturbed. DA/DB axons 

were generally unaffected in ddr-2 mutants (data not shown). 

We did not observe any substantial axon guidance defects in the VNC of ddr-1 

mutant animals (Table 2.1). However, ddr-1 ddr-2 double mutants exhibited strongly 

increased defects in the PVPR pioneer (Table 2.1), suggesting that the two discoidin 

domain receptors act synergistically in guiding the left VNC pioneer. With few 

exceptions, later outgrowing axons from PVQL and HSNL followed the misguided 

pioneer. As in each single mutant, AVKR axons were undisturbed in ddr-1 ddr-2 double 

mutants. The penetrance of axon guidance defects in the right VNC tract was slightly 

enhanced in PVPL and PVQR and DD/VD motor neurons, which showed an increase of 

axons extending in the left VNC tract (Table 2.1). In addition to defects in the VNC we 

also observed defects in other longitudinal axon tracts. The dorsal nerve cord (DNC) 

runs longitudinally on the left side of the dorsal midline. It is formed by motor neuron 

axons that branch and extend in anterior and posterior directions after growing 

circumferentially on both sides of the body from the VNC (Figure 2.4A). We found that in 

a quarter of ddr-2(tm797) mutant animals and in nearly half of the ddr-1 ddr-2 double 

mutant animals some axons extended on the right side of the dorsal midline (Figure 

2.4C, Table 2.1). In these animals motor neuron axons, which grew circumferentially 
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along the right side of the body, branched on the right side of the dorsal midline and 

extended longitudinally before crossing the dorsal midline to join the DNC. However, we 

cannot exclude that a subset of the axons extending on the right side of the dorsal 

midline might have originated from commissures growing circumferentially along the left 

side of the body, which failed to stay in the DNC and instead crossed the dorsal midline 

and extended on the right side of the dorsal midline. 

The DNC is flanked by two dorsal sublateral cords (DSCs), which run in parallel 

to the DNC until they turn ventrally to join the ALN axon in the midbody region (Figure 

2.4A, D). In a significant number of ddr-2 mutant animals; and even more often in ddr-1 

ddr-2 double mutant animals, axons from the right DSC turned dorsally and grew along 

the right side of the dorsal midline (Figure 2.4E, Table 2.2). Axons from the left DSC 

were less frequently affected (Table 2.2). Also, some DSC axons left their normal 

trajectory (Figure 2.4E) or converged with the ALN axon at a more anterior or posterior 

position (Table 2.2). Similar to the DNC, the VNC is flanked by two ventral sublateral 

cords (VSCs). The right VSC was mildly affected by mutations in ddr-2, loss of ddr-1 had 

no effect on either VSC (Table 2.2). 

Since discoidin domain receptors have been described to affect the migration of 

mammalian cells (Hou et al., 2001,2002; Kamohara et al., 2001; Ram et al., 2006), we 

examined whether ddr-1 and ddr-2 are important for neuronal cell migrations in C. 

elegans. We did not observe significant migration defects in ddr-1 and ddr-2 single 

mutants or ddr-1 ddr-2 double mutants for any of the neurons tested (BDU, SDQ, AVM, 

ALM, HSN, PVM; Table 2.4). None of the markers used to evaluate axon trajectories or 

neuronal cell body positions were misexpressed, suggesting that cell fate decisions are 

probably unaffected in the tested neurons. 

Our results show that ddr-1 and ddr-2 are involved in axon guidance in the major 

longitudinal axon tracts of C. elegans. While mutations in ddr-1 did not result in defects 

on their own, we found that axon guidance defects in ddr-1 ddr-2 double mutants were 

significantly enhanced compared to ddr-2 single mutants, indicating that the two 

discoidin domain receptors act together in axon guidance in C. elegans. 
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2.4.3. ddr-1 and ddr-2 are expressed in the nervous system and 
non-neuronal tissues 

We created transgenic strains expressing transcriptional and translational GFP 

reporter constructs to visualize the expression pattern and subcellular localization of ddr-

1 and ddr-2 during development. Expression of a GFP reporter gene under the control of 

the ddr-1 promoter (ddr-1p::GFP) was first detected in the ‘‘lima-bean-stage’’ during 

embryogenesis in hypodermal cells (Figure 2.5B). During the early stages of axon 

outgrowth in the embryo, around the 2-fold stage, GFP expression included a few head 

and tail neurons (Figure 2.5D). Post-embryonically, ddr-1p::GFP expression was mostly 

observed in the nervous system, with many neurons in head and tail ganglia and motor 

neurons in the VNC expressing GFP (Figure 2.5E). Expression of ddr-1p::GFP in PVP 

neurons was confirmed by co-labeling with a PVP marker (Figure 2.5H–M). Outside the 

nervous system expression was apparent in the pharynx and the stomato-intestinal 

muscle (Figure 2.5E). 

ddr-2p::GFP reporter gene expression began at the end of gastrulation (Figure 

2.5O) with strong expression in seam cells and later also in a few neurons in the head 

(Figure 2.5Q). Post-embryonically neuronal expression was limited to a subgroup of 

neurons in the head and tail and some motor neurons in the VNC (Figure 2.5R). 

Expression outside the nervous system was most prominent in seam cells, rectal gland 

cells and several non- neuronal cells in the tail (Figure 2.5R). 

To determine the subcellular localization of DDR-1 and DDR-2, we generated 

constructs, with GFP fused to the C-terminus of each protein. These translational fusion 

constructs, DDR-1::GFP and DDR-2::GFP, localized to neuronal cell bodies and axons 

(Figure 2.5F, S, T). DDR-2::GFP co-localized with a PVP marker confirming the 

expression of DDR-2 in the PVP neurons (Figure 2.5U–W).  

Both discoidin domain receptors showed neuronal expression during the time of 

axon outgrowth in the embryo (Figure 2.5D, Q). In L1 larvae ddr-1 and ddr-2 GFP-

reporter constructs expressed in neurons with axons in all four sublateral cords and the 

ventral and dorsal nerve cord (Figure 2.5E, G, R, S, T), which is consistent with the idea 

that ddr-1 and ddr-2 function in the affected neurons. 
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2.4.4. DDR-2 functions cell-autonomously in the PVPR pioneer 
neuron 

We performed a genetic mosaic analysis to test whether ddr-2 acts cell-

autonomously in the PVPR neuron by correlating the presence or absence of a rescuing 

ddr-2 transgene in PVPR with the presence or absence of axonal defects (see material 

and methods for details). We found that loss of an extra-chromosomal array containing a 

functional ddr-2 gene in PVPR abolished the rescue of the pioneer navigation defects 

(Figure 2.6A). Similarly loss of the transgene in PVPL abolished the rescue of PVPL 

defects (Figure 2.6A), suggesting that both PVP neurons require ddr-2 cell-

autonomously. By contrast, loss of the ddr-2 transgene in the PVQ neurons did not lead 

to enhanced PVQ navigation defects (Figure 2.6A), consistent with the idea that the 

PVQ follower defects are a consequence of the PVP pioneer defects, i.e. PVQ axons 

follow the misguided pioneer axons. This was further confirmed by testing explicitly, 

whether the transgene was required in PVPR or PVQL to rescue the PVQL defects 

(Figure 2.6B). Loss of the ddr-2 transgene in PVPR, but not in PVQL, lead to PVQL axon 

navigation defects comparable to those in ddr-1 ddr-2 double mutants (Figure 2.6B). 

Taken together these results indicate that ddr-2 functions cell-autonomously in the 

PVPR neuron to guide the pioneering axon and that the PVQL follower defects are a 

secondary consequence of pioneer defects. 

In a second, independent approach to confirm the results of the mosaic analysis 

we expressed ddr-2 cDNA specifically in PVP neurons using the odr-2 promoter. The 

targeted expression of ddr-2 cDNA in the PVP neurons failed to provide rescue of PVQ 

defects in a ddr-1 ddr-2 mutant background (Figure 2.7). Likewise, expression of ddr-2 

cDNA under its native promoter only marginally reduced PVQ defects in 4 out of 14 

transgenic strains (Figure 2.7), indicating that in contrast to the genomic clone 

WRM0624cD08 the cDNA construct provides poor rescue activity under these 

conditions. 

2.4.5. ddr-1 and ddr-2 interact genetically with nid-1/nidogen and 
fmi-1/flamingo 

To identify potential interaction partners for ddr-1 and ddr-2 we created double 

mutants and triple mutants with potential guidance cues and receptors that have been 
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shown to affect PVPR axon navigation and collagens, which have been identified as 

ligands for discoidin domain receptors in mammals (Shrivastava et al., 1997; Vogel et 

al., 1997). The only collagen known to be involved in axon guidance in C. elegans is 

CLE-1, the homolog of the basement membrane collagens XV/XVIII. Mutations in cle-1 

cause mild defects in motor neuron commissures (Ackley et al., 2001). While no VNC 

defects have been described to date in cle-1 mutants, CLE-1 protein accumulates 

strongly on nerve tracts, including the VNC (Ackley et al., 2001). We found no significant 

axon guidance defects in the PVPR pioneer neuron (Figure 2.8) or in any of the other 

VNC neurons tested in cle-1 mutant animals. cle-1; ddr-2 double mutants showed no 

enhanced phenotype compared to the ddr-2 single mutant (Figure 2.8) suggesting that 

cle-1 and ddr-2 do not interact synergistically. 

The basement membrane component NID-1/Nidogen affects the navigation of 

PVPR and PVQL (Hutter, 2003; Kim and Wadsworth, 2000). We found that a majority of 

the nid-1 mutant animals had defects in PVPR axon navigation confirming previous 

results (Figure 2.8). PVPR defects were not enhanced in either ddr-2; nid-1 double or 

ddr-1 ddr-2; nid-1 triple mutants compared to nid-1, the strongest single mutant. Taken 

together, our results indicate that the discoidin domain receptors act in the same genetic 

pathway as nid-1/nidogen with respect to PVPR axon guidance. 

One of the guidance cues involved in PVPR pioneer guidance is UNC-6/Netrin 

(Wadsworth et al., 1996). Similar to ddr-2 mutants, unc-6 null mutants exhibited partially 

penetrant guidance defects in the PVPR pioneer axon (Figure 2.8). Defects in ddr-2 unc-

6 double mutants were significantly enhanced compared to the single mutants, 

suggesting that ddr-2 acts in parallel to the unc-6/netrin pathway. 

Recently, the Wnt receptor LIN-17/Frizzled and the non- classical cadherin FMI-

1/Flamingo have been implicated in PVPR pioneer and PVQL follower navigation 

(Steimel et al., 2010). We observed that PVPR defects in lin-17; ddr-2 double mutants 

were significantly stronger than in each single mutant indicating that ddr-2 functions 

independently of lin-17/frizzled (Figure 2.8). By contrast, PVPR defects were not 

increased in either ddr-2; fmi-1 double or ddr-1 ddr-2; fmi-1 triple mutants compared to 

the strongest single mutant (Figure 2.8), suggesting that the two discoidin domain 
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receptors and fmi-1/flamingo function in the same genetic pathway with respect to PVPR 

pioneer navigation. 

2.5. Discussion 

2.5.1. Discoidin domain receptors ddr-1 and ddr-2 act 
synergistically to guide axons along longitudinal tracts 

In this study we examined the role of discoidin domain receptors during nervous 

system development in C. elegans. In mammals, both DDR1 and DDR2 are expressed 

in the developing nervous system (Lai and Lemke, 1994; Sanchez et al., 1994; Zerlin et 

al., 1993). DDR1 is required for axon extension of granule neurons (Bhatt et al., 2000). A 

dominant-negative form of DDR1 reduced axon extension in granule cell cultures and 

cerebellar organ cultures. Granule cell axon extension is likely induced by receptor–

ligand interaction between DDR1 on granule cells and collagen on the pial layer of the 

developing cerebellum (Bhatt et al., 2000). In contrast to the observations for DDR1 in 

the cerebellum of mammals, we found no evidence for axonal outgrowth or extension 

defects in C. elegans ddr-1 and ddr-2 loss-of-function mutants for any of the neurons 

analyzed. However, ddr-2 mutants showed significant axon navigation defects in the 

ventral nerve cord, dorsal nerve cord and dorsal sublateral tracts. Individual axons or 

whole axon fascicles failed to navigate along their normal trajectories and instead joined 

other axon tracts in their vicinity. ddr-1 mutant animals had no significant axonal defects 

on their own, but combining the ddr-1 and ddr-2 mutations strongly enhanced axon 

guidance defects compared to ddr-2 single mutants, indicating that ddr-2 can 

compensate for a loss of ddr-1. Two different allele combinations of ddr-1 and ddr-2 with 

different genetic backgrounds showed this enhancement, suggesting that the effect is 

not due to unrelated background mutations. Taken together, our results demonstrate 

that both discoidin domain receptors of C. elegans have a role in axon guidance and act 

in combination to guide axons along major longitudinal tracts. 

The most penetrant defects in discoidin domain receptor mutants were found in 

the left VNC pioneer PVPR and its followers PVQL and HSNL. The PVPR axon 

establishes the left VNC tract and is closely followed by the PVQL axon (Durbin, 1987). 
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PVQL is unable to pioneer the left VNC axon tract on its own and extends in the right 

tract in the absence of PVPR (Durbin, 1987). Post-embryonically, HSNL uses the pre-

laid track formed by the axons of PVPR and PVQL as substrate (Garriga et al., 1993). 

We found that in almost all animals with pioneer defects axons of PVQL and HSNL 

followed the misguided pioneer, suggesting that defects in follower axons are secondary 

consequences of pioneer defects in discoidin domain receptor mutants. Consistent with 

this hypothesis, we found that DDR-2 expression is required in the PVPR pioneer 

neuron for the proper guidance of the axons of both the PVPR pioneer and the PVPL 

follower neurons. The navigation of the AVKR follower axon in the left VNC tract was 

undisturbed in ddr-2 single and ddr-1 ddr-2 double mutants. This was unexpected, as 

AVKR, like PVQL and HSNL, is thought to depend on the axon of PVPR. In a previous 

study no axons were found in the left VNC tract after elimination of the PVPR pioneer 

neuron (Durbin, 1987). However, evidence for differences between PVQL and AVKR in 

their dependence on the PVPR pioneer axon have also been reported in fmi-1/flamingo 

mutants (Steimel et al., 2010). fmi-1 mutant animals showed penetrant guidance defects 

in the PVPR pioneer but only minor defects in AVKR, suggesting that the AVKR axon 

can navigate correctly even if the pioneer is misguided. It is possible that the PVPR 

pioneer is required for AVKR axon outgrowth or extension rather than navigation. Thus, 

the absence of the AVKR axon in the left VNC fascicle after elimination of the pioneer 

might simply be due to the failure of AVKR to extend its axon into the left VNC tract. 

2.5.2. Discoidin domain receptors genetically interact with NID-1 
/Nidogen and FMI-1/Flamingo 

Since discoidin domain receptors have been established as collagen receptors in 

mammals, basement membrane collagens are promising candidates as ligands. In 

zebrafish the basement membrane collagen type IV (Col4a5), was found to be important 

for proper tectal layer recognition of axons from retinal ganglion cells (Xiao and Baier, 

2007). Laminar targeting by type IV collagen was independent of integrin function and 

achieved indirectly through anchoring heparan sulfate proteoglycans (HSPGs) and 

potentially other guidance cues embedded in the basement membrane, which are then 

used by the retinal ganglion axons for proper tectal layer targeting (Xiao and Baier, 

2007). These data indicate that basement membrane collagens can affect, perhaps 
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indirectly and in combination with other factors in the extracellular matrix, axon guidance 

decisions. Discoidin domain receptors have not been tested for a role in tectal layer 

targeting, thus a direct role for collagen IV in laminar targeting through discoidin domain 

receptor signaling cannot be ruled out. In C. elegans, the number of collagens is greatly 

expanded with about 160 genes compared to less than 30 in vertebrates (Kadler et al., 

2007; Page and Johnstone, 2007). The vast majority of the C. elegans collagens are 

components of the cuticle (Page and Johnstone, 2007). So far, only three collagens 

have been associated with the basement membrane in C. elegans: the type IV collagens 

EMB-9 and LET-2 (Graham et al., 1997) and the type XV/XVIII collagen homolog CLE-1 

(Ackley et al., 2001). Type IV collagens EMB-9 and LET-2 are essential structural 

components of the basement membrane and emb-9 and let-2 mutant embryos arrest at 

the 2-fold stage before axons start to grow out (Guo et al., 1991; Gupta et al., 1997; 

Sibley et al., 1994). Type XV/XVIII collagen CLE-1 strongly accumulates at the DNC and 

VNC and is the only collagen in C. elegans affecting axon guidance described so far 

(Ackley et al., 2001). cle-1 mutant animals did not show defects in any of the VNC axons 

affected in ddr-2 mutants, suggesting that CLE-1 does not act as ligand for discoidin 

domain receptors in this process. 

UNC-6/Netrin and NID-1/Nidogen are other basement membrane components 

with documented axon navigation defects. Mutants in both genes show axon guidance 

defects in the PVPR pioneer (Hutter, 2003; Kim and Wadsworth, 2000; Wadsworth et al., 

1996). We found that nid-1/nidogen interacts genetically with ddr-1 and ddr-2, while unc-

6/netrin functions in a parallel pathway. NID-1/Nidogen is expressed in most basement 

membranes of C. elegans but accumulates on the sublateral tracts and at the muscle 

edges flanking the ventral and dorsal nerve cord (Kang and Kramer, 2000). Our data 

suggests that nid-1/nidogen and ddr-1 and ddr-2 act in the same genetic pathway. We 

speculate that the genetic interaction is indirect and does not reflect a direct physical 

interaction between NID-1/Nidogen and the two discoidin domain receptor proteins. 

Mammalian Nidogen-1 and Nidogen-2 bind various basement membrane components 

including type IV collagen (Aumailley et al., 1993; Kohfeldt et al., 1998). Nidogen-2 was 

also found to bind to the ectodomain of type XIII collagen (Tu et al., 2002). Type XIII 

collagen is a transmembrane collagen which is strongly expressed in the developing 

central and peripheral nervous system of mice including the spinal cord and is able to 
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induce neurite outgrowth (Sund et al., 2001). We have identified the novel 

transmembrane collagen COL-99, which shows similarity to type XIII collagen in 

vertebrates, in a genetic screen for genes important for axon guidance in the ventral 

nerve cord of C. elegans (see Chapter 3). The phenotype of col-99 mutants show 

striking similarities to discoidin domain receptor mutants (Figure 3.3, 3.4; Table 3.1, 3.2). 

COL-99 is mainly expressed in the hypodermis during axon outgrowth in the embryo 

(Figure 3.6). We found that col-99 interacts genetically with ddr-1 and ddr-2 (Table 3.7, 

3.8), indicating that COL-99 might serve as ligand on the surface of hypodermal cells for 

discoidin domain receptor expressing axons. However, COL-99 protein on the surface of 

hypodermal cells does not seem to accumulate specifically to the nerve tracts affected in 

col-99 and discoidin domain receptor mutants. Instead, the COL-99 ectodomain, might 

be cleaved from the cell surface and localize to the basement membrane. Ectodomain 

shedding has been reported for all transmembrane collagens in vertebrates (Hashimoto 

et al., 2002; Snellman et al., 2000; Vaisanen et al., 2004). Like ddr-1 and ddr-2, col-99 

genetically interacts with nid-1/nidogen (Table 3.4). It is thus possible that discoidin 

domain receptors mediate axon guidance along longitudinal tracts by interacting with the 

ectodomain of COL-99, which in turn is tethered to the basement membrane underlying 

the axon tracts through its interaction with the basement membrane component NID-

1/Nidogen. Ongoing research in our lab is currently addressing this hypothesis. 

We also tested whether discoidin domain receptors interact with other receptors 

known to affect PVPR guidance. Mutants in lin-17/frizzled and the non-classical cadherin 

fmi-1/flamingo show strong axon guidance defects in the PVPR pioneer (Steimel et al., 

2010). We found that fmi-1/flamingo interacts genetically with ddr-1 and ddr-2 in PVPR 

pioneer guidance whereas lin-17/frizzled acts in a parallel pathway. fmi-1/flamingo is 

required cell-autonomously in PVPR for proper pioneer axon navigation (Steimel et al., 

2010). FMI-1 function in the PVPR pioneer is dependent on the intracellular domain, but 

only partially dependent on various extracellular domains, suggesting that FMI-1 might 

act together with another receptor (Steimel et al., 2010). It is possible that FMI-

1/Flamingo forms a receptor complex with DDR-1 and DDR-2 in PVPR to guide the 

PVPR pioneer axon. Further experiments will be needed to determine whether FMI-1 

and the discoidin domain receptors interact physically. 
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In summary, our study identified a novel role for discoidin domain receptors in 

axon guidance during the development of the C. elegans nervous system. The two 

discoidin domain receptors of C. elegans work in combination to guide axons along 

major longitudinal tracts. We found that DDR-2 is required cell-autonomously in the 

PVPR neuron for the guidance of the PVPR pioneer axon, which establishes the left 

ventral nerve cord tract and serves as substrate for later outgrowing follower axons. Our 

genetic interaction studies suggest DDR-mediated pioneer guidance involves the 

basement membrane component NID-1/Nidogen and might require interaction with the 

receptor FMI-1/Flamingo. 

2.6. Contributions 

I, the first author of this study wrote the manuscript of the published paper under 

the supervision of H.H.. I performed all experiments reported in this chapter. The project 

was initially started by J.P., who identified ddr-2 in a screen for novel axon guidance 

genes from a pool of candidate genes encoding for proteins with both a single pass 

transmembrane and an extracellular domain that were strongly expressed in a C. 

elegans pan-neuronal SAGE library. 
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2.7. Figures 

 

Figure 2.1. Phylogenetic relationship of discoidin domain receptors 
 Unrooted phylogenetic tree of human (Hs DDR), mouse (Mm DDR), Drosophila (Dm Ddr) and C. 
elegans (Ce DDR) discoidin domain receptors.  
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Figure 2.2. Gene models and domain organization of discoidin domain 
receptors in C. elegans 

Exon-intron structure of ddr-1 and ddr-2 genes and domain organization of the DDR-1 and DDR-2 
proteins. Locations of the deletions used in this study are indicated by black bars. DD: discoidin 
domain; TM: transmembrane domain; TyrK: tyrosine kinase. 
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Figure 2.3. Axonal defects in the ventral nerve cord of ddr-2(ok574) animals 
(A) Ventral nerve cord (VNC) of C. elegans. The two VNC tracts are separated by motor neuron 
cell bodies, the right VNC tract is pioneered by the axon of AVG, the left tract by the axon of 
PVPR. Note that PVP and AVK axons cross the ventral midline, so that the PVPR and AVKR 
axons end up in the left axon tract, whereas PVPL and AVKL are in the right axon tract. All axons 
with the exception of the post-embryonic HSN axons grow out in the embryo. (B-M) Axon 
trajectories in wild type (B, D, F, H, J, L) and ddr-2(ok574) mutants (C, E, G, I, K, M) visualized by 
fluorescent reporter constructs. (B, D) In wild type, the PVPR axon is in the left VNC tract. (C) In 
ddr-2 mutant animals, PVPR fails to pioneer the left tract (arrowhead) and instead grows in the 
right tract or (E) switches between the two tracts (arrowheads). (G) The PVQL axon follows the 
misled PVPR pioneer depicted in panel E (arrowheads). (H) In wild type, the HSNL axon extends 
in the left VNC tract. (I) In ddr-2 mutant animals, the axon of HSNL joins the right VNC tract 
(arrowhead). (J) In wild type, command interneuron axons extend in the right VNC tract. (K) In 
ddr-2 mutant animals, axons switch into the left VNC tract (arrowheads). (L) In wild type, the 
longitudinal processes of DD/VD motor neurons extend into the right VNC tract. (M) In ddr-2 
mutant animals, some DD/VD processes join the left tract (arrowheads). Dashed lines in pictures 
reflect normal axon trajectories. All pictures and the diagram show ventral views; anterior is to the 
left. Fluorescent reporter constructs used: odr-2::CFP (AVG, PVPR/L); sra-6::DsRed2 (PVQR/L); 
tph-1::GFP (HSNR/L); glr-1::GFP (command interneurons (CIN)); unc-47::DsRed2 (DD/VD motor 
neurons). Scale bar: 10 µm. 
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Figure 2.4. Axonal defects in the dorsal nerve cord and the dorsal sublateral 
cords of ddr-1(ok874) ddr-2(ok574) animals 

 (A) Dorsal nerve cord and dorsal sublateral cords. Commissural axons from ventral motor 
neurons migrate circumferentially along both sides of the body towards dorsal midline and form 
the dorsal nerve cord (DNC) on the left side of the midline. The two dorsal sublateral cords (DSC) 
flank the dorsal nerve cord on either side. (B-E) Wild type and ddr-1(ok874) ddr-2(ok574) double 
mutant animals labeled with pan-neuronal GFP. (B) In wild type animals, the dorsal nerve cord is 
tightly fasciculated, all axons extend on the left side of the dorsal midline. (C) In ddr-1 ddr-2 
double mutants, some axons extend on the right side of the midline (arrowheads). (D) Axons from 
the dorsal sublateral tracts join the ALN axon trajectories (arrows). (E) In ddr-1 ddr-2 double 
mutants, axons from the right dorsal sublateral cord grow dorsally and extend along the right side 
of the dorsal midline (arrowhead); other axons leave their normal trajectory (arrow). All pictures 
and the diagram show dorsal views; anterior is to the left. Fluorescent marker used: rgef-1::GFP. 
Scale bar: 10 µm. 
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Figure 2.5. Discoidin domain receptor expression and localization 
 (A, B) Onset of ddr-1p::GFP expression in the embryo during “lima-bean-stage”. (C, D) 2-fold-
stage embryo showing an extending axon (arrow). (E) L1 larva, ddr-1p::GFP is expressed in 
neurons in head and tail ganglia, motor neurons (arrow) and stomato-intestinal muscle 
(arrowhead). (F) Adult animal, DDR-1::GFP fusion protein localizing to axons in the nerve ring. 
(G) L1 larva, ddr-1p::GFP is expressed in dorsal nerve cord (DNC) and dorsal sublateral tracts 
(DSC). (H-M) Coexpession of ddr-1p::GFP (green) with odr-2::CFP (red) in PVP neurons. 

(N, O) ddr-2p::GFP expression starts during late gastrulation. (P, Q) 1.5-fold-stage embryo with 
an extending axon (arrow). (R) L1 larvae, ddr-2p::GFP is expressed in neurons in head and tail, 
motor neurons (arrow), rectal gland cells (arrowhead) and seam cells. (S, T) L2 larvae; DDR-
2::GFP signal localizes to the nerve ring and all major longitudinal axon tracts, seam cells and 
most likely uterine valve cells of the vulva (arrow). (U-W) Coexpession of DDR-2::GFP (green) 
with odr-2::CFP (red) in PVP neurons. (A-D, F, N-Q, S) Lateral views; (T) dorso-lateral view; (E, 
H-M, R, U-W) ventral views; (G) dorsal view. In all pictures anterior is to the left. (G, H-M, T) 
single focal plain. (A-G, N-T) Scale bar: 10 µm; (H-M, U-W) scale bar: 5 µm.  
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A  Transgene % Defects n Transgene % Defects n  

Right VNC AVG + 3 378 - 6 17  

 PVPL + 3 553 -  26** 47  

 PVQR + 5 560 - 3 31  

         

Left VNC PVPL + 21 561 -  61** 38  

 PVQL + 25 553 - 21 33  

        

B        

Presence of Transgene    

Right VNC  Left VNC    

AVG PVPL PVQR  PVPR PVQL % PVQL defects n  

+ + +  + + 24 459  

- + +  + + 10 10  

+ - +  + + 25 24  

+ + -  + + 19 21  

+ + +  - +   52** 23  

+ + +  + - 17 24  

- - -  - - 67 88  

         

Figure 2.6. Mosaic analysis 
 (A, B) Presence (+) or absence (–) of the rescuing extrachromosomal array containing ddr-2(+) 
in AVG, PVP and PVQ neurons was determined by the presence of GFP reporter gene 
expression. (A) Percentages reflect axon guidance defects in the corresponding neuron. (B) 
Percentages show axon guidance defects in PVQL neurons. **: P<0.01 (χ2 test). Fluorescent 
markers used: odr-2::CFP (AVG, PVPR/L); sra-6::DsRed2 (PVQR/L). Co-injection markers for 
array identification: odr-2::GFP; sra-6::GFP. 



 

116 

 

Figure 2.7. Rescue of PVQ axon navigation defects in ddr-1(ok874) ddr-2(ok574) 
double mutants with ddr-2 cDNA 

Expression of ddr-2 cDNA under its native promoter ddr-2p and the odr-2 promoter odr-2p. 
Columns reflect percentages of animals with PVQ navigation defects ± margin of error. Each 
column represents one independent transgenic strain. The dashed line indicates the defects in 
ddr-1(ok874) ddr-2(ok574) double mutant animals. For each transgenic strain n=25-122 animals 
were analyzed; for wild type and ddr-1(ok874) ddr-2(ok574) mutant n≥100 animals were 
analyzed; The χ2 test was used to determine whether the transgenic strain is significantly different 
from the ddr-1(ok874) ddr-2(ok574) double mutant (*: P<0.05, **: P<0.01; ns: not significant). 
Fluorescent marker used: sra-6::DsRed2. 
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Figure 2.8. Genetic interactions between discoidin domain receptors and 
selected axon guidance genes 

Columns reflect percentages of animals with PVPR pioneer navigation defects ± margin of error. 
For each strain n≥100 animals were analyzed. The χ2 test was used to determine whether the 
double (or triple mutant) is significantly different from the strongest single mutant (**: P<0.01; ns: 
not significant). Mutant alleles used: ddr-1(ok874); ddr-2(ok574); cle-1(cg120); nid-1(cg119); unc-
6(ev400); lin-17(n671);  fmi-1(rh308). Fluorescent marker used: odr-2::CFP. 
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2.8. Tables 

Table 2.1. Axon guidance defects in ventral nerve cord of discoidin domain 
receptor mutants 
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Table 2.2. Defects in dorsal nerve cord and sublateral cords of discoidin 
domain receptor mutants 

   % animals with defectsa 

Allele   DNCb Right DSCc Left DSCc Right VSCd Left VSCd 
    nav.e totalf nav.e totalf nav.g totalh nav.g totalh 

Wild type 7 0 2 0 1 0 1 0 4 

ddr-2(ok574) 14 4* 5 0 1 2 5 0 2 

ddr-2(tm797) 24** 4* 11** 1 13** 4* 8* 0 6 

ddr-1(ok874) 12 2 7* 2 7* 0 1 0 1 

ddr-1(tm382) 19* 3* 7* 3* 5 0 4 0 2 

ddr-2(ok574) ddr-1(ok874) 44**$$ 19**$$ 23**$$ 5* 15**$ 4* 11** 0 6 

ddr-2(tm797) ddr-1(tm382) 47**$$ 23**$$ 34**$$ 10**$ 21** 4* 12** 0 7 

a n ≥ 100 for each data point; marker used: rgef-1::GFP (pan-neuronal) 
b dorsal nerve cord midline crossing defect and/or DSC navigation defect (D) 
c dorsal sublateral cord  
d ventral sublateral cord  
e navigation defects: axons leave DSC, extend dorsally towards DNC and grow next to dorsal midline. 
f total defects, including animals with axons leaving DSC, axons with navigation defects (e) and animals with 
axons converging with ALN axon trajectory at more anterior or posterior position 

g navigation defects: axons leave VSC and grow ventrally to join the ventral nerve cord 
h total defects, including animals with axons leaving VSC, axons with navigation defects (g) and animals with 
position of VSC axons ascending dorsally shifted anteriorly or posteriorly 

$ p < 0.05, $$ p < 0.01 compared to single mutant with more penetrant defects (χ2 test). 

* p < 0.05, ** p < 0.01 compared to wild type (χ2 test). 
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Table 2.3. Test for ventral nerve cord maintenance defects 
in ddr-2(ok574) mutant animals 

Genotype Condition PVQ defects (%) n  
Wild type mixed stage 15 164  

zig-4(gk34) mixed stage 28 124  

zig-4(gk34) L1 on 0.5 ml 30 mM Levamisole 15* 106  

ddr-2(ok574) mixed stage 35 124  

ddr-2(ok574) L1 on 0.5 ml 30 mM Levamisole 38 101  

ddr-2(ok574) L1 on 1.0 ml 30 mM Levamisole 33 174  

Fluorescent marker used: sra-6::DsRed2 
* penetrance of PVQ defects of Levamisole treated L1 animals compared to 
defects observed in mixed stage animals P<0.05 (χ2 test). 

 

Table 2.4. Neuronal cell body migration defects in discoidin domain receptor 
mutants 

 % animals with defectsa 

Genotype AVM PVM ALM SDQ BDU HSN 

   Rb Lc Rb Lc Rb Lc Rb Lc 
Wild type 2 1 1 1 4 0 1 0 2 1 

ddr-2(ok574) 3 2 3 5 10 0 2 3 1 2 

ddr-2(tm797) 4 0 2 3 12 2 2 2 4 0 

ddr-1(ok874) 0 0 3 0 3 0 3 0 4 0 

ddr-1(tm797) 3 0 0 0 3 0 0 3 4 0 

ddr-2(ok574) ddr-1(ok874) 1 0 7 3 8 0 5 3 2 2 

ddr-2(tm797) ddr-1(tm797) 7 0 3 0 0 0 0 0 6 1 

a n ≥ 30 for each data point; marker used: rgef-1::GFP (pan-neuronal). 
b right neuron 
c left neuron 

* p < 0.05, ** p < 0.01 compared to wild type (χ2 test). 
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3. The transmembrane collagen COL-99 
regulates axon guidance in C. elegans 

Thomas Unsoeld 

3.1. Abstract 

Collagens are the most abundant proteins in the extracellular matrix and 

basement membranes and have predominantly been described for their role as 

structural components providing tissue stability. We have identified the collagen COL-99 

in a genetic screen for novel genes involved in axon guidance in the nematode C. 

elegans. COL-99 is similar to the transmembrane collagens type XIII and type XXV in 

vertebrates. Mutants of col-99 exhibit guidance defects in axons extending along the 

major longitudinal axon tracts, most prominently the left ventral nerve cord. COL-99 is 

expressed in the hypodermis during the time of axon outgrowth and localizes to the cell 

membrane. We found that col-99 interacts genetically with the collagen receptors ddr-1 

and ddr-2, which are expressed by neurons projecting axons into the longitudinal axon 

tracts. Our findings establish COL-99 as the first transmembrane collagen implicated in 

axon guidance. 

3.2. Introduction 

Growth cones utilize cues in their environment to navigate to their specific 

targets. These cues can be in the form of secreted molecules that form gradients and 

attract or repel axons over long distances towards or away from their source of 

secretion. Guidance cues can also be presented locally on the surface of surrounding 

cells allowing contact-mediated adherence or repulsion. Lastly, components of the 

extracellular matrix and basement membranes can serve as a permissive substrate or 
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sequester guidance cues to provide an instructive environment for growth cones. 

Collagens are the most abundant molecules in extracellular matrices and basement 

membranes. So far, 28 different types of collagens have been identified in vertebrates 

(Kadler et al., 2007). Collagen-like molecules also contain collagenous domains but are 

named for other domains or specific biological functions. Collagens are triple helical 

molecules assembled from three separate polypeptide α-chains, which are held together 

by interchain hydrogen bonds (Brodsky and Persikov, 2005). Each polypeptide chain 

contains collagenous domains, consisting of repeating sequences of Gly-X-Y triplets. 

With exception of the transmembrane collagens type XIII, XXIII, XXV and XVII, collagens 

are secreted into the extracellular space and form part of the extracellular matrix. While 

long being regarded as major structural components in the extracellular matrices and 

basement membranes, more recently, some collagens have been implicated in axon 

guidance. The major basement membrane constituent collagen type IV is required for 

proper tectal layer recognition of axons from retinal ganglion cells in zebrafish (Xiao and 

Baier, 2007). Laminar targeting by type IV collagen is achieved indirectly through the 

anchoring of heparan sulfate proteoglycans and potentially other guidance cues to the 

tectal basement membrane, which are subsequently used by retinal ganglion axons for 

proper tectal layer targeting. The FACIT collagen XIX has been implicated in the 

navigation of pioneering primary axons at intermediate targets (Hilario et al., 2010). In 

zebrafish, primary motor axons from each hemisegment in the spinal cord exit the same 

ventral root. During their growth to their final target in the myotome the motor axons stall 

at several intermediate targets. Collagen XIX is expressed at those intermediate targets 

during pathfinding of the trunk pioneer motor axons. Mutants in the collagen XIX α-chain 

gene stumpy extend pioneer motor axons normally from the spinal cord but fail to 

proceed past the intermediate targets (Hilario et al., 2010). The initial extension away 

from the spinal cord depends on type XVIII collagen, which is expressed dynamically in 

the nervous system of zebrafish, including the spinal cord (Haftek et al., 2003; Schneider 

and Granato, 2006). Knock down of the type XVIII collagen α-chain gene col18a1 results 

in the stalling of pioneer motor axons soon after exiting the spinal cord at the ventral root 

(Schneider and Granato, 2006). 

In C. elegans, the ventral nerve cord (VNC) represents the main longitudinal 

nerve tract. It connects the head ganglia with the ganglia in the tail and the motor 



 

128 

neurons that align in a row along the VNC. The VNC consists of two fascicles that are 

separated by the ventral hypodermal ridge and flank the somata of the motor neurons. 

The majority of axons extend in the right VNC fascicle. Only four axons extend in the left 

VNC tract. Both tracts are established initially by a single pioneer axon (Durbin, 1987). 

The right tract is pioneered from the anterior by the axon of the AVG interneuron. The 

left axon tract is pioneered by the axon of the PVPR interneuron form the posterior. Both 

pioneers are required for the guidance of subsequent extending processes. Follower 

axons in the right tract depend partially on the axon of AVG and exhibit midline crossing 

defects when AVG is eliminated; follower axons in the left tract strictly depend on the 

PVPR pioneer and extend in the right VNC fascicle in the absence of the pioneer 

(Durbin, 1987; Garriga et al., 1993; Hutter, 2003). 

We have identified the collagen COL-99 in a genetic screen for novel genes 

involved in axonal guidance in the ventral nerve cord. COL-99 is most similar to 

collagens type XIII and type XXV in vertebrates which together with the closely related 

collagen XXIII and the structurally more diverse collagen XVII form the subgroup of 

transmembrane collagens within the collagen family (reviewed in Franzke et al., 2005; 

Franzke et al., 2003). COL-99 represents the first potential homolog of transmembrane 

collagens in C. elegans and the first transmembrane collagen involved in axon guidance. 

Mutants of col-99 show defects in most major longitudinal nerve tracts, most prominently 

the left VNC. col-99 is expressed in the hypodermis during the time of axon outgrowth in 

the embryo and interacts genetically with the basement membrane component nid-

1/nidogen and the collagen receptors ddr-1 and ddr-2. 

3.3. Materials and Methods 

3.3.1. Strains and transgenes 

The following alleles were used for phenotypic characterization: col-99(rh311) IV; 

col-99(ok1204) IV; col-99(hd130) IV; dpy-18(e364) III; ddr-1(tm382) X; ddr-2(ok574) X; 

ddr-2(tm797) X; nid-1(cg119) V.  

The following integrated GFP reporter constructs were used to analyze axonal 

trajectories and neuronal cell body positions: hdIs26[odr-2::CFP, sra-6::DsRed2] 
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rhIs4[glr-1::GFP, dpy-20(+)] III; zdIs13[tph-1::GFP] IV; bwIs2[flp-1::GFP, rol-6(su1006)]; 

hdIs22[unc- 129::CFP, unc-47::DsRed2] V; evIs111[rgef-1::GFP] V. 

For mapping experiments, alleles isolated from mutagenized animals with a 

Bristol background were crossed with the CB4856 wild type strain isolated on Hawaii. 

The genomes of natural isolates from Hawaii and Bristol animals exhibit many single 

nucleotide polymorphisms (SNPs). Many of the SNPs modify restriction enzyme 

recognition sites resulting in restriction fragment length polymorphisms (RFLP), which 

can be used for positional cloning in C. elegans (Wicks et al., 2001). Recombinants were 

isolated from the F2 progeny by testing for the presence of CB4856 SNP markers in the 

genomic area of interest. Strains with recombination events within the genomic area of 

interest were subsequently analyzed for axonal defects in PVQ neurons to determine 

whether the mutation was retained. 

Strains were maintained at 20 ºC under standard conditions (Brenner, 1974). 

Worms were cultivated on easiest worm medium (EWM) plates on an E. coli OP50 

bacteria diet. 1 l EWM media contained 5.9 g EWM mix (55 g Tris-HCl, 24 g Tris-OH, 

310 g Bacto Peptone, 800 mg Cholesterol and 200 g NaCl) and 18 g Agar dissolved in 

H2O. EWM media was autoclaved prior to pouring plates. 

3.3.2. Gene mapping and rescue experiments 

The col-99 allele rh311 (originally referred to as ast-4(rh311)) was isolated in an 

EMS screen for axon guidance defects in command interneurons and mapped initially to 

the map interval -27.3 (end)/-23.3 between SNP pkP4050 and the end of the 

chromosome IV (Hutter et al., 2005). 367 additional putative recombinants were isolated 

by crossing the col-99(rh311) strain which was generated in a N2 (Bristol) background 

with the CB4856 wild type strain isolated on Hawaii. F2 progeny of the crossing was 

analyzed for RFLPs to identify recombination events within the four map unit interval. 

Recombinants were subsequently analyzed for axonal defects in PVQ neurons to 

determine whether the col-99(rh311) mutation was retained. Informative recombinants 

narrowed the col-99(rh311) region down to 443218 bp between SNP pkP4049 

(WBVar00240596) on Y66H1A and the left end of chromosome IV, corresponding to the 

map interval -27.3/-26. The col-99(rh311) region comprised 76 genes and was partly 
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covered by the 13 fosmids WRM0625bD03, WRM0615aH05, WRM0611cC03, 

WRM0624bB09, WRM0616cA10, WRM0626aH07, WRM0637dH05, WRM0624aA11, 

WRM0637dE08, WRM0637dE12, WRM063dH05, WRM0635cH12 and WRM067aB05 

(Geneservice, Cambridge, UK). Fosmids contain large pieces (± 30-45 kb) of genomic 

DNA cloned into the fosmid vector backbone pCC1FOS (Epicentre). To test whether the 

ast-4 gene was covered by the one of the 13 fosmids, a pool containing all 13 fosmids 

was injected into ast-4(rh311) mutant animals. 2 of 3 resulting transgenic lines provided 

rescue activity, indicating that ast-4 gene was covered by the fosmid pool. Subsequently, 

the fosmid pool was split into Mix A comprising the 7 fosmids WRM0625bD03, 

WRM0615aH05, WRM0611cC03, WRM0624bB09, WRM0616cA10, WRM0626aH07 

and WRM0637dH05 and Mix B comprising the 6 fosmids WRM0624aA11, 

WRM0637dE08, WRM0637dE12, WRM063dH05, WRM0635cH12 and WRM067aB05. 

Mix A provided rescue activity in 6 of 6 lines, Mix B provided rescue activity in 0 of 3 

lines, indicating that the ast-4 gene was covered by Mix A. Mix A was further split into 

Mix A.1 comprising the three fosmids WRM0625bD03, WRM0615aH05 and 

WRM0611cC03 and Mix A.2 containing the four fosmids WRM0624bB09, 

WRM0616cA10, WRM0626aH07 and WRM0637dH05. Mix A.1 provided rescue activity 

in 0 of 5 lines, Mix A.2 provided rescue activity in 3 of 4 lines, indicating that the ast-4 

gene was covered by Mix A.2. In the next step individual fosmids were tested for their 

rescue activity. WRM0624bB09 provided rescue activity in 14 out of 21 lines. The only 

overlapping fosmid WRM0611cC03 (also contained in Mix A.1) did not provide rescue 

activity in 16 lines tested, suggesting the ast-4 gene localizes onto fosmid 

WRM0624bB09. In all rescue experiments a concentration of 2 ng/µl for each individual 

fosmid was used to generate transgenic animals. All fosmids were injected along with 

the co-injection marker rol-6(su1006) into col-99(rh311) IV; hdIs26[odr-2::CFP, sra-

6::DsRed2] rhIs4[glr-1::GFP, dpy-20(+)] III animals as described previously (Mello et al., 

1991). Transgene strains carrying the rol-6(su1006) co-injection marker were 

subsequently tested for rescue of PVP defects.  

A full-length col-99 rescuing construct was generated by amplification of a 8124 

bp part of the col-99 gene and 5051 bp upstream sequence from WRM0624bB09 with 

primers 5’-TAACTCGAGCATCTTGTTCCGATTTACTCGG-3’ and 5’-

TTGAAAGAGTCGCACCATAGG-3’. The resulting product was subsequently cloned into 
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the XhoI/BamHI sites of pBluescript II SK(-) creating plasmid pVH19.05. 1138 bp of col-

99 downstream sequence and the remaining part of the col-99 gene was amplified with 

primers 5’-AGTAAACCTGAACCTATTCCAGG-3’ and 5’-

GGCGGATCCGCCAGCCCATTTTATCTTCGTTC-3’. First, the resulting PCR product 

was subcloned into the BamHI site of pBluescript II SK(-) generating pVH19.13. In the 

second step, the BamHI insert from pVH19.13 was excised and cloned into the BamHI 

site of pVH19.05. The resulting plasmid pVH19.14 contained the full-length col-99 gene 

with 5051 bp upstream and 1138 bp downstream sequence. The col-99 coding region 

and areas surrounding the BamHI insertion sites in the pVH19.14 vector were 

sequenced. Transgenic animals were generated by injecting 4 ng/µl of pVH19.14 and 

the co-injection marker rol-6(su1006) into col-99(rh311) IV; hdIs26[odr-2::CFP, sra-

6::DsRed2] rhIs4[glr-1::GFP, dpy-20(+)] III and col-99(ok1204) IV; hdIs26[odr-2::CFP, 

sra-6::DsRed2] rhIs4[glr-1::GFP, dpy-20(+)] III animals as described previously (Mello et 

al., 1991). Transgenic strains carrying the rol-6(su1006) co-injection marker were 

subsequently tested for rescue of axonal defects in PVQ neurons. 

In order to identify the gene start of col-99 a SL1 primer approach was used. The 

SL1 spliced leader sequence 5’-GGTTTAATTACCCAAGTTTGAG-3’ is trans-spliced 

onto the 5′ end of the majority of C. elegans mRNAs in a process similar to intron 

splicing (Blumenthal and Steward, 1997). The promiscuity of the SL1 trans-spicing can 

be utilized to identify the 5’-sequence of a SL1 trans-spliced gene by using the SL1 

sequence as a forward primer in a PCR reaction together with a gene-specific reverse 

primer. The 5’ sequence of col-99 was amplified from cDNA derived from mRNA of a 

mixed stage C. elegans population with the SL1 sequence as forward primer and the 

gene-specific sequence 5’-GTTCTCCTCGGTCTCCTTTTGA-3’ as reverse primer. PCR 

amplification with the second leader sequence SL2 5’-GGTTTTAACCCAGTTACTCAAG-

3’ failed to produce PCR product. Product from the SL1 PCR reaction was re-amplified 

with SL1 and the nested, gene-specific primer 5’-GTAGTATGGAGCTGGAAGACC-3’. 

The resulting PCR product was sequenced to identify the gene start. 

3.3.3. Screening of the deletion library 

The deletion library had been generated in our lab previously by Valentin 

Schwarz from 1054080 synchronized F1 progeny of an EMS mutagenized worm 
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population. 20 F1 progeny were pooled per well and cultivated in liquid culture producing 

about 2000 F2 animals in each well. The F2 progeny from each well were split into three 

parts: Half of the F2 progeny was frozen at -80°C. One quarter of the F2 progeny was 

lysed as single lysates and the remaining quarter harvested for isolation of genomic 

DNA. 48 of the genomic isolates were pooled into a single well resulting in 1098 wells 

with each containing approximately 2000 haploid worm genomes. To obtain a functional 

null mutant of col-99, the deletion library was screened for mutations in the first exon of 

col-99 using a poison primer approach (Edgley et al., 2002). In the first amplification step 

of the poison PCR the pooled genomic DNA from 1098 wells was amplified with the two 

external primers 5’-TCAGTGCAAACGAAAACAGC-3’ and 5’-

CAACCTTTCCCTTCTCCTCC-3’ flanking the first exon of col-99. Simultaneously, a third 

internal primer (5’-CATCACCATCTGGAAACGTG-3’ = poison primer) binding in the first 

exon of col-99 was added. Addition of the poison primer results in the amplification of a 

second, shorter PCR fragment. Due to its short size, the poison PCR fragment is 

preferentially amplified. This effectively suppresses amplification of the longer external 

PCR from genomic wild type DNA templates containing the internal poison primer-

binding site in the first exon of col-99. Amplification from a mutated template containing a 

deletion that removes the poison primer binding site is not suppressed and leads to the 

production of a single PCR product of reduced size. In the second amplification step the 

products of the first PCR reaction were used as template for a nested PCR with the 

internal primers 5’-GACGGTTTCAGGAAACTATTGA-3’ and 5’-

TCAAGTTTGGGCTTCTGCTT-3’. During the second PCR amplification the poison 

primer PCR products cannot be further amplified due to the lack of one primer binding 

site. Of the remaining PCR products of the first amplification step PCR templates 

containing a deletion are preferentially amplified compared to PCR products from wild 

type due to their smaller size. Combined, the two amplification steps provide high 

sensitivity and allow for the detection of deletions from purified genomic DNA lysates 

containing up to 5000 genomes per well (Edgley et al., 2002). Results from pooled wells 

producing smaller deletion bands on agarose gels were re-confirmed and the 48 

corresponding single lysates containing each DNA from 40 mutagenized haploid worm 

genomes tested. For positive lysates producing a deletion band the matching frozen 

worms were thawed and isolated onto individual plates. A fraction of the F1 progeny 

from each plate was lysed and PCR analyzed to identify animals containing the deletion. 
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3.3.4. Expression constructs 

The transcriptional and N-terminally tagged translational reporter constructs of 

col-99 were generated by homologous recombination in E. coli as described in (Tursun 

et al., 2009): Fosmid WRM0624bB09, containing the full col-99 gene including upstream 

and downstream sequences was electroporated into the galactokinase defective and λ 

Red recombinase and Flippase inducible E. coli strain SW105. For the N-terminally 

tagged translational reporter construct GFP::COL-99 (Fosmid pVH19.29), the fosmid 

recombineering cassette pBALU1 containing GFP and the selectable marker 

galactokinase flanked by FRT sites was amplified with 5’-

CCAGATCAACATCCAAACCAGGCCCCCCATATGATTCGCCAATTGCACCGATGAGT

AAAGGAGAAGAACTTTTCAC-3’ and 5’-

GTGCCGTCCGTGCCAACGACCACCACGTTTCCAGATGGTGATGGGGAGGTCATTT

TGTATAGTTCATCCATGCCATG-3’. The primers introduced about 50 bp of 

complementary WRM0624bB09 fosmid sequence on each end of the PCR product to 

place the GFP reporter gene in-frame in front of the col-99 gene. For recombination the 

PCR product was transformed into electrocompetent and λ Red recombinase-activated 

SW105 cells containing fosmid WRM0624bB09. Selection for galactokinase positive 

clones carrying recombineered fosmids was achieved by growing the electroporated 

cells on galactose minimal plates. Forming colonies were subsequently streaked onto 

MacConkey indicator plates. Clones with galactokinase activity change the pH of the 

MacConkey medium and produce red colonies. Red colonies were picked and the 

galactokinase flanked by FRT sites excised by addition of arabinose to the growth 

medium inducing Flippase activity.  Correct insertion of the pBALU1 cassette and 

excision of the galactokinase module were confirmed by PCR amplification with primers 

5’-GAAGTCTACGTCTAAATTCCCG-3’ and 5’-GCTTTTCGAGAGTTGAGATCC-3’ of 

DNA derived from galactokinase negative clones. Inserts were subsequently sequenced 

to check for potential mutations introduced during PCR amplification.  

The col-99 transcriptional reporter construct col-99(+)SL2::GFP (Fosmid 

pVH19.30) was generated analogous by using the recombineering cassette pBALU9 

with fosmid WRM0624bB09. The pBALU9 cassette inserts a SL2-spliced intercistronic 

region between the stop codon of the gene of interest and the GFP reporter gene, 

creating an operon-like construct with a GFP reporter controlled by all upstream and 
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downstream cis-acting regulatory elements and an untagged native protein. The 

pBALU9 cassette was amplified with 5’- 

GAGCTCAGCCCGGGAAAGGTGCGGAAACGAGGCCGCCAGTCACTGACTGAGCTG

TCTCATCCTACTTTCACCTAGTTAAC -3’ and 5’- 

CACTAATAGAGGGTAAAGAATCAGTGCCTAAAGTGGGAGCCGAGGCTTCTCTATTT

GTATAGTTCATCCATGCCATG -3’ placing the pBALU9 cassette downstream of the col-

99 gene. Correct insertion of the cassette and excision of the galactokinase module 

were confirmed by PCR amplification with primers 5’-TTGACCAACAGAAATCGCAGG-3’ 

and 5’-GAAATAACGAGATTGTGACGCTG-3’ and subsequent sequencing of the PCR 

product.  

The C-terminally tagged translational reporter construct was generated by 

amplification of 8124 bp of the col-99 gene and 5051 bp upstream sequence from 

WRM0624bB09 with primers 5’-TAACTCGAGCATCTTGTTCCGATTTACTCGG-3’ and 

5’-TTGAAAGAGTCGCACCATAGG-3’. The resulting product was subsequently digested 

with the restriction enzymes XhoI and BamHI. The small remaining part of the col-99 

gene was amplified with primers 5’-AGTAAACCTGAACCTATTCCAGG-3’ and 5’- 

CGGGATCCGCGTCAGTGACTGGCGGCCTC-3’ removing the col-99 stop codon. The 

resulting PCR product was subsequently digested with BamHI. To increase ligation 

efficiency, the PCR products were first cloned into lacZα containing plasmid pBluescript 

II SK(-) creating pVH19.05, which contained the large fragment and pVH19.06, 

containing the small fragment of col-99. First the large fragment was excised from 

pVH19.05 with XhoI and BamHI and ligated with a SalI/BamHI digested pPD95.75 

vector containing a promoterless GFP generating pVH19.07. In the second step the 

small col-99 fragment from pVH19.06 was cloned into the BamHI site of pVH19.07. The 

resulting plasmid pVH19.08 contained 5051 bp col-99 upstream sequence and the full-

length col-99 gene with a GFP reporter gene added in-frame. All PCR-amplified coding 

regions in the final pVH19.08 vector and areas surrounding the insertion sites were 

sequenced. 

Transgenic animals for expression analysis were generated as described 

(Granato et al., 1994; Mello et al., 1991). Both constructs were injected or crossed into a 

col-99(rh311) IV; hdIs26[odr-2::CFP, sra-6::DsRed2] rhIs4[glr-1::GFP, dpy-20(+)] III 

background and tested for their ability to rescue axonal defects in PVQ. 



 

135 

3.3.5. Microscopy 

Animals of a growing population were scored using a 40x objective on a Zeiss 

Axioscope. Images were acquired on a Zeiss Axioplan II microscope (Carl-Zeiss AG, 

Germany) connected to a Quorum WaveFX spinning disc system (Quorum 

Technologies, Canada). Stacks of confocal images with 0.2 to 0.5 µm distance between 

focal planes were recorded. Image acquisition and analysis was carried out using 

Volocity software (Perkin-Elmer, Waltham, MA). Images in the figures are maximum 

intensity projections of all focal planes. Figures were assembled using Adobe Creative 

Suite CS5.1 (Adobe, San Jose, CA, USA). 

3.3.6. Analysis of neuronal defects 

Axonal trajectories were examined in late-stage larvae and adult animals 

expressing fluorescent markers in the corresponding neurons. Cell body positions of 

BDU, SDQ, AVM, ALM, HSN and PVM neurons were analyzed in adult animals using 

the pan-neuronal marker evIs111[rgef-1::GFP] V. Animals were incubated with 10 mM 

NaN3 in M9 buffer for 1 hour and mounted on agar pads prior to analysis. 

3.4. Results 

3.4.1. A genetic screen for novel axon guidance genes identifies an 
allele of the collagen col-99 

An EMS mutagenesis screen for genes affecting the guidance of command 

interneurons in the VNC of C. elegans identified the mutation ast-4(rh311) (Hutter et al., 

2005). In ast-4(rh311) mutant animals, command interneurons, which normally extend 

exclusively in the right VNC tract, frequently crossed the ventral midline or failed to cross 

into the right tract after exiting the nerve ring (Table 3.1). Single nucleotide 

polymorphism (SNP) mapping placed ast-4(rh311) between the map interval -27.3/-23.3 

close to the left end of chromosome IV (Hutter et al., 2005). To further refine this region I 

screened 367 putative recombinants for axonal defects in PVQ neurons and tested for a 

recombination event within the region of the two SNP borders. This approach confined 

ast-4(rh311) to a region of less than 0.5 Mb between SNP pkP4049 (WBVar00240596) 
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and the left end of chromosome IV, corresponding to the map interval -27.3/-26 

comprising 76 genes. This region is partly covered by 13 genomic clones (fosmids) 

(Geneservice, Cambridge, UK) (Figure 3.1). Injection of various combinations of these 

fosmids into ast-4(rh311) animals located ast-4(rh311) to fosmid WRM0624bB09, which 

was able to rescue PVQ defects in 14 out of 21 lines (Figure 3.1, Appendix Figure A1, 

Figure A2). The largest gene on fosmid WRM0624bB09 was the collagen gene col-99. A 

col-99 mutant strain was available from the C. elegans Knockout Consortium. col-

99(ok1204) showed axon guidance defects strikingly similar to ast-4(rh311), indicating 

that ast-4 might be an allele of col-99. Sequencing of col-99 coding region in the ast-

4(rh311) strain identified a guanine to adenine transition disrupting a splice site of the 

col-99 gene, which leads to the loss of the last 201 amino acids of the COL-99 protein. 

The presence of this mutation, combined with the similarities in the phenotypes of col-

99(ok1204) and ast-4(rh311), suggest that these two mutations are alleles of the same 

gene. Injection of a plasmid containing a PCR amplified, full-length col-99 gene including 

upstream and downstream UTR sequence significantly rescued axonal defects in PVQ 

neurons in 12 out of 13 lines with col-99(rh311) background and 1 out of 3 lines with col-

99(ok1204) background (Figure 3.1, Appendix Figure A4). These results demonstrate 

that that the phenotypes observed in these mutants are due to mutations in col-99 

confirming ast-4 as col-99.  

3.4.2. col-99 encodes for a putative type-2 transmembrane 
collagen 

During my rescue experiments I found that a fosmid (WRM0611cC03), which 

covered col-99, several downstream genes and one upstream gene (Y38C1AA.8), did 

not provide rescue activity (Figure 3.1, Appendix Figure A3). This was surprising given 

that an overlapping fosmid, which included additional upstream sequence, did rescue 

the defects (Figure 3.1, Appendix Figure A2). This raised the possibility that the col-99 

gene prediction in Wormbase was incorrect and that the upstream gene Y38C1AA.8 

might be part of col-99. To test this hypothesis, cDNA derived from mRNA of a mixed 

stage C. elegans population was PCR amplified with primers located in exons of col-99 

and the Y38C1AA.8 gene. Sequencing of the resulting products confirmed that 

Y38C1AA.8 indeed is part of col-99. The gene start of the col-99 gene was determined 
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by PCR using the 5’ trans-splicing leader sequences SL1 and SL2 in combination with a 

gene-specific primer. PCR reactions with SL1 primer yielded specific product, 

sequencing identified a short 5’UTR and confirmed the ATG of Y38C1AA.8 as start 

codon of col-99. Subsequently published data from a large-scale integrative analysis of 

the C. elegans genome revising the exon-intron structure of the col-99 gene is consistent 

with my results (Gerstein et al., 2010). Interestingly, the newly identified first exon of col-

99 contained a predicted transmembrane domain close to the N-Terminus (amino acid 

44 to 66), classifying col-99 as a type II transmembrane collagen. COL-99 shows 

similarity to collagen XIII and collagen XXV in vertebrates. Collagens XIII and XXV form 

a small subgroup of type II transmembrane collagens with the closely related collagen 

XXIII and the structurally more diverse collagen XVII (reviewed in (Franzke et al., 2005; 

Franzke et al., 2003). Two confirmed isoforms of col-99 have been identified in C. 

elegans (Gerstein et al., 2010; Yook et al., 2012): col-99a encodes a 707 amino acid 

protein, col-99b encodes a slightly larger protein of 716 amino acids, which contains 

three additional Gly-X-Y repeats in the first collagenous domain. Like its vertebrate 

counterparts, COL-99 contains a short N-terminal intracellular region, a putative single-

pass transmembrane domain and a large extracellular region containing collagenous 

domains interspersed by short noncollagenous domains (Figure 3.2). Apart from its 

similarity in overall structure, COL-99 also exhibits several conserved residues found at 

specific locations in the ectodomain of transmembrane collagens. In collagen XIII a 21 

amino acid stretch next to the transmembrane domain has been implicated in α-chain 

association (Snellman et al., 2000). The sequence is predicted to form part of a coiled-

coil structure and has also been found in collagen XXIII and XXV (Latvanlehto et al., 

2003; Snellman et al., 2000). Several amino acids are conserved in the corresponding 

21 amino acid stretch of COL-99 (Appendix Figure C1) and the COILS program (version 

2.2) (Lupas et al., 1991) predicts a coiled-coil in this region of the COL-99 protein. A 

second coiled-coil motif located in the third non-collagenous domain of the vertebrate 

transmembrane collagens type XII, XXIII and XXV is absent in the COL-99 protein. In 

addition, we identified two pairs of conserved cysteine residues. One pair is located in 

the C-terminal non-collagenous domain of COL-99, while the other pair is situated in the 

juxtamembrane domain close to the first collagenous repeat (Figure 3.2). Both cysteine 

pairs can be found at similar positions in vertebrate transmembrane collagens (Figure 

3.2). The two cysteine residues in the juxtamembrane domain mediate interchain 
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disulfide bonds and have been demonstrated to be essential for α-chains linkage during 

triple helix-formation of transmembrane collagen XIII (Snellman et al., 2007). Taken 

together, these results suggest that COL-99 represents a novel type-2 transmembrane 

collagen. 

3.4.3. col-99 mutants exhibit guidance defects in major 
longitudinal axon tracts 

The col-99(rh311) splice site mutation leads to truncated COL-99 protein. col-

99(rh311) mutant animals did not show any gross morphological defects and might not 

reflect a col-99 null phenotype. Sequencing of the C. elegans Knockout Consortium 

allele col-99(ok1204) loci revealed an in-frame deletion comprising 1180 bp plus a 23 bp 

duplication, which results in a loss of four exons encoding for 177 amino acids in the 

collagen domains of the COL-99 protein (Figure 3.2). Both the short in-frame deletion in 

col-99(ok1204) and splice site mutation in col-99(rh311) might not represent full-loss of 

function alleles of col-99. To obtain a functional null mutant I screened a deletion library 

for mutations in the first exon of col-99 using a poison primer approach (Edgley et al., 

2002). The deletion library was readily available in our lab and comprised over two 

million haploid worm genomes. Three candidates were identified and confirmed by re-

testing. Unfortunately, no animals carrying the mutations could be recovered from two of 

the corresponding frozen stocks. Animals from the third candidate had already been 

thawed for a previous screen. Eventually, a third allele of col-99 was isolated in our lab 

in a genetic screen for novel genes affecting ventral cord asymmetry in C. elegans 

(Jesse Taylor, unpublished results). col-99(hd130) is an guanine to adenine transition 

causing an nonsense (amber) mutation after 24 amino acids (Figure 3.2). The early stop 

in the COL-99 protein suggests that hd130 represents a col-99 null allele. Like col-

99(rh313) and col-99(ok1204), col-99(hd130) mutants did not exhibit any obvious 

morphological phenotype, egg-laying defects or movement impairment. All mutants 

exhibited defects in various longitudinal axon tracts. The spectrum and penetrance of the 

axonal phenotypes in the three col-99 mutants was nearly identical indicating that all 

three alleles result in loss-of-function of COL-99 (Table 3.1, 3.2).  

The major longitudinal axon tract in C. elegans is the ventral nerve cord (VNC), 

which consists of two nerve fascicles separated by motor neuron cell bodies (Durbin, 
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1987; White et al., 1986; White et al., 1976). The VNC is highly asymmetric with the 

majority of axons located in the right fascicle, while only four axons extend in the left 

tract. In a small but significant number of col-99 mutant animals the VNC had a more 

symmetrical appearance. In such animals, axons descending from left side of the nerve 

ring, which normally cross the ventral midline shortly after entering the VNC to extend 

posteriorly in the right VNC fascicle failed to cross into the right VNC tract and instead 

extended in the left fascicle (Figure 3.3B; Table 3.1). Each of the two VNC fascicles is 

initially established by a single pioneer axon (Durbin, 1987). In the right tract the process 

of the AVG neuron extends posteriorly from the anterior end of the VNC. The left tract is 

pioneered by the axon of the PVPR neuron, which extends anteriorly from the posterior 

end of the VNC. In col-99 mutants both pioneer axons aberrantly crossed the ventral 

midline and extended in the contralateral axon tract. The penetrance of defects in the 

AVG pioneer was mild compared to the PVPR pioneer in the left tract, which was 

misguided in the majority of mutant animals (Table 3.1). In about half of the animals 

PVPR aberrantly crossed the ventral midline and switched from the left into the right 

VNC tract (Figure 3.3F). In the remaining animals with defects, PVPR failed to establish 

the left axon tract. Instead, the PVPR axon extended over the whole distance in the right 

VNC tract (Figure 3.3D), a phenotype reminiscent to defects observed in discoidin 

domain receptor mutants (see Chapter 2) and mutants in the basement membrane 

component nid-1/nidogen (Hutter, 2003). During embryonic development the axon of 

PVPR pioneer in the left tracts is closely followed by the axon of PVQL and 

subsequently from the anterior of the VNC by the AVKR axon. Post-embryonically the 

HSNL axon descends towards the left VNC in the vulva region and joins the pre-

established tract before extending further in anterior direction towards the nerve ring. In 

col-99 mutants, with the exemption of AVKR, in most instances the later outgrowing 

axons of PVQL and HSNL followed the misguided pioneer (Figure 3.3H; Table 3.1), 

suggesting that defects in the two follower axons are secondary effects of a primary 

defect in the PVPR pioneer. In the right fascicle of a small but significant number of 

mutant animals follower axons of PVPL, PVQR, AVKL and HSNR crossed the ventral 

midline and switched from the right to the left VNC fascicle (Table 3.1). In addition, 

follower axons of command interneurons, which normally exclusively run in the right 

tract, crossed into the left VNC tract or failed to cross into the right tract after descending 

from the left side of the nerve ring (Figure 3.3J; Table 3.1). DD/VD motor neurons which 
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normally extend a ventral process in the right VNC fascicle, aberrantly extended into the 

left VNC fascicle in about half of the col-99 mutant animals (Figure 3.3L; Table 3.1). 

Outgrowth of the second process of DD/VD motor neurons, which extends towards the 

dorsal midline on the right side of the body, was undisturbed. However, in about one 

third of the col-99 mutant animals, two or more processes extended on the left side 

instead of the right side of the body (Figure 3.3L; Table 3.1). The ventral processes of 

the later outgrowing DA/DB motor neurons were hardly affected in col-99 mutants 

(Figure 3.3N, Table 3.1). The side of DA/DB commissures outgrowth was not disturbed 

(Table 3.1). The VNC is flanked on both sides by ventral sublateral cords (VSCs). In col-

99 mutants in a small but significant number of animals the right VSC left its normal 

trajectory, the left VSC remained intact (Table 3.2). In summary, col-99 affects midline 

guidance decisions in the VNC of C. elegans. Defects in col-99 mutants were most 

prominent in the left VNC tract and originated from defects in the PVPR pioneer axon. 

Axons in the right fascicle were generally less affected. Follower defects, which in some 

cases exceeded pioneer defects, seemed to be not a direct consequence of AVG 

pioneer defects. 

The second major longitudinal tract in C. elegans is the dorsal nerve cord (DNC), 

which is formed by processes originating from motor neurons in the VNC that grow 

towards the dorsal midline and extend longitudinally in a tightly packed fascicle along the 

left side of the dorsal midline (Figure 3.4A). col-99 mutants showed a partly 

defasciculated DNC with low but significant penetrance (Table 3.2). In rare cases the 

whole DNC was dislocated to a more lateral position. Moreover, a substantial number of 

mutant animals extended processes on the right side of the dorsal midline (Figure 3.4B; 

Table 3.2). In these animals commissures growing along the right body wall branched on 

the right side of the dorsal midline and extended longitudinally before crossing the dorsal 

midline to join the DNC. Alternatively, in some instances processes growing along the 

left side of the body might have failed to stay in the DNC fascicle and switched to right 

side of the dorsal midline. In addition, a significant subset of the processes extending on 

the right side of the dorsal midline originated from the right dorsal sublateral cord. Similar 

to the VNC, the DNC is flanked by two sublateral cords (DSCs), which run in parallel to 

the DNC until they turn ventrally to join the ALN axon trajectory in the midbody region 

(Figure 3.4A). In a significant number of col-99 mutant animals the whole DSC fascicle 
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or individual axons instead turned dorsally and extended along the right side of the 

dorsal midline (Figure 3.4B; Table 3.2). Likewise, axon from the left DSC joined the DNC 

on the left side of the dorsal midline (Table 3.2). Other axons from the two DSCs left 

their normal trajectory and converged with the ALN axon at a more anterior or posterior 

position (Table 3.2).  

Taken together, col-99 mutants showed defects in the ventral and dorsal nerve 

cords and the right ventral and two dorsal sublateral tracts. Individual or groups of axons 

and even whole fascicles left their normal trajectories and joined other nerve fascicles in 

their vicinity establishing a crucial role for col-99 in axon navigation along major 

longitudinal tracts in C. elegans. 

3.4.4. col-99 mutants show mild defects in neuronal cell migration 

The underlying mechanisms regulating axon guidance and cell migration share 

multiple similarities. For example the classical axon guidance molecules Netrin and Slit 

have both been implicated in cell migration (reviewed in Brose and Tessier-Lavigne, 

2000; Hatten, 2002). Using a pan-neuronal cell marker I analyzed whether col-99 is 

important for neuronal migrations in C. elegans. In the embryo, two bilateral homologous 

neuroblasts in the head give birth to the two BDU interneurons and the two ALM 

neurons, two of the six touch receptor neurons in C. elegans. BDUR and BDUL, the two 

posterior descendants of the neuroblasts migrate posteriorly for a short distance, ALMR 

and ALML the two anterior descendants migrate further in posterior direction towards the 

midbody region where they eventually end up in a more dorsal position. In a small 

number of col-99(rh311) mutant animals ALML and in both col-99(hd130) col-99(rh311) 

the two cell bodies of the BDU neurons failed to migrate to their final position and 

stopped at a more anterior location (Figure 3.5B,D; Table 3.3). Animals containing the 

in-frame deletion col-99(ok1204) were not affected. No significant migration defects were 

observed for the hermaphrodite-specific neurons (HSNs) and Q neuroblast descendants 

with the exception of the SDQR interneuron, which in a borderline significant number of 

col-99(ok1204) animals failed to migrate from the midbody region to its normal position 

in the anterior of the animal  (Table 3.3). The rather mild migration defects limited to a 

subset of neurons suggest that in contrast to its importance for axon guidance decisions, 

col-99 seems not crucial for neuronal cell migration processes in C. elegans. 
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3.4.5. col-99 expression 

In order to determine the expression pattern of col-99, transcriptional and 

translational reporter constructs were created. For the transcriptional reporter construct 

GFP was recombined into fosmid WRM0624bB09, which covers the whole col-99 gene 

and has been shown to provide rescue activity. A recombineering cassette was used 

that inserts a SL2-spliced intercistronic region between the stop codon of col-99 and the 

GFP reporter gene, creating an operon-like construct with a GFP reporter controlled by 

all 5' and 3' cis-acting regulatory elements of col-99 and an untagged native COL-99 

protein. In the embryo, GFP expression started during late gastrulation in hypodermal 

cells and was maintained throughout embryogenesis (Figure 3.6B,D,J). Post-

embryonically, GFP expression was most prominent in body wall muscle cells, stomato-

intestinal muscles and rectal gland cells (Figure 3.6J). Hypodermal GFP expression 

continued in early larval stages (Figure 3.6J) but excluded seam cells and declined 

overall during later development stages. In late larvae and adult animals, GFP 

expression was also observed in vulval cells (Figure 3.6L). In the nervous system, the 

GFP-reporter construct was expressed in a number of neurons in the head and 

retrovesicular ganglia (Figure 3.6J). None of the axon tracts affected in col-99 mutants 

showed reporter gene expression in L1 larvae, suggesting that COL-99 does not act cell-

autonomously in the neurons projecting processes in these tracts. 

To determine the sub-cellular localization of the col-99 protein, GFP was 

recombined in-frame in front of the col-99 gene on fosmid WRM0624bB09 generating a 

N-terminally tagged COL-99-GFP fusion protein. The translational fusion construct was 

functional and recapitulated the expression of the transcriptional reporter construct 

(Figure 3.6F,H,N). The GFP signal localized predominantly to the cell surface (Figure 

3.6F), which is consistent with the prediction that COL-99 is anchored in the cell 

membrane via a transmembrane domain (Figure 3.2). 

Vertebrate transmembrane collagens like collagen XIII and collagen XXV are 

released from the cell surface by furin proprotein convertase (Hashimoto et al., 2002; 

Snellman et al., 2000; Vaisanen et al., 2004). The PiTou furin cleavage site prediction 

tool (version 2.0) (Tian et al., 2012) predicts a furin cleavage site in the juxtamembrane 

domain of the COL-99 ectodomain at a location similar to the confirmed sites in 
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vertebrate transmembrane collagens XIII, XXV and XXIII (Figure 3.2). Since COL-99 is 

not expressed in the affected neurons and does not specifically accumulate close to 

axon tracts on hypodermal cells it is conceivable, that instead of being presented on the 

surface of hypodermal cells during axon outgrowth in the embryo, the COL-99 

ectodomain is cleaved and acts as substrate for outgrowing axons as part of the 

basement membrane. To test this hypothesis, a second construct fusing GFP C-

terminally to the full col-99 gene and 5 kb upstream UTR sequence was created. GFP 

expression of the C-terminal fusion GFP construct was strictly cytoplasmic and 

reminiscent of a transcriptional reporter GFP construct (data not shown). Unlike the N-

terminal fusion construct, the C-terminally tagged COL-99 construct was unable to 

rescue PVP defects in a col-99(ok1204) mutant background, which indicated that the 

fusion protein was not functional. By contrast, an untagged COL-99 construct containing 

the identical upstream sequence provided rescue activity suggesting that the failure to 

rescue PVQ defects was not due to missing upstream regulatory elements. Our lab is 

currently testing whether the ectodomain of COL-99 is cleaved. 

3.4.6. col-99 interacts genetically with the basement membrane 
component nid-1/nidogen 

The ectodomain of COL-99 might be cleaved by proprotein convertases and form 

part of the basement membrane. Based on in vitro experiments the basement 

membrane component nid-1/nidogen initially has been considered as a structural linker 

protein connecting the laminin and collagen IV networks to form stable basement 

membranes. However, mutants in nid-1 showed no obvious defects in basement 

membrane formation and collagen IV assembly (Kang and Kramer, 2000). Instead, nid-1 

has been found to be important for axon guidance along the ventral and dorsal midlines 

(Kim and Wadsworth, 2000). The spectrum and penetrance of the defects in nid-1 

mutants are strikingly similar to the defects found in col-99 mutants (Hutter, 2003; Kim 

and Wadsworth, 2000; Table 3.4). To test whether nid-1 and col-99 interact a double 

mutant was created. The penetrance of axonal defects in the VNC of col-99; nid-1 

double mutant animals was not significantly different from the stronger single mutant in 

all neurons analyzed, suggesting that col-99 and nid-1 act in the same genetic pathway 

(Table 3.4). 
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3.4.7. col-99 interacts genetically with the prolyl 4-hydroxylase 
dpy-18 

The collagenous domains of collagen are composed of Gly-X-Y repeats with Y 

frequently being a 4(R)-hydroxy-L-proline (Hyp) residue. The hydroxyl group of Hyp 

serves to stabilize the collagen triple helix (Berg and Prockop, 1973; Holmgren et al., 

1998). The posttranslational hydroxylation of proline in the Gly-X-Pro repeats is 

catalyzed by the multienzyme complex prolyl 4-hydroxylase in the endoplasmic reticulum 

(reviewed in (Kivirikko et al., 1990). In vertebrates prolyl 4-hydroxylase consists of two α 

and two β subunits, which together form a tetramer (Annunen et al., 1997). In C. elegans 

prolyl 4-hydroxylase forms a dimer consisting of only one α and one β subunit (Veijola et 

al., 1996; Veijola et al., 1994). Recently, one of the C. elegans α subunits has been 

implicated in axon guidance in the VNC (Torpe and Pocock, 2011). Mutants of the α 

subunits dpy-18 (phy-1) exhibited guidance defects in PVQ and HSN neurons. I 

analyzed the axon trajectories in the major longitudinal tracts of dpy-18 mutant animals 

and found that the axonal defects in the VNC resemble the col-99 phenotype (Table 

3.5). Axonal defects in the DNC and DSCs were less severe in dpy-18 mutants (Table 

3.6). A col-99; dpy-18 double mutant showed no enhancement of defects compared to 

the stronger single mutant in any of the neurons tested (Table 3.5, 3.6). These results 

suggest that col-99 and dpy-18 act in the same genetic pathway with respect to axon 

guidance along the major longitudinal tracts and propose COL-99 as a substrate for the 

prolyl 4-hydroxylase subunit DPY-18. Since defects in the DNC and DSCs were less 

penetrant in dpy-18 mutants, the defects in the col-99 mutant animals cannot be fully 

attributed to the failure of DPY-18 to hydroxylate proline residues in the collagenous 

domains of COL-99 protein. Redundant activity of other α prolyl 4-hydroxylase subunits 

or hydroxylation of lysine residues through Lysyl hydroxylases might provide partial 

stability to the collagen triple helices of the COL-99 protein in the absence of DPY-18. 

Conversely, the fact that the full spectrum of dpy-18 defects can be observed in col-99 

mutants suggests that COL-99 is the main target of DPY-18 involved in axon guidance 

along the major longitudinal tracts in C. elegans.  
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3.4.8. col-99 and discoidin domain receptors act together in 
guiding axons along longitudinal tracts 

In chapter 2 I discovered a new role for discoidin domain receptors (DDRs) in 

axon guidance in C. elegans. Discoidin domain receptors are a family of receptor 

tyrosine kinases, which are activated by collagens in mammals (Shrivastava et al., 1997; 

Vogel et al., 1997). Aspects of the discoidin domain receptor mutant phenotypes show a 

remarkable resemblance to the defects in col-99 mutants. Similar to col-99 mutants, ddr-

2 single and ddr-1 ddr-2 double mutants exhibit defects in all major longitudinal tracts 

(Table 3.7, 3.8). The two receptors act synergistically and express in the neurons 

showing defective axon trajectories in col-99 mutants (see Chapter 2). Taken together, 

phenotype, expression and interaction studies of mammalian homologs made DDRs 

promising candidates as receptors for COL-99. To test whether discoidin domain 

receptors interact genetically with col-99, double and triple mutants with ddr-1 and ddr-2 

were created and the axonal trajectories of various neurons in the major longitudinal 

tracts analyzed. Defects in col-99; ddr-2 double mutants were not significantly different 

compared to the stronger single mutant in any of the VNC neurons analyzed (Table 3.7). 

Similarly, in the DNC the total amount of defects was unchanged (Table 3.8). However, 

in significantly more animals axons were located in the right side of the dorsal midline 

resulting in a split appearance of the DNC. The significantly enhanced penetrance in the 

col-99; ddr-2 double mutant originated from an increased number of axons from the right 

DSC growing dorsally and extending along the right side of the dorsal midline (Table 

3.8). The overall penetrance of defects in the left DSC and the right VSC was also 

slightly increased compared to the stronger single mutant (Table 3.8). Surprisingly, col-

99; ddr-1 ddr-2 triple mutants showed no such increase or any other significant 

differences in any of the neurons analyzed, when compared to the strongest single or 

double mutant (Table 3.7, 3.8). Since col-99; ddr-1 double mutants, were not 

significantly different from the stronger single mutant, formally, ddr-1 should therefore act 

as a suppressor of ddr-2 in the two DSCs and the right VNC when in a col-99 mutant 

background, while enhancing ddr-2 defects when in a wild type background. 

Nevertheless, the results show conclusively that the two discoidin domain receptors and 

col-99 do genetically interact with respect to guiding axons along the ventral and dorsal 

nerve cords, suggesting COL-99 as potential ligand for discoidin domain receptors. 
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3.5. Discussion 

3.5.1. The novel transmembrane collagen COL-99 regulates axon 
guidance along longitudinal tracts 

We have identified the novel transmembane collagen col-99 in a genetic screen 

for genes affecting axon guidance of command interneurons in the ventral nerve cord. 

COL-99 is most similar to the transmembrane collagens type XIII and type XXV in 

vertebrates. Of the 28 collagens in vertebrates collagens XIII and XXV form a small 

subgroup of type II transmembrane collagens with the closely related collagen XXIII and 

the structurally more diverse collagen XVII (reviewed in Franzke et al., 2005; Franzke et 

al., 2003). More distantly related collagenous domain-containing transmembrane 

proteins include ectodysplasin-A, colmedins, the MARCO receptor and the class A 

macrophage scavenger receptors (Franzke et al., 2005). Transmembrane collagens are 

characterized by a single-pass transmembrane domain of about 21-26 amino acid length 

that separates a short N-terminal intracellular domain from a large C-terminal 

extracellular domain. The extracellular domain contains several collagenous domains 

which are flanked and interspersed by non-collagenous sequences. COL-99 exhibits an 

similar overall structure and contains several conserved residues found at specific 

locations in the ectodomains of vertebrate transmembrane collagens which have been 

implicated in the α-chain linkage of transmembrane collagens. The transmembrane 

collagens type XIII, XXV and XXIII are cleaved by furin, while the ectodomain of the 

structurally different collagen XVII is instead shed by metalloproteinases of the ADAM 

family (Franzke et al., 2009; Hashimoto et al., 2002; Snellman et al., 2000; Veit et al., 

2007). Consequently, transmembrane collagens can act as ligands on the cell surface 

but are also able to release their ectodomains into the extracellular space, where they 

can interact with components of the extracellular matrix or the basement membrane. A 

furin cleavage site is predicted in the COL-99 protein at a location corresponding to its 

vertebrate counterparts, indicating that COL-99 might similarly produce a shedded 

ectodomain. 

We found that COL-99 is expressed in the hypodermis (the epidermis of C. 

elegans) during axon guidance in the early embryo and post-hatching predominantly in 

muscles and parts of the nervous system. The vertebrate transmembrane collagens type 
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XIII, XXIII and XVII are all expressed at the dermal-epidermal junction where they 

function in cell-cell and cell-matrix adhesion of karotinocytes (Franzke et al., 2005; 

Peltonen et al., 1999; Veit et al., 2011). Type XVII collagen is a component 

hemidesmosomes, multiprotein complexes on the basal surface of basal epidermal 

keratinocytes that adhere keratinocytes to the underlying epidermal basement 

membrane (Franzke et al., 2005). Collagen type XXIII is also expressed in keratinocytes 

and likely functions with integrin α2β1 to provide cell-cell attachment in the epidermis 

(Veit et al., 2011). Type XIII collagen is expressed broadly, often in association with 

basement membranes with the strongest expression being in the developing central and 

peripheral nervous system (Sund et al., 2001). In the epidermis collagen XIII associates 

closely with adherens type junctions (Peltonen et al., 1999). It is also found in muscles, 

where it functions in the maturation of the skeletal neuromuscular junction (Latvanlehto 

et al., 2010). Type XXV collagen is expressed exclusively in the brain. Its cleaved 

ectodomain CLAC (collagen-like Alzheimer amyloid plaque component) has been 

implicated in Alzheimer’s disease. CLAC binds and aggregates amyloid beta fibrils into 

protease resistant bundles (Soderberg et al., 2005). Other studies have showed that 

CLAC inhibits amyloid beta fibrillization and fibril elongation (Kakuyama et al., 2005; 

Osada et al., 2005). None of the vertebrate transmembrane collagens has been 

implicated in axon guidance in vivo. However, when provided as a substrate for cultured 

hippocampal neurons the collagen XIII ectodomain induces neurite outgrowth and 

network formation, indicating that collagen XIII might function in the nervous system 

connectivity (Sund et al., 2001). 

In C. elegans, the number of collagens is greatly expanded and consists of over 

170 genes (Page and Johnstone, 2007). The vast majority of the collagens in C. elegans 

are components of the cuticle and as such are nematode-specific. Of the 28 classical 

collagens only the two network-forming type IV collagen α-chain homologs EMB-9 and 

LET-2 and the endostatin-producing type XV/XVIII collagen homolog CLE-1 are 

conserved in C. elegans All three collagens associate with basement membranes 

(Ackley et al., 2001; Graham et al., 1997). Type IV collagen is an essential structural 

component of basement membranes in C. elegans. Putative null mutants of emb-9 and 

let-2 arrest at the 2-fold stage as a result of muscles detachment from the body wall 

caused by the forces of muscle contractions (Guo et al., 1991; Gupta et al., 1997). CLE-
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1 protein localizes to all basement membrane but accumulates on longitudinal nerve 

tracts, most notably to synapse-rich areas (Ackley et al., 2001; Ackley et al., 2003). The 

non-collagenous domain containing endostatin (NC1) has been implicated in axon 

guidance. Deletion of the NC1 domain causes mild defects in motor neuron commissural 

guidance and affects neuronal migrations as well as neuromuscular junction 

organization (Ackley et al., 2001; Ackley et al., 2003). Defects can be partially rescued 

by ectopic expression of the trimeric NC1 domain. Expression of monomeric endostatin 

causes dominant cell migration defects in wild type animals suggesting that the trimeric 

NC1 domain and the NC1 derived monomeric endostatin act antagonistically (Ackley et 

al., 2001). No homolog of transmembrane collagens had been described previously in C. 

elegans. The GExplore protein domain search interface (Hutter et al., 2009) predicts 

seven transmembrane proteins with collagenous domains in the C. elegans genome. 

COL-47, COL-53, COL-78, COL-155 and COL-177 are uncharacterized proteins of 278-

430 amino acid size that contain very short cytoplasmic domains and an ectodomain 

with one or two collagenous domains. UNC-122 and COF-2 are members of the 

colmedin family. Colmedins are transmembrane proteins that contain a short 

collagenous-domains and a cysteine-rich olfactomedin-like domain at the C-terminus. 

UNC-122 is the forming member of the colmedin family that also comprises COF-2 and 

vertebrates homolog gliomedin as well as the Drosphila protein CG6867. The UNC-122 

protein is found in coelomocytes and muscles and accumulates strongly to the 

postsynaptic surface of GABAergic and cholinergic neuromuscular junctions (Loria et al., 

2004). Mutants in unc-122 show defects in locomotory behaviour and display 

neurotransmission defects, that continuously increase with age (Loria et al., 2004). In 

addition, unc-122 mutants exhibit ectopic axon outgrowth in the DVB motor neuron. 

Deletion of the intracellular, transmembrane and collagenous domains do not affect the 

ability of UNC-122 to rescue the locomotory defects, suggesting that the olfactomedin 

domain likely is the functional relevant part of UNC-122 in this process. COF-2 the other 

gliomedin in C. elegans has not been analyzed to date.  

COL-99 represents the first transmembrane collagen implicated in axonal 

guidance. Mutants in col-99 exhibit significant defects in most longitudinal nerve tracts in 

the nematode. Individual axons or whole axon fascicles fail to navigate along their 

normal trajectories and instead join other axon tracts in their vicinity. The defects are 
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most prominent in the left ventral nerve cord, where the pioneer PVPR and two of its 

followers, PVQL and HSNL are strongly affected. Defects in follower axons seem to be 

secondary consequences of defects in pioneer navigation. Interestingly, AVKR, the 

fourth axon in the left ventral nerve cord is largely unaffected in col-99 mutants, 

suggesting that it can navigate independently of the pioneer. While this contradicts 

conclusions from earlier studies (Durbin, 1987), it is supported by more recent 

observations in other mutants (Steimel et al., 2010; Unsoeld et al., 2013). 

3.5.2. Possible function of COL-99 during axon guidance 

Axonal growth cones in C. elegans extend between the basement membrane 

and the hypodermis on their way to their target cells. At the time of axon outgrowth 

during embryogenesis, COL-99 protein is expressed in the hypodermis, where it might 

serve as adhesive substrate for receptors on the growth cones during axonal outgrowth. 

The vertebrate transmembrane collagen type XXIII has been implicated in cell adhesion 

(Spivey et al., 2012). However, we did not observe an specific accumulation of COL-99 

transmembrane protein on the hypodermis facing the major longitudinal tracts, 

suggesting that COL-99 on the surface of the hypodermis might not function as an 

adhesive ‘track’ for outgrowing axons. Alternatively, the ectodomain of COL-99 might be 

shed from hypodermal cells by proprotein convertases and localize to the basement 

membrane. The GFP of the N-terminally-tagged fusion protein is attached to the 

cytoplasmic end of the COL-99 protein and only reflects the expression of membrane-

bound COL-99. A C-terminally GFP-tagged fusion protein was unable to provide rescue 

activity in a col-99 mutant background and was not observed extracellularly, suggesting 

that a GFP tag in this location interferes with COL-99 assembly or function. Additional 

constructs with smaller tags or antibodies against COL-99 will be required to determine 

the localization of the COL-99 ectodomain. Ectodomain shedding has been 

demonstrated for all vertebrate transmembrane collagens (Franzke et al., 2009; 

Hashimoto et al., 2002; Snellman et al., 2000; Veit et al., 2007). The ectodomain of type 

XIII collagen has been found to bind to components of the basement membrane such as 

perlecan and nidogen-2 in vitro (Tu et al., 2002). Interestingly, we found that col-99 

interacts genetically with nid-1, the single nidogen homolog in C. elegans in guiding 

axons along the ventral nerve cord. Initially, NID-1/Nidogen had been postulated as a 
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structural component of the basement membrane linking the laminin and collagen IV 

meshworks (Fox et al., 1991). However, later studies demonstrated that NID-1 is not 

required for basement membrane formation but instead functions in the guidance of 

axons in the major longitudinal axon tracts in C. elegans (Kang and Kramer, 2000; Kim 

and Wadsworth, 2000; Murshed et al., 2000; Schymeinsky et al., 2002). NID-1 strongly 

accumulates on the sublateral tracts and at the muscle edges flanking the ventral and 

dorsal nerve cord (Kang and Kramer, 2000). It is conceivable that NID-1 might bind a 

cleaved COL-99 ectodomain and sequester it to the basement membrane in the vicinity 

of the major longitudinal tracts. Once located in the basement membrane the 

ectodomain might be utilized by navigating growth cones as a substrate while extending 

along the longitudinal tracts. In cell culture experiments the ectodomain of the 

transmembrane collagen XIII induced neurite outgrowth when provided as substrate for 

hippocampal neurons (Sund et al., 2001). As described in Chapter one of this thesis we 

have recently identified the discoidin domain receptors DDR-1 and DDR-2 as novel 

molecules controlling axon guidance along longitudinal tracts. ddr-1 and ddr-2 act 

synergistically and ddr-2 single and ddr-1 ddr-2 double mutants exhibit defects similar to 

col-99 mutants. We show here that col-99 interacts genetically with ddr-1 and ddr-2 to 

guide axons along the major longitudinal tracts. Discoidin domain receptors have been 

well established as collagen receptors in vertebrates (Shrivastava et al., 1997; Vogel et 

al., 1997). We found that both ddr-1 and ddr-2 are expressed in neurons that project 

axons in the dorsal and ventral nerve cord as well as the sublateral tracts (see Chapter 

2), the nerve tracts that are associated with NID-1. ddr-2 functions cell-autonomously in 

the left ventral nerve cord pioneer neuron PVPR to guide the pioneer axon along the left 

ventral nerve cord tract. Loss of ddr-2 leads to pioneer axons crossing the midline or 

failing to establish the left ventral nerve cord tract. Later outgrowing axons of PVQL and 

HSNL strictly follow the misled pioneer axon in almost all instances. It is enticing to 

speculate that a COL-99 ectodomain sequestered by NID-1/Nidogen along the muscle 

edges flanking the ventral nerve cord might serve as substrate for the discoidin domain 

receptor-expressing growth cone of the PVPR pioneer axon while extending from the tail 

of the animal towards the nerve ring. Later extending axons predominantly depend on 

the pioneer axon as substrate. Recently, the Flamingo homolog fmi-1 has been 

implicated in pioneer mediated follower guidance (Steimel et al., 2010). fmi-1 is 

expressed in both pioneer and follower and mutants show pioneer defects as well as 
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pioneer independent defects of follower axons. fmi-1 and discoidin domain receptors act 

in the same genetic pathway for the guidance of the pioneer axon (see Chapter 2), but 

pioneer-dependent navigation of follower guidance is discoidin domain receptor-

independent. NID-1 might also sequester the COL-99 ectodomain to the muscle edges 

next to the dorsal nerve cord and the sublateral tracts, where it could be utilized as 

substrate by discoidin domain receptor-expressing growth cones extending in those 

tracts. The penetrance of axonal defects in the dorsal nerve cord and in the sublateral 

tracts of ddr-1 ddr-2 double mutants is comparable to the defects in col-99 mutants with 

the exception of some defasciculation defects in the dorsal nerve cord that are specific 

for col-99 mutants, suggesting that discoidin domain receptors might function as the 

main receptors for COL-99 in these nerves. However, the penetrance of the defects in 

the ddr-1 ddr-2 double mutant does not fully reflect the col-99 mutant phenotype in the 

ventral nerve cord particularly the axonal defects of the PVPR pioneer and PVQL 

follower in the left fascicle, suggesting that other collagen receptors might be involved 

here. Integrins are the major cell receptors for basement membrane components 

including collagens (Takada et al., 2007), making them candidates for additional COL-99 

receptors. Integrin α1β1 has been shown to mediate adhesion to the ectodomain of 

transmembrane collagen type XIII when transfected into hamster ovary cells (Nykvist et 

al., 2000). Integrin α2β1 co-localizes with collagen XXIII on basal keratinocytes in mice 

and was found to interact with the collagen XXIII ectodomain, which is required as 

integrin α2β1 ligand for the adhesion of cultured keratinocytes (Veit et al., 2011). In C. 

elegans partial loss-of-function mutants in the integrin α-subunit ina-1 show midline 

crossing defects in GABAergic motor neurons (Baum and Garriga, 1997). We observed 

similar defects in the GAGAergic DD/VD motor neurons in col-99 mutants. PVPR and its 

followers with exception of HSNL have not been tested for axonal defects in ina-1 

mutants. HSNL defects in ina-1 have not been described in detail (Baum and Garriga, 

1997), so it remains unclear whether they resemble defects seen in col-99 mutants. A 

more detailed analysis of the ina-1 phenotype and genetic interaction studies should 

provide further insight whether ina-1 acts together with the two discoidin domain 

receptors and col-99 in guiding axons along the ventral nerve cord. Our lab is currently 

testing whether the COL-99 ectodomain is cleaved. Additional experiments will 

subsequently be required to test whether COL-99 protein interacts physically with NID-

1/Nidogen and the two discoidin domain receptors.  
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In summary, we have identified the first transmembrane collagen implicated in 

axon guidance. col-99 is expressed in the hypodermis during axon outgrowth and 

interacts genetically with the basement membrane component nid-1/nidogen and the 

collagen receptors  ddr-1 and ddr-2 to guide axons along longitudinal axon tracts. 

3.6. Contributions 

I, the first author of this study, generated most of the data presented in this 

chapter, with the following exceptions. The hd130 allele was isolated in a genetic screen 

for novel genes affecting ventral nerve cord asymmetry by Jesse Taylor. The bi-cistronic 

and N-terminally tagged translational GFP reporter constructs were created through 

homologous recombination in E. coli by Martin Cheung under my supervision. C. 

elegans cDNA derived from mRNA of a mixed stage population was graciously provided 

by Matt Nesbitt. 
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3.7. Figures 

 

Figure 3.1. Mapping of col-99(rh313) 
The allele rh313 was located between the SNP pkP4049 and the left end of chromosome IV. The 
region is partly covered by 13 fosmids. Injection of fosmid pools and later single fosmids and PCR 
fragments identified col-99 as candidate gene. The number of rescuing strains and the total 
number of analyzed strains are indicated in parenthesis (e.g. 13/16). Fosmids used for injection: 
1: WRM0625bD03, 2: WRM0615aH05, 3: WRM0611cC03, 4: WRM0624bB09, 5: 
WRM0616cA10, 6: WRM0626aH07, 7: WRM0637dH05, 8: WRM0624aA11, 9: WRM0637dE08, 
10: WRM0637dE12, 11: WRM063dH05, 12: WRM0635cH12, 13: WRM067aB05. 
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Figure 3.2. Gene model and protein domain organization of COL-99 
Exon-intron structure of the two col-99 isoforms and domain organization of the COL-99 protein in 
comparison to the α-chains of human transmembrane collagens type XIII, XXV and XXIII. The 
locations of the in-frame deletion ok1204 and the point mutations hd130 and rh311 are indicated 
by a black bar and asterisks respectively. hd130 is a nonsense mutation, rh311 disrupts the 
splice donor site of intron 13 in col-99b (intron 12 in col-99a). Arrowheads indicate the location of 
the predicted proteolytic cleavage site for furin in COL-99 (RRVR↓) and the furin cleavage sites in 
the vertebrate proteins. C, conserved cysteine residue. 
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Figure 3.3. Axonal defects in the ventral nerve cord of col-99 mutant animals 
Axon trajectories in the ventral nerve cord (VNC) of wild type (A, C, E, G, I, K, M, O), col-
99(hd130) (B, D, F, H, J) and col-99(ok1204) (L, N, P) mutants visualized by fluorescent reporter 
constructs. (A) In wild type, the majority of axons in the left VNC tract cross into the right VNC 
fascicle (arrowhead) after descending form the nerve ring. (B) In col-99 mutant animals axons fail 
to switch into the right fascicle at the anterior end of the VNC and instead extend in the left tract 
(arrowheads). (C, E) In wild type, the PVPR axon extends in the left VNC tract. (D) In col-99 
mutant animals, PVPR fails to pioneer the left fascicle (arrowhead) and instead grows in the right 
tract or (F) crosses into the right tract after initially establishing the left tract (arrowhead). (H) The 
PVQL axon follows the misled PVPR pioneer depicted in panel F (arrowhead). (I) In wild type, 
command interneuron axons extend in the right VNC tract. (J) In col-99 mutant animals, axons 
cross into the left VNC tract (arrowheads). (K) In wild type, the longitudinal processes of DD/VD 
motor neurons extend into the right VNC tract, DD/VD commissures leave the VNC on the right 
side of the body. (L) In col-99 mutant animals, some DD/VD processes join the left tract 
(arrowhead) and commissures extend along the left side of the body (arrow). (M) In wild type, the 
longitudinal processes of DA/DB motor neurons extend into the right VNC tract. (N) In col-99 
mutant animals, some DA/DB processes join the left tract (arrowheads). (O) In wild type, the 
HSNL axon extends in the left VNC tract. (P) In col-99 mutant animals, the axon of HSNL joins 
the right VNC tract (arrow). Dashed lines in pictures reflect normal axon trajectories. All pictures 
show ventral views; anterior is to the left. Fluorescent reporter constructs used: rgef-1::GFP (pan-
neuronal) odr-2::CFP (AVG, PVPR/L); sra-6::DsRed2 (PVQR/L); glr-1::GFP (command 
interneurons (CIN)); unc-47::DsRed2 (DD/VD motor neurons); unc-129::CFP (DA/DB motor 
neurons); tph-1::GFP (HSNR/L). Scale bar: 10 µm. 

 

Figure 3.4. Axonal defects in the dorsal nerve cord and the dorsal sublateral 
cords of col-99(hd130) animals 

 (A) Wild type and (B) col-99 mutant animals labeled with pan-neuronal GFP. (A) In wild type 
animals, the dorsal nerve cord is tightly fasciculated, all axons extend on the left side of the dorsal 
midline. The dorsal sublateral tracts converge with the ALN axon trajectories (arrows) (B) In col-
99 mutants, axons from the dorsal nerve cord switch to the right side of the midline (arrowhead), 
the right dorsal sublateral cord grows dorsally and extends along the right side of the dorsal 
midline (arrow). Pictures show dorsal views; anterior is to the left. Fluorescent marker used: rgef-
1::GFP. Scale bar: 10 µm. 
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Figure 3.5. Neuronal cell body migration defects in col-99(hd130) animals 
 (A, C) Wild type and (B, D) col-99 mutant animals labelled with pan-neuronal GFP. (A, C) BDUL 
and BDUR in their final positions after having undergone short posterior migrations from the head 
during embryogenesis. (B, D) In some col-99 mutant animals BDU neurons fail to migrate to their 
normal positions and are located in a more anterior position (arrows). Pictures are lateral view 
from the left (A, B) and right side (C,D); anterior is to the left. Fluorescent marker used: rgef-
1::GFP. Scale bar: 10 µm. 
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Figure 3.6. COL-99 expression and localization 
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 Embryonic and postembryonic expression of the (B,D,J, L) trancriptional col-99 GFP-reporter 
construct and  the (F, H, N) N-terminally GFP-tagged COL-99 fusionprotein. (A, B) Onset of the 
col-99 reporter construct expression in the embryo during late gastrulation and (C, D) is 
expressed predominantly in the hypodermis in the “lima-bean stage” embryo (E, F) Late 
gastrulation stage embryo and (G, H) “lima-bean stage” embryo, GFP-tagged COL-99 fusion 
protein localizes predominantly to the cell membrane of hypodermal cells. (J) L1 larva, col-99 
reporter construct is expressed in body wall muscle cells, hypodermis, stomato-intestinal muscles 
(arrow), rectal gland cells (arrowhead) and neurons in the head ganglia. (L) Adult animal, col-99 
reporter construct expresses in vulval cells. (M) L2 Larva, GFP-tagged COL-99 fusion protein 
localizes to body wall muscle cells, hypodermis, stomato-intestinal muscles (arrow), rectal gland 
cells (arrowhead) and neurons in the head and retrovasicular ganglia. (A, C, E, G, I, K, M) 
Nomarski images; (A-L) Lateral views; (M,N) ventral views; In all pictures anterior is to the left. 
Scale bar: 10 µm. 
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3.8. Tables 

Table 3.1. Axon guidance defects in the ventral nerve cord of col-99 mutants 
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Table 3.2. Axonal defects in dorsal nerve cord and sublateral cords of col-99 
mutants 

  % animals with defectsa 

DNCb Right DSCc Left DSCc Right VSCd Left VSCd Genotype 
def.e splitf totalg nav.h totali nav.h totali nav.j totalk nav.j totalk 

Wild type 1 6 7 0 2 0 1 0 1 0 4 

col-99(hd130) 16** 44** 50** 12** 21** 4* 19** 1 7* 0 8 

col-99(rh311) 8* 41** 48** 5** 12** 0 17** 1 18** 3 9 

col-99(ok1204) 14** 31** 44** 8** 14** 6** 10** 2 10** 0 6 

a n ≥ 100 for each data point; marker used: rgef-1::GFP (pan-neuronal). 
b dorsal nerve cord 
c dorsal sublateral cord 
d ventral sublateral cord 
e defasciculation defect 

f split appearance of DNC caused by midline crossing defect and/or DSC navigation defect (h) 
g total defects, including defasciculation defects, midline crossing defects and/or DSC navigation defects. 
h navigation defects: axons leave DSC, extend dorsally towards DNC and grow next to dorsal midline. 
i total defects, including animals with axons leaving DSC, axons with navigation defects (h) and animals with 
axons converging with ALN axon trajectory at more anterior or posterior position. 

j navigation defects: axons leave VSC and grow ventrally to join the ventral nerve cord. 
k total defects, including animals with axons leaving VSC, axons with navigation defects (j) and animals with 
position of VSC axons ascending dorsally shifted anteriorly or posteriorly. 

* p < 0.05, ** p < 0.01 compared to wild type (χ2 test). 
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Table 3.3. Neuronal cell body migration defects in col-99 mutants  

 % animals with defectsa 

Genotype AVM PVM ALM SDQ BDU HSN 

   Rb Lc Rb Lc Rb Lc Rb Lc 
Wild type 2 1 1 1 4 0 1 0 2 1 

col-99(hd130) 3 3 6 4 10 2 11** 6* 3 2 

col-99(rh311) 8 3 2 18** 12 3 8* 12** 4 2 

col-99(ok1204) 7 0 7 3 17* 0 3 0 4 0 

a n ≥ 30 for each data point; marker used: rgef-1::GFP (pan-neuronal). 
b right neuron 
c left neuron 

* p < 0.05, ** p < 0.01 compared to wild type (χ2 test). 

Table 3.4. Genetic interactions between col-99 and nid-1 

a n ≥100 for each data point; markers used: odr-2::CFP (AVG, PVPR/L); sra-6::DsRed2 (PVQR/L); glr-
1::GFP (CIN: command interneurons). 

b command interneuron asymmetry defect: CIN axons fail to cross into right VNC tract after leaving nerve 
ring. 
c ventral nerve cord midline crossing defects and animals with axon extending over the entire distance in the 

left (PVPL, PVQR) and right (PVPR, PVQL) VNC tract. 
( ) % of animals with axon extending over the entire distance in the left (PVPL, PVQR) and right (PVPR, 

PVQL) VNC tract. 
$ p < 0.05, $$ p < 0.01 compared to single or double mutant with more penetrant defects (χ2 test). 

* p < 0.05, ** p < 0.01 compared to wild type (χ2 test). 

 % animals with defectsa 

  Right VNC Left VNC 

Allele CIN 
asymb 

AVG 
c 

PVPLc PVQRc CIN
c 

PVPRc PVQLc 

Wild type 0 0 0     (0) 0     (0) 7 11   (0) 13   (0) 

col-99(ok1204) 12** 12** 12**(0) 14**(5*) 26** 72**(33**) 72**(36**) 

nid-1(cg119) 12** 15** 22**(0) 17**(5*) 23** 83**(22**) 81**(22**) 

col-99(ok1204); nid-1(cg119) 17** 19** 24**(0) 25**(5*) 29** 85**(32**) 86**(33**) 
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Table 3.5. Genetic interactions between col-99 and dpy-18 in the ventral nerve 
cord 
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Table 3.6. Genetic interactions between col-99 and dpy-18 in the dorsal and 
sublateral nerve cords 
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Table 3.7. Genetic interactions between col-99 and discoidin domain receptors 
in the ventral nerve cord 
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Table 3.8. Genetic interactions between col-99 and discoidin domain receptors 
in the dorsal and sublateral nerve cords 
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4. Mutations in the laminin αB subunit epi-1 
affect axon guidance and neuronal cell 
migration in C. elegans 

Thomas Unsoeld and Harald Hutter 

4.1. Abstract 

Laminins are heterotrimeric glycoproteins that form the scaffold of basement 

membranes. The laminin meshwork provides basement membrane stability and serves 

as assembly platform for other basement membrane components as well as axon 

guidance cues. In C. elegans multiple alleles of the laminin αB subunit epi-1 have been 

previously identified in a number of genetic screens. Axonal defects in epi-1 mutants 

have been predominantly attributed to disarrangements and disruptions of basement 

membranes as a result of improper basement membrane assembly. We have identified 

two new alleles, epi-1(rh313) and epi-1(hd124). Both alleles represent partial loss-of-

function mutations of epi-1 and cause pleiotropic axonal defects. epi-1(rh313) is a strong 

allele resulting in obvious morphological abnormalities and defects in the placement of 

neuronal cell bodies and neuronal migrations consistent with previous results. By 

contrast, epi-1(hd124) mutant animals are comparably healthy and show only minor 

defects in cell migration but exhibit penetrant axonal defects. The results presented 

underline the importance of laminins for the development of the nervous system and 

provide evidence that axonal defects in laminin mutants might in part be independent of 

morphological defects. 
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4.2. Introduction 

Basement membranes (BMs) are specialized extracellular matrices that underlie 

the basal surface of epithelia and endothelia. BMs act as a stabilizing scaffold and 

provide an anchoring substrate for adhesion and signaling molecules influencing cellular 

differentiation, proliferation and migration (reviewed by Yurchenco, 2011). One of the 

major components of BMs are laminins. Laminins are heterotrimeric glycoproteins 

assembled from α, β and γ polypeptide chains and joined through a coiled-coil domain 

(Beck et al., 1993; Colognato and Yurchenco, 2000). In vertebrates five α, four β and 

three γ chains can form 16 different laminin heterotrimers (Aumailley et al., 2005; 

Macdonald et al., 2010). After secretion, laminin heterotrimers are able to self-assemble 

on cell-surfaces (Kalb and Engel, 1991), which is mediated through interactions with 

sulfated glycolipids, dystroglycan, integrins, and heparan sulfates (Belkin and Stepp, 

2000; Durbeej, 2010; Henry and Campbell, 1998; Li et al., 2002; Li et al., 2005; Weir et 

al., 2006). The laminin-assembly into a mesh-like polymer is essential for the 

subsequent organization with other extracellular matrix components like type IV 

collagen, nidogen and heparan sulfate proteoglycans into a highly crosslinked BM 

(Huang et al., 2003; Miner et al., 2004; Smyth et al., 1999; Urbano et al., 2009).  

Laminin subunits show distinct special and temporally expression patterns that 

overlap partially and corresponds with the variety of different phenotypes observed in 

laminin mutants (reviewed in Colognato and Yurchenco, 2000; Miner and Yurchenco, 

2004). In mice, laminin α1β1γ1 and laminin α5β1γ1 are broadly expressed in the 

developing embryo and have shown to be crucial for BM assembly and survival during 

embryogenesis (Miner et al., 1998; Miner et al., 2004; Smyth et al., 1999). Mice with 

mutations in the laminin α3, β3 and γ2 chain subunits die shortly after birth due to severe 

skin blistering (Kuster et al., 1997; Meng et al., 2003; Ryan et al., 1999). Mice deficient in 

the laminin chain subunits β2, α2, and α4 develop into various postnatal stages and 

show a variety of phenotypes including defects in skeletal muscle and tymocyte 

development (α2), neuromuscular junctions (α4 and β2), peripheral nerves (α2 and α4) 

and in microvessel maturation (α4) (reviewed in Durbeej, 2010). To date, no significant 

phenotype has been observed in laminin γ3 chain subunit knock-out mice (Denes et al., 

2007).  
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In contrast to mammals, C. elegans expresses only four laminin chain subunits 

that form two heterotrimers consisting of either an αA or αB chain, encoded by lam-3 

and epi-1 and one β and γ chain, encoded by lam-1 and lam-2 (Hutter et al., 2000). The 

αA chain subunit is most similar to the α1 and α2 chain subunits in mammals, αB to 

mammalian α3, α4, and α5 (Hutter et al., 2000; Miner et al., 1995). Laminin subunit gene 

expression starts during gastrulation (Huang et al., 2003; Kao et al., 2006) prior to the 

onset of expression of other BM components like type IV collagen and perlecan 

(Graham et al., 1997; Mullen et al., 1999).  

Laminin αB protein (EPI-1) is found in all major BMs from embryogenesis to 

adulthood showing particularly strong expression in the thick BMs surrounding the distal 

tip cell, coelomocytes, the vulval, intestinal and anal depressor muscles and at muscle-

muscle cell boundaries (Huang et al., 2003). Laminin αA protein (LAM-3) is first detected 

close to the end of gastrulation and at the beginning of embryo elongation localizes 

along muscle cells and to the nervous system including the ventral nerve cord, the 

sublateral nerve cords and the nerve ring. During further development LAM-3 is found in 

the BMs of the pharynx, body wall muscles, the excretory canal and intestine and 

continues to localize to the nervous system (Huang et al., 2003). Laminin α chain subunit 

segregation to different cell surfaces is not due to the sites of gene expression of the two 

subunits. Laminin αB (EPI-1), for example, is the only laminin α subunit that localizes to 

epidermal membranes although it is lam-3 that is exclusively expressed in the epidermal 

cells, indicating that different cell surfaces have differential adhesive properties towards 

the two α chain subunits (Huang et al., 2003). The laminin β chain protein (LAM-1) is 

expressed in all basement membranes and co-localizes with both laminin αA and laminin 

αB protein (Kao et al., 2006). The localization of the laminin γ chain protein (LAM-2) 

remains to be determined.  

Laminin α subunit mutants exhibit missing or disrupted BMs in tissues where the 

proteins normally localize. Defects are pleiotropic and range from improper tissue 

separation and/or cell detachment and adhesion, to cells invading adjacent tissues 

(Huang et al., 2003).  In lam-3 mutant animals defects are most severe in the pharynx. 

epi-1 mutants show strong defects in the body wall muscles, the epidermis, the intestine 

and the gonad (Huang et al., 2003).  In addition, epi-1 mutant animals exhibit cell 

migration and axon guidance and outgrowth defects presumably as a result of 
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misguidance along broken or incorrectly assembled BMs (Forrester and Garriga, 1997; 

Huang et al., 2003; Mello et al., 1991). Loss-of-function mutations in the α laminin 

subunit genes lam-3 and epi-1 result in embryonic and larval lethality with some epi-1 

mutant animals developing into sterile adults (Huang et al., 2003). RNAi against both α 

laminin chain subunit genes increases embryonic lethality underlining the separate 

functions of the two laminin subunits during embryogenesis (Huang et al., 2003). 

We have identified two novel alleles of the laminin αB subunit epi-1 in two 

independent genetic screens for genes affecting axon guidance in C. elegans. epi-

1(rh313) represents a strong allele of epi-1 resulting in obvious morphological 

abnormalities as well as defects in the placement of neuronal cell bodies and neuronal 

migrations consistent with results from previous studies. epi-1(hd124) mutant animals 

are comparably healthy and show only minor defects in cell migration. Both alleles cause 

pleiotropic axonal defects, Our analysis of the novel alleles provide additional evidence 

for the importance of laminins during nervous system development and suggest that 

axonal defects in laminin mutants are not necessarily mere consequences of a primary 

morphological defect. 

4.3. Material and Methods 

4.3.1. Strains and transgenes 

The following integrated GFP reporter constructs were used to analyze axonal 

trajectories and neuronal cell body positions: hdIs26[odr-2::CFP, sra-6::DsRed2] 

rhIs4[glr-1::GFP, dpy-20(+)] III; hdIs22[unc-129::CFP, unc-47::DsRed2] V and 

evIs111[rgef-1::GFP] V. 

Alleles of epi-1 used for phenotypic characterization: epi-1(hd124) IV; epi-

1(rh313) IV, epi-1(rh200) IV and epi-1(rh199) IV. 

For single nucleotide polymorphism (SNP) mapping experiments alleles isolated 

from mutagenized animals with Bristol background were crossed with the CB4856 wild 

type strain isolated on Hawaii. F2 progeny was scored for the presence of CB4856 SNP 

markers. 
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Strains were maintained at 20 ºC under standard conditions (Brenner, 1974). 

Worms were cultivated on easiest worm medium (EWM) plates on an E. coli OP50 

bacteria diet. 1 l EWM media contained 5.9 g EWM mix (55 g Tris-HCl, 24 g Tris-OH, 

310 g Bacto Peptone, 800 mg Cholesterol and 200 g NaCl) and 18 g Agar dissolved in 

H2O. EWM media was autoclaved prior to pouring plates. 

4.3.2. Gene mapping and fosmid rescue 

ast-6(rh313) was initially isolated in an EMS screen for axon guidance defects in 

command interneurons and mapped on chromosome IV to the map interval +4.4/+5.3 

between SNP pkP4081 on cosmid K07F5 and SNP pkP4084 on cosmid M117 (Hutter et 

al., 2005)). I further narrowed the ast-6(rh313) containing region by snip SNP mapping 

using a dpy-13 ast-6(rh313) unc-30 triple mutant strain and the C. elegans Hawaiian 

isolate CB4856. hd124 was isolated in an EMS mutagenesis screen for genes affecting 

axon guidance of PVQ neurons and subsequently mapped to a region overlapping with 

ast-6(rh313) by snip SNP mapping using the Hawaiian strain CB4856. epi-1 was 

confirmed as a candidate gene for hd124 by injection of fosmid WRM0622cC03, 

containing the full length epi-1 gene, together with the co-injection marker pRF4 rol-

6(su1006) into hd124 mutants. Transgenic ast-6(rh313) animals were generated by 

injection of fosmid WRM0622cC03 and an unc-122::GFP co-injection marker, labeling 

coelomocytes with GFP, into N2 wild type animals and crossing GFP-positive animals 

into ast-6(rh313) mutants. hd124 and ast-6(rh313) strains positive for the respective co-

injection marker were subsequently analyzed for rescue of axonal defects. 

4.3.3. Microscopy 

Animals of a growing population were scored using a 40x objective on a Zeiss 

Axioscope. Images were acquired on a Zeiss Axioplan II microscope (Carl-Zeiss AG, 

Germany) connected to a Quorum WaveFX spinning disc system (Quorum 

Technologies, Canada). Stacks of confocal images with 0.2 to 0.5 µm distance between 

focal planes were recorded. Image acquisition and analysis was carried out using 

Volocity software (Perkin-Elmer, Waltham, MA). Images in the figures are maximum 

intensity projections of all focal planes. Figures were assembled using Adobe Creative 

Suite CS5.1 (Adobe, San Jose, CA, USA). 
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4.3.4. Analysis of neuronal defects 

Axonal trajectories were examined in late-stage larvae and adult animals 

expressing fluorescent markers in the corresponding neurons. Cell body positions of 

BDU, SDQ, AVM, ALM, HSN and PVM neurons were analyzed in adult animals using 

the pan-neuronal marker evIs111[rgef-1::GFP] V. DD/VD and DA/DB motor neuron cell 

body positions were determined in adults using the marker hdIs22[unc-129::CFP, unc-

47::DsRed2] V. Animals were incubated with 10 mM NaN3 in M9 buffer for 1 hour and 

mounted on agar pads prior to analysis. 

4.4. Results 

4.4.1. Genetic screens for axon guidance genes identify alleles of 
the laminin αB subunit epi-1 

An EMS mutagenesis screen for genes affecting the guidance of command 

interneurons in the VNC of C. elegans identified the mutation ast-6(rh313) (Hutter et al., 

2005). In ast-6(rh313) mutant animals, command interneurons, which normally extend in 

the right VNC tract, frequently crossed the ventral midline or failed to cross into the right 

tract after exiting the nerve ring. Single nucleotide polymorphism (SNP) mapping placed 

ast-6(rh313) to the right arm on chromosome IV between the map interval +4.4/+5.3 

(Hutter et al., 2005). To further narrow this region, a dpy-13 ast-6(rh313) unc-30 triple 

mutant strain was created and crossed with the Hawaii strain CB4856.  Two hundred 

eighty-six F2 progeny were picked for the loss of the uncoordinated or dumpy phenotype 

and subsequently analyzed for axonal defects in PVQ neurons and tested for a 

recombination event within the SNP borders of the ast-6(rh313) region. This approach 

confined ast-6(rh313) between SNP dbp4 on cosmid F01G10 and dbp5 on cosmid R13, 

corresponding to the map interval +4.56/+4.72 comprising 142 genes on approximately 

600 kb. A second EMS mutagenesis screen for genes important for axon guidance of 

PVQ neurons identified hd124. SNP mapping experiments localized hd124 on 

chromosome IV to an area that included the ast-6(rh313) region (Jie Pan, unpublished 

results). In more than half of the hd124 animals PVQL axons crossed the ventral midline, 

a phenotype frequently observed in ast-6(rh313) animals (Table 4.2). hd124 failed to 

complement ast-6(rh313), suggesting that both mutations affect the same gene 
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(Appendix Figure B1). The molecular nature of the rh313 and and hd124 alleles has not 

been determined.  

Examination of the genes in 600 kb map interval identified epi-1 as a candidate 

gene. epi-1 encodes one of two laminin alpha subunits of C. elegans. Mutations in epi-1 

have been described to cause axon guidance and cell migration defects; and mutant 

animals exhibit egg laying defects and show uncoordinated movement (Forrester and 

Garriga, 1997; Forrester et al., 1998; Huang et al., 2003), phenotypes that can all be 

observed in ast-6(rh313) and to a lesser degree in hd124 mutants. The fosmid 

WRM0622cC03 containing the epi-1 gene was able to completely rescue the PVQ 

guidance defects in hd124 mutants in two out of five independent lines (Appendix Figure 

A5). ast-6(rh313) animals directly injected with fosmid WRM0622cC03 failed to provide 

viable progeny. These difficulties could be circumvented by first injecting N2 wild type 

animals and subsequently crossing the extrachromosomal array carrying 

WRM0622cC03 into ast-6(rh313) mutants. The resulting strain showed partial rescue of 

axonal defects in all VNC neurons tested, including PVQ and command interneurons 

(Appendix Figure A6). Taken together, our results suggest that ast-6(rh313) and hd124 

are alleles of epi-1. 

epi-1 encodes for the αB chain of laminin, one of the two laminin α chains in C. 

elegans, which form the two laminin heterotrimeres in combination with the β and γ chain 

subunits (Huang et al., 2003; Zhu et al., 1999). There are four epi-1 isoforms with the 

longest isoform a comprising 11115 bp encoding for a protein of 3704 amino acids in 

size. The laminin αB chain consists of one N-terminal and two internal globular modules 

separated by rodlike epidermal growth factor-like repeats followed by a coiled-coil region 

and five globular LG domains on the C-terminus (Figure 4.1). Multiple alleles of epi-1 

affecting various parts of the protein have been isolated previously (Huang et al., 2003; 

Zhu et al., 1999). Putative epi-1(rh199) null mutants show partial embryonic and larval 

arrest with surviving animals developing into sterile adults (Huang et al., 2003; Zhu et al., 

1999). Although epi-1(rh313) animals were severely sick, both rh313 and hd124 mutants 

produced viable progeny, indicating that the two alleles do not represent null alleles of 

epi-1. Adult epi-1(rh313) mutant animals were uncoordinated and exhibited a wide 

spectrum of morphological defects including protruding vulva and strong egg laying 

defects. Similar defects have been described for alleles of epi-1 previously (Forrester et 
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al., 1998). epi-1(hd124) animals showed only very mild morphological defects, 

suggesting hd124 represents a weak allele of epi-1.   

4.4.2. epi-1 mutants show guidance defects in major longitudinal 
axon tracts and outgrowth defects of commissures.  

 In order to further study the effect of epi-1 on the development the nervous 

system the axonal morphology was analyzed with a pan-neuronal and various cell-type 

specific markers. We found guidance defects in all examined axons most prominently in 

the ventral and dorsal nerve cord.  

The ventral nerve cord (VNC) is the major ventral longitudinal axon tract in C. 

elegans, consisting of two asymmetric axon fascicles. The majority of axons are located 

in the right fascicle only four axons extend in the left tract. The two fascicles are 

separated by motor neurons, which are arranged along the ventral midline (Durbin, 

1987; White et al., 1986; White et al., 1976). A significant number of epi-1(rh313) 

animals exhibited a full or partial symmetrical VNC. In wild type, the majority of axons on 

the left side cross the ventral midline shortly after descending from the nerve ring to 

enter the anterior end of the VNC and extend posteriorly in the right VNC tract (Figure 

4.2A). In a significant number of epi-1(rh313) mutant animals axons failed to cross into 

the right VNC tract (Table 4.1; Figure 4.2B). In addition, in all epi-1(rh313) animals axons 

aberrantly crossed the ventral midline (Table 4.1). More than one third of the axons 

failing to switch into the right tract or aberrantly crossing the midline were axons of 

command interneurons (Table 4.1, Figure 4.2H), which innervate the motor neurons 

along the ventral midline between the VNC. In a small but significant number of animals 

command interneuron axons exited the VNC and in most instances joined one of the 

lateral axon tracts and continued to grow posteriorly (Figure 4.2H). Midline crossing 

defects were also observed for the axons of the pioneering axons of the two fascicles: In 

about one fifth of the epi-1(rh313) mutant animals the axon of the right VNC pioneer 

neuron AVG switched from the right into the left VNC tract. In the left VNC tract in almost 

all animals the left VNC pioneer neuron PVPR, extending from the posterior end of the 

VNC, crossed into the right VNC tract (Table 4.1, Figure 4.2D). Later outgrowing axon of 

PVQL in most instances followed the misguided PVPR pioneer axon and showed similar 

penetrant defects (Table 4.1). In the right VNC tract, similar to the AVG pioneer, follower 
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axons of PVPL, PVQL and DA/DB motor neurons were less frequently affected with the 

exemption of DD/VD motor neurons, which aberrantly extended some processes into the 

left VNC tract in almost every animal instead of growing in the right fascicle (Table 4.1, 

Figure 4.2J). Motor neurons innervating the dorsal body wall muscle extend a second 

process, which circumferentially grow towards the dorsal midline to from the dorsal 

nerve cord (DNC). The side of outgrowth of these commissures is invariant in wild type 

and follows a strict left or right pattern for each motor neuron. In more than half of the 

epi-1(rh313) animals DA/DB and DD/VD commissures extended on the wrong side of 

the body (Table 4.1). In a small but significant number of epi-1(rh313) mutant animals 

one or more DA/DB commissures and in more than half of epi-1(rh313) mutant animals 

two or more DD/VD commissures failed to reach the DNC (Table 4.1).  

The DNC is normally formed by motor neuron axons as a single fascicle on the 

left side of the dorsal midline. In a significant number of epi-1(rh313) animals the DNC 

was severely defasciculated (Table 4.2, Figure 4.3B). Almost half of the epi-1(rh313) 

mutant animals extended axons on the right side of the dorsal midline evoking a split 

appearance of the DNC (Table 4.2, Figure 4.3B). Both the VNC and DNC are flanked by 

two sublateral axon fascicles. The two dorsal sublateral cords (DSCs) run in parallel 

close to the DNC and join the ALN axon trajectory at the midbody region. In epi-1(rh313) 

mutants individual axons from the left and right DSC or the whole fascicles leave their 

normal path or merge with the axon of ALN at a more anterior or posterior position 

(Figure 4.3B).  In some instances axons of epi-1(rh313) mutant animals grow towards 

the dorsal midline where they either join the DNC, when originating from the right DSC 

or contribute to the split appearance phenotype by extending on the left side of the 

dorsal midline, when originating from the left DSC. Similar to the DNC, the VNC is 

flanked by two lateral axon tracts, the ventral sublateral cords (VSCs). In the anterior 

part of the body until the midbody region the VSCs run close to the VNC and more 

dorso-lateral in the posterior part of the body. In about one third of the epi-1(rh313) 

animals the axons from the VSCs switched to the more dorso-lateral trajectory at a more 

anterior or posterior position or joined the VNC (Table 4.2). 

epi-1(hd124) mutant animals showed similar defects in the VNC, DNC and the 

ventral and dorsal sublateral cords in all neurons analyzed (Table 4.1, 4.2). In most 

neurons the penetrance of the axonal defects was slightly reduced compared to the epi-
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1(rh313) allele (Table 4.1, 4.2). We also analyzed the axon trajectories of the AVG, PVP 

and PVQ neurons in the epi-1 mutants containing the rh200 allele, which causes a 

premature stop codon in the epidermal growth factor-like repeats (Huang et al., 2003; 

Figure 4.1). The axonal defects in epi-1(rh200) mutants resembled the phenotypes 

observed for epi-1(rh313) and epi-(hd124). However, the penetrance of the axonal 

defects was significantly lower than either of these mutants (Table 4.1). This was 

surprising considering the obvious morphological defects displayed by epi-1(rh200) 

mutant animals. Attempts to generate GFP-marker strains with the putative loss-of-

function allele epi-1(rh199) were unsuccessful due to the sterility of the animals. 

4.4.3. epi-1 mutants exhibit cell migration and cell positioning 
defects 

The initial analysis revealed a displacement of some neuronal cell bodies in ast-

6(rh313) mutants (Hutter et al., 2005; Figure 4.2B).  I found that in about half of the 

animals one or more motor neurons was displaced to a more lateral position outside the 

VNC (Table 4.4; Figure 4.2J,L), which in combination with the morphological defects 

observed in ast-6(rh313) point towards misarrangements in the underlying basement 

membrane structure. Other neurons showed similar displacement defects but were not 

evaluated in detail.  

During development several neuroblasts and neurons migrate over long 

distances to their final position (Sulston and Horvitz, 1977; Sulston et al., 1983). Using a 

pan-neuronal cell marker we also found that cell bodies of migrating neurons were 

frequently not at their normal location in ast-6(rh313) mutant animals. In the wild type 

embryo two neuroblasts in the head give birth to the BDU and ALM neurons.  BDUR/L, 

the two posterior neuroblast descendants migrate laterally for a short distance, whereas 

ALMR/L, the two anterior descendants migrate towards the midbody region where they 

eventually end up in a more dorsal position. In a significant number of epi-1(rh313) 

animals the BDU and ALM neurons failed to migrate to their final position and stopped at 

a more anterior location (Table 4.3, Figure 4.4B,D). The BDUR neuron was most 

strongly affected with close to half of the animals stopping short of their normal position 

(Table 4.3). In the tail of hermaphrodites a second set of migrating neurons, the 

hermaphrodite-specific neurons (HSNs) are generated during embryogenesis. The HSN 
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neurons migrate anteriorly to the vulva. In about one third of the epi-1(rh313) animals the 

HSNR cell bodies were located more anterior or posterior to their normal position (Table 

4.3). HSNL was slightly less affected and stopped short of its normal position or 

migrated beyond the vulva in about one quarter of the animals analyzed (Table 4.3).  

Postembryonically, Q neuroblasts are born on both sides of the animal. The two 

Q neuroblasts migrate in opposite direction, QL towards the tail and QR towards the 

head of the animal. On their way, the neuroblasts undergo three cell divisions eventually 

leading to SDQR and AVM, the two descendants of QR being localized in the anterior of 

the animal and SDQL and PVM, the two descendants of QL being localized in the 

posterior part of the animal. epi-1(rh313) mutants exhibited significant defects in all Q 

neuroblast descendents (Table 4.3), most prominently in the SDQR neuron, which was 

located frequently more anterior or posterior to its normal position in more than one third 

of the mutant animals (Table 4.3). 

Similar to our results for the axon guidance defects, cell migration defects in epi-

1(hd124) mutants were milder compared to epi-1(rh313). Significant migration defects 

were observed in AVM and the two BDU neurons, which all stopped short of their normal 

location (Table 4.3). PVM, ALM, SDQ and HSN neurons showed no significant defects in 

epi-1(hd124) mutants (Table 4.3). 

Taken together, we identified two novel alleles of the laminin αB subunit gene 

epi-1. Both mutations affect axon guidance and cell migrations in most neurons 

analyzed, highlighting the importance of a functional basement membrane in this 

processes. 

4.5. Discussion 

4.5.1. Novel alleles of the laminin αB subunit EPI-1 interfere with 
axonal guidance and neuronal cell migrations 

The assembly of laminin into a mesh-like polymer on the surface of cells is a 

prerequisite for the subsequent organization of other extracellular matrix components 

into a highly crosslinked basement membrane (Huang et al., 2003; Miner et al., 2004; 
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Smyth et al., 1999; Urbano et al., 2009). C. elegans has two laminin α subunits and each 

one β and one γ subunit that form two laminin heterotrimers. Previous studies in have 

found that putative loss-of-function mutations in the two laminin α subunit genes result in 

embryonic lethality or larval arrest with few animals developing into sterile adults (Huang 

et al., 2003; Kao et al., 2006; Zhu et al., 1999). Mutants in the laminin αB subunit epi-1 

exhibit disrupted or absent basement membranes at sites where EPI-1 protein localizes 

normally (Huang et al., 2003). Cells in these animals aberrantly invade adjacent 

compartments and show abnormal and inappropriate cell-cell adhesion, proliferation and 

cell polarity. In the nervous system neuronal cell migrations, axonal outgrowth and nerve 

trajectories are disturbed (Huang et al., 2003), and multiple alleles of epi-1 have been 

identified in genetic screens for genes affecting cell and growth cone migrations in past 

(Forrester and Garriga, 1997; Forrester et al., 1998). The axonal defects in epi-1 

mutants have been predominantly attributed to disarrangements and disruptions of 

basement membranes as a result of improper basement membrane assembly (Huang et 

al., 2003). Laminin α subunits have also been implicated in the development of the 

nervous system in vertebrates. In humans the absence of the laminin α2 subunit leads to 

various brain abnormalities (Miyagoe-Suzuki et al., 2000). In mice, laminin α2 is required 

for the myelination of nerves periphery and in the central nervous system (Bradley and 

Jenkison, 1973; Chun et al., 2003; Weinberg et al., 1975). Amyelination was initially 

attributed to a failure of basement membrane formation on the Schwann cells lacking 

laminin α2 (Bunge et al., 1986). A more recent study on mice containing a point mutation 

in a conserved motif in the N-terminal domain VI (LN domain) of the laminin α2 subunit 

provides evidence that this is not necessarily the case (Patton et al., 2008). Similar to 

other mutants, nerves in these mice showed severe nerve amyelination, while basement 

membranes remained intact and retained a normal composition. In zebrafish the laminin 

α1 subunit was found to be essential for the proper outgrowth, fasciculation and 

guidance of axons in the central nervous system (Paulus and Halloran, 2006). 

We have identified two novel alleles of the laminin αB subunit epi-1 in two 

independent genetic screens for genes affecting axon guidance in C. elegans. The first 

allele epi-1(rh313) represents a strong allele of epi-1 displaying clear morphological 

defects as well as significantly disturbed cell migrations and defects in the positioning of 

neuronal cell bodies. In addition, epi-1(rh313) animals exhibit penetrant axonal defects in 
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the majority of neurons analyzed. The overall spectrum of these defects is consistent 

with the defects described for previous alleles and could presumably be secondary 

consequences of a primary defect in the formation of the basement membrane. In 

contrast, animals carrying epi-1(hd124), the second allele identified, showed 

comparatively mild morphological defects and only minor cell migration defects 

consistent with being a weak allele of epi-1. Surprisingly, despite the apparent 

morphological differences, the defects in most axonal trajectories were only slightly 

reduced compared to epi-1(rh313) mutants. In contrast, the previously discovered 

mutant epi-1(rh200) showed obvious morphological defects as described (Huang et al., 

2003) but exhibited significantly less penetrant axonal defects than either of the two 

mutant isolated from our screens in several neurons projecting in the ventral nerve cord 

analyzed. The discrepancies between the phenotypes of these mutants suggest that the 

axonal defects can be, at least partly, separated from the morphological defects, 

presumably depending on the molecular nature of the mutation. epi-1(rh200) represents 

a point mutation leading to an truncated EPI-1 protein missing the coiled-coil forming 

domains and the C-terminal laminin G-repeats (Figure 4.1; Huang et al., 2003). We have 

not yet determined the molecular nature of the epi-1(hd124) and epi-1(hd124) alleles. 

Early on, multiple studies have shown the neurite extension promoting activity of 

laminins in vitro, which led to the idea that laminins serve as permissive substrate for 

extending axons (Lemmon et al., 1992; Sanes, 1989). A more recent study of laminin α1 

subunit mutants in zebrafish has challenged this view. Mutant animals showed 

pleiotropic defects in axonal outgrowth, fasciculation and guidance in the nervous 

system (Paulus and Halloran, 2006). Surprisingly, some defects in these mutants were 

specific and limited to particular guidance decisions, suggesting an additional instructive 

function of laminins in axonal guidance. An explanation for these phenotypes could be 

disturbances in the proper placement of axon guidance cues in basement membrane 

meshwork. Basement membranes and laminins have been proposed to serve as 

scaffold for guidance cues (Yurchenco and Wadsworth, 2004). It is possible that a 

specific domain or several domains in the EPI-1 protein in C. elegans function in the 

anchoring of guidance cues while being at least partly dispensable for collagen 

assembly and stability. Potentially only part of the axonal defects in epi-1(rh313) mutants 

might be attributed to morphological defects, while additional defects could be a result of 

one or more inappropriately localized guidance cues. The axonal defects observed for 
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PVPR and PVQL in the left ventral nerve cord in the three mutants are consistent with 

such a scenario (Table 4.1). The C-terminal laminin G-repeats truncated from the 

laminin αB subunit protein in the epi-1(rh200) have been implicated as main binding 

sites for cellular receptors that anchor the laminin meshwork to the cell surface 

(Hohenester and Yurchenco, 2013). A failure to properly attach to the cell surface is 

consistent with the strong morphological phenotype observed for this mutant. Since 

stronger more severe alleles such as epi-1(rh199) are available one can assume that to 

some degree basement membranes are formed in epi-1(rh200) mutant animals. The 

truncated laminin in these basement membranes might remain able to provide sufficient 

guidance for axons through another, unaffected domain. Similarly, the epi-1(rh313) allele 

potentially disrupts the laminin G-repeats but might in addition also interfere with an 

interaction domain for a guidance cue. The epi-1(hd124) mutation could specifically 

disrupt such domain without prominently affecting overall basement assembly and 

stabilty. One axon guidance cue that has been proposed to be anchored to the 

basement membrane by laminin is the laminin-related molecule Netrin (Yurchenco and 

Wadsworth, 2004). Mutants in the Netrin homolog unc-6 exhibit guidance defects in the 

ventral nerve cord, which are somewhat similar to the defects in epi-1 mutants (Hutter, 

2003; Wadsworth et al., 1996). However, unc-6/Netrin mutants also exhibit severe 

movement impairment, a phenotype not observed in epi-1(hd124) animals, suggesting 

that axonal defects in this mutant are presumably not caused by a disruption of an UNC-

6/Netrin binding site. Another component interacting with laminins important for axonal 

guidance in the ventral nerve cord is the Nidogen homolog nid-1 (Hutter, 2003; Kim and 

Wadsworth, 2000). Nidogen binds laminin and collagen IV and was initially thought to 

provide basement membrane stability by linking the laminin and collagen IV networks 

(Fox et al., 1991; Mayer et al., 1998; Timpl and Brown, 1996). It was later discovered 

that Nidogen is not required for basement membrane formation (Kang and Kramer, 

2000; Murshed et al., 2000; Schymeinsky et al., 2002). Instead, NID-1/Nidogen was 

found to be required for the guidance of axons along longitudinal tracts in C. elegans 

(Kim and Wadsworth, 2000). Aspects of the nid-1/Nidogen mutants phenotype such as 

the midline crossing defects are similar and show comparable penetrance to the defects 

in epi-1(hd124) mutants (see Chapter 3; Hutter, 2003). The interaction site of laminins 

for the two nidogen homologs in vertebrates however has been mapped to the laminin γ 

subunit (Yurchenco, 2011), making mutations in the laminin α subunit unlikley to 
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specifically affect nidogen-laminin interactions. An alternative cause for the axonal 

defects in epi-1(hd124) mutants could be the disruption of one or several binding sites 

for receptors used by growth cones to interact with the basement membrane. In C. 

elegans several receptors for laminin have been implicated in axon guidance. Mutants in 

the α integrin ina-1, the dystroglycan homolog dgn-1 and the syndecan homolog sdn-1 

exhibit defects in axons extending in the ventral nerve cord tracts (Baum and Garriga, 

1997; Johnson et al., 2006; Rhiner et al., 2005). All three receptors are expressed in the 

ventral nerve cord (Baum and Garriga, 1997; Johnson et al., 2006; Minniti et al., 2004). 

However, vertebrate homologs of the corresponding receptors bind to the N-terminal 

laminin G-repeats and are required for laminin anchoring (Hohenester and Yurchenco, 

2013; Suzuki et al., 2005). Since the G-repeats are truncated from the EPI-1 protein in 

epi-1(rh200) mutants, which in contrast to epi-1(hd124) exhibit severe morphological 

defects, mutations in the interaction domains for these receptors are probably not the 

cause for the axonal defects observed in epi-1(hd124). Some integrins can also interact 

with laminins via the N-terminal domain VI of the laminin α chains (Suzuki et al., 2005). 

As mentioned above, a conserved site in the domain VI was found to be essential for 

nerve myelination while being independent for basement membrane formation, 

suggesting that the N-terminal domain can provide specific aspects of laminin function 

without disrupting the overall basement membrane structure. Interestingly, an N-terminal 

part of the human laminin α2 chain, which includes the domain VI, has been shown to 

support neurite outgrowth in cell cultures with similar efficiency than the full protein 

(Colognato et al., 1997), making this domain a putative candidate for an interaction site 

utilized by a guidance cue or guidance receptor such as integrins. In addition to the 

axonal defects, ina-1 mutants are larval lethal and exhibit apparent morphological 

defects (Baum and Garriga, 1997), not observed in epi-1(124) mutants. Nevertheless, it 

cannot be completely excluded that different domains of INA-1 mediate axonal guidance 

and laminin anchoring by interacting with specific domains located in the N- and C-

terminus of the EPI-1 protein respectively. Evidence for an uncoupling of morphological 

defects with other aspects of the ina-1 phenotype have been reported previously (Baum 

and Garriga, 1997). Mutants animals carrying the ina-1(gm144) allele lack the typical 

notched head phenotype of ina-1 loss-of-function mutants but still exhibit severe cell 

migration defects (Baum and Garriga, 1997). It will be necessary to determine the 

molecular nature of the epi-1(124) mutation to elucidate whether a distinct domain is 
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affected in this mutant, which might be specifically required for the guidance of axons in 

the ventral nerve cord. 

4.6. Contributions 

I, the first author of this study, generated most of the data presented in this 

chapter, with the following exception. The hd124 allele was isolated by Jie Pan in a 

genetic screen for novel genes affecting axonal guidance of PVQ neurons. 

4.7. Figures 

 

Figure 4.1. Gene model and domain organization of the EPI-1 Protein 
Exon-intron structure of the four epi-1 isoforms and domain organization of the EPI-1/Laminin αB 
protein. The N-terminal (LN, domain VI) and internal globular (L4, domain IV) modules are 
depicted as octagons. The rod-like epidermal growth factor-like repeats are indicated by grey 
rectangles. The coiled-coil forming domains are shown as open oval. The C-terminal G-repeat 
(G) modules are shown as ovals. The approximate location of the epi-1(rh200) mutation is 
depicted, which has been presented previously (Zhu et al., 1999). 
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Figure 4.2. Axonal defects in the ventral nerve cord of epi-1(rh313) animals 
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Axon trajectories in the ventral nerve cord (VNC) of wild type (A, C, E, G, I, K) and epi-1(rh313) 
(B, D, F, H, J, L) mutants visualized by fluorescent reporter constructs. (A) In wild type, the 
majority of axons in the left VNC tract cross into the right VNC fascicle after descending form the 
nerve ring (arrowhead), motor neuron cell bodies align at the ventral midline between the two 
VNC tracts (arrows). (B) In epi-1 mutant animals axons fail to switch into the right fascicle at the 
anterior end of the VNC and instead extend in the left tract (arrowheads). Somata of neuronal cell 
bodies are displaced (arrows). (C) In wild type, the PVPR axon extends in the left VNC tract. (D) 
In epi-1 mutant animals, the PVPR axon crosses the midline and extends in the right tract 
(arrowhead) and in some animals leaves the VNC (arrow). (F) Similarly, the PVQL axon crosses 
the ventral midline and extends in the right tract (arrowhead). (G) In wild type, command 
interneuron axons extend in the right VNC tract. (H) In epi-1 mutant animals, axons cross into the 
left VNC tract (arrowheads) and in some cases leave the VNC. (I, K) In wild type, the longitudinal 
processes of motor neurons extend into the right VNC tract. Motor neuron somata are located 
along the ventral midline between VNC tracts. (J) In epi-1 mutant animals, some DD/VD 
processes join the left tract (arrowheads) and (J, L) motor neuron cell bodies are displaced 
outside the VNC (arrows). Dashed lines in pictures reflect normal axon trajectories. All pictures 
show ventral views; anterior is to the left. Fluorescent reporter constructs used: rgef-1::GFP (pan-
neuronal) odr-2::CFP (AVG, PVPR/L); sra-6::DsRed2 (PVQR/L); glr-1::GFP (command 
interneurons (CIN)); unc-47::DsRed2 (DD/VD motor neurons); unc-129::CFP (DA/DB motor 
neurons); tph-1::GFP (HSNR/L). Scale bar: 10 µm. 

 

 

Figure 4.3. Axonal defects in the dorsal nerve cord and the dorsal sublateral 
cords of epi-1(rh313) animals 

 (A) Wild type and (B) epi-1 mutant animals labeled with pan-neuronal GFP. (A) In wild type 
animals, the dorsal nerve cord is tightly fasciculated, all axons extend on the left side of the dorsal 
midline. The dorsal sublateral tracts converge with the ALN axon trajectories (arrows) (B) In epi-1 
mutant animals, the dorsal nerve cord is defasciculated (arrowheads), the right dorsal sublateral 
cord grows dorsally and extends along the right side of the dorsal midline (arrows). Pictures show 
dorsal views; anterior is to the left. Fluorescent marker used: rgef-1::GFP. Scale bar: 10 µm. 
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Figure 4.4. Neuronal cell body migration defects in epi-1(rh313) animals 
(A, C) Wild type and (B, D) epi-1(rh313) mutant animals labelled with pan-neuronal GFP. (A, C) 
ALMR and BDUR in their final positions after having undergone posterior migrations from the 
head during embryogenesis.  (B) In some epi-1 mutant animals ALMR fails to reach its normal 
location and stop at a more anterior position (arrow). (D) In epi-1 mutant animals BDUR 
frequently fails to migrate to its normal position and is located in a more anterior position (arrow). 
Pictures are lateral views from the right; anterior is to the left. Fluorescent marker used: rgef-
1::GFP. Scale bar: 10 µm. 
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4.8. Tables 

Table 4.1. Axonal defects in the ventral nerve cord and commissures of epi-1 
mutants 
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Table 4.2. Axonal defects in dorsal nerve cord and sublateral cords of epi-1 
mutants 

  % animals with defectsa 

DNCb Right DSCc Left DSCc Right VSCd Left VSCd Genotype 
def.e splitf totalg nav.h totali nav.h totali nav.j totalk nav.j totalk 

Wild type 1 6 7 0 2 0 1 0 1 0 4 

epi-1(rh313) 18** 46** 64** 8** 24** 6* 32** 2 34** 4* 30** 

epi-1(hd124) 7* 29** 33** 10** 20** 16** 28** 2 10** 6* 22** 

a n ≥ 100 for each data point; marker used: rgef-1::GFP (pan-neuronal). 
b dorsal nerve cord 
c dorsal sublateral cord 
d ventral sublateral cord 
e defasciculation defect 

f split appearance of DNC caused by midline crossing defect and/or DSC navigation defect (h). 
g total defects, including defasciculation defects, midline crossing defects and/or DSC navigation defects. 
h navigation defects: axons leave DSC, extend dorsally towards DNC and grow next to dorsal midline. 
i total defects, including animals with axons leaving DSC, axons with navigation defects (h) and animals with 
axons converging with ALN axon trajectory at more anterior or posterior position. 

j navigation defects: axons leave VSC and grow ventrally to join the ventral nerve cord.  

k total defects, including animals with axons leaving VSC, axons with navigation defects (j) and animals with 
position of VSC axons ascending dorsally shifted anteriorly or posteriorly. 

* p < 0.05, ** p < 0.01 compared to wild type (χ2 test). 

Table 4.3. Neuronal cell body migration defects in epi-1 mutants  

 % animals with defectsa 

Genotype AVM PVM ALM SDQ BDU HSN 
   Rb Lc Rb Lc Rb Lc Rb Lc 

Wild type 2 1 1 1 4 0 1 0 2 1 

epi-1(rh313) 24** 23** 20** 19** 36** 12** 47** 25** 35** 26** 

epi-1(hd124) 13* 3 0 3 13 3 13** 13** 8 2 

a n ≥ 30 for each data point; marker used: rgef-1::GFP (pan-neuronal). 
b right neuron 
c left neuron 

* p < 0.05, ** p < 0.01 compared to wild type (χ2 test). 
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Table 4.4. Motor neuron displacement defects in epi-1(rh313) mutants 

 % animals with defectsa 

Genotype DD/VD DA/DB 

 1-2 CBb >2 CBc totald 1-2 CBb >2 CBc totald 
Wild type 8 1 9 6 0 6 

epi-1(rh313) 38** 17** 48** 38** 12** 50** 

a n ≥ 200 for each data point; markers used: unc-47::DsRed2 (DD/VD motor neurons); unc-129::CFP 
(DA/DB motor neurons). 

b ≥1 motor neuron displaced between 1-2 cell body distances away from ventral nerve cord.  
c ≥1 motor neuron displaced > 2 cell body distances away from ventral nerve cord. 
d ≥1 motor neuron displaced ≥1 cell body distances away from ventral nerve cord. 

* p < 0.05, ** p < 0.01 compared to wild type (χ2 test). 
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5. Concluding remarks 

Despite the advances in the last decades in deciphering the molecular 

mechanism underlying axonal guidance we only have a partial understanding of how 

neuronal circuits form reproducibly during development. In my thesis I have identified 

and characterized several genes with essential functions in nervous system 

development in the nematode C. elegans. Specifically I uncovered novel roles for the 

transmembrane collagen COL-99 and for the conserved receptor tyrosine kinase family 

of discoidin domain receptors in guiding axons along longitudinal nerve tracts. 

Phenotypic and genetic analysis suggests that COL-99 acts as ligand for the discoidin 

domain receptors. Finally I have identified a novel allele for the basement membrane 

component epi-1, which predominantly affects axon navigation.  

Discoidin domain receptors are a small family of non-integrin collagen receptors 

consisting of two members in C. elegans, DDR-1 and DDR-2. I found that mutants in 

ddr-2 exhibit axonal defects in several longitudinal axon tracts, the dorsal and ventral 

nerve cords and the two dorsal sublateral tracts. ddr-1 mutants showed no phenotype on 

their own but strongly enhanced the ddr-2 defects in ddr-1 ddr-2 double mutants, 

suggesting that these receptors act synergistically. ddr-1 and ddr-2 are expressed in 

neurons extending axons in all affected nerve tracts and the corresponding proteins 

localize to axons. I was able to show that ddr-2 acts cell-autonomously in the pioneer 

neuron of the left ventral nerve cord (PVPR), and found that discoidin domain receptors 

interact genetically with the cadherin FMI-1/Flamingo to guide follower axons in the left 

ventral nerve cord tract. These results suggest that discoidin domain receptors serve as 

guidance receptors for axons extending along longitudinal tracts. Signalling pathways 

employed by these genes are currently unknown. However, mutants in the Rac-like 

GTPases mig-2 and ced-10 and the Rho/RacGEF unc-73 are known to exhibit similar 

defects in the PVPR pioneer axon, raising the possibility that discoidin domain receptors 

and FMI-1/Flamingo might signal through small GTPases to regulate cytoskeleton 

dynamics in the growth cone. Genetic interaction studies with the Rho, Cdc42 and Rac-
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like homologues as well as their GAP and GEF genes could be employed to determine 

whether they act in the same genetic pathway as discoidin domain receptors and FMI-

1/Flamingo. Putative physical interactions could subsequently be confirmed by yeast two 

hybrid or co-immuno precipitation assays. 

Independently I have identified COL-99 as a potential ligand for discoidin domain 

receptors during axon navigation. col-99 encodes a type II transmembrane collagen with 

similarity to the vertebrate transmembrane collagens type XIII, XXIII and XXV. A detailed 

analysis of the axon trajectories of col-99 mutants showed that col-99 and ddr-1 ddr-2 

double mutants exhibit strikingly similar phenotypes. Interaction studies affirmed that the 

discoidin domain receptors and col-99 interact genetically, suggesting that COL-99 might 

be the ligand for DDR-1 and DDR-2. COL-99 is expressed in the hypodermis during the 

time of axon outgrowth in the embryo where it might serve as ligand for discoidin domain 

receptors expressed on the growth cones of axons extending along longitudinal tracts. 

The ectodomain of COL-99 could potentially be cleaved by furin at a predicted furin 

cleavage site in the juxtamembrane domain located close to the first collagenous domain 

of COL-99. Similar ectodomain shedding is known for the vertebrate transmembrane 

collagens type XIII, XXIII and XXV. Through genetic interaction studies with mutants in 

genes exhibiting similar axonal phenotypes we identified NID-1/Nidogen as a COL-99 

and discoidin domain receptor pathway component, which could serve as a potential 

interaction partner for COL-99. NID-1 is a component of basement membranes and in C. 

elegans accumulates strongly underneath the ventral and dorsal nerve cords and also 

along the dorsal and ventral sublateral cords. It is tempting to speculate that the cleaved 

COL-99 ectodomain might bind to NID-1, which could provide a mechanism to sequester 

the COL-99 ectodomain to the basement membrane adjacent to the major longitudinal 

axon tracts affected in the col-99 and discoidin domain receptor mutants. Once localized 

to the basement membrane underlying the longitudinal nerve tracts, COL-99 could serve 

as a guidance cue for discoidin domain receptor expressing axons. Additional studies 

will be required to determine whether COL-99 is cleaved from the cell surface and 

localizes to the basement membrane underneath axon tracts. Co-immuno precipitation 

assays could be used to confirm a physical interaction between COL-99 and NID-1 or 

the discoidin domain receptors. 
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Taken together, this thesis represents the first study of invertebrate discoidin domain 

receptors and provides new insights into discoidin domain receptor function during 

nervous system development. Since discoidin domain receptors are conserved in 

vertebrates where they are also expressed in the nervous system, it is conceivable, that 

the vertebrate homologs DDR1 and DDR2 might similarly be implicated in axonal 

guidance. Several transmembrane collagens have been identified in vertebrates and in 

C. elegans and we were unable to clarify homology relationships between COL-99 and 

one of the vertebrate transmembrane collagens using sequence comparisons. However, 

based on size and structural similarity COL-99 is most similar to the vertebrate 

transmembrane collagens type XIII and type XXV, which both are expressed strongly in 

the nervous system. Both proteins are cleaved by furin and it is enticing to speculate that 

their shed ectodomains could interact with discoidin domain receptor expressing axons 

in a similar fashion as proposed for COL-99 in this study. Transmembrane collagens and 

discoindin domain receptors might constitute an evolutionary conserved guidance 

system. This thesis can represent the starting point for future studies in vertebrates 

focussing on transmembrane collagens and their receptors, which might uncover 

conserved roles during nervous system development. 
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Appendix A: Rescue Experiments 

 
Figure A1. Rescue of PVQ axon navigation defects in col-99(rh311) mutants 

with various fosmid pools 

Columns reflect percentages of animals with PVQ navigation defects ± margin of error. Each 
column represents one independent strain; numbers in square brackets indicate the fosmids used 
in the corresponding injected fosmid pool. The dashed line indicates the defects in the col-
99(rh311) mutant. For each transgenic strain n=36-184 animals were analyzed; for wild type and 
col-99(rh311) mutant n≥100 animals were analyzed. The χ2 test was used to determine whether 
the transgenic strain is significantly different from the col-99(rh311) mutant (*: P<0.05, **: P<0.01; 
ns: not significant). Fluorescent marker used: sra-6::DsRed2. Fosmids used for injection: 1: 
WRM0625bD03, 2: WRM0615aH05, 3: WRM0611cC03, 4: WRM0624bB09, 5: WRM0616cA10, 
6: WRM0626aH07, 7: WRM0637dH05, 8: WRM0624aA11, 9: WRM0637dE08, 10: 
WRM0637dE12, 11: WRM063dH05, 12: WRM0635cH12, 13: WRM067aB05. 
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Figure A2. Rescue of PVQ axon navigation defects in col-99(rh311) mutants 

with fosmid WRM0624bB09 

Columns reflect percentages of animals with PVQ navigation defects ± margin of error. Each 
column represents one independent strain. The dashed line indicates the defects in the col-
99(rh311) mutant. For each transgenic strain n=24-120 animals were analyzed; for wild type and 
col-99(rh311) mutant n≥100 animals were analyzed; The χ2 test was used to determine whether 
the transgenic strain is significantly different from the col-99(rh311) mutant (*: P<0.05, **: P<0.01; 
ns: not significant). Fluorescent marker used: sra-6::DsRed2. 
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Figure A3. Rescue of PVQ axon navigation defects in col-99(rh311) mutants 
with fosmid WRM0611cC03 

Columns reflect percentages of animals with PVQ navigation defects ± margin of error. Each 
column represents one independent strain. The dashed line indicates the defects in the col-
99(rh311) mutant. For each transgenic strain n=40-208 animals were analyzed; for wild type and 
col-99(rh311) mutant n≥100 animals were analyzed; The χ2 test was used to determine whether 
the transgenic strain is significantly different from the col-99(rh311) mutant (*: P<0.05, **: P<0.01; 
ns: not significant). Fluorescent marker used: sra-6::DsRed2. 
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Figure A4. Rescue of PVQ axon navigation defects in col-99 alleles rh311 and 

ok1204 mutants with PCR fragment of genomic col-99 region 

Columns reflect percentages of animals with PVQ navigation defects ± margin of error. Each 
column represents one independent strain. The dashed line indicates the defects in the 
respective col-99 mutant. For each transgenic strain n=40-106 animals were analyzed; for wild 
type and each col-99 mutant n≥100 animals were analyzed. The χ2 test was used to determine 
whether the transgenic strain is significantly different from the corresponding col-99 mutant (*: 
P<0.05, **: P<0.01; ns: not significant). Fluorescent marker used: sra-6::DsRed2. 
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Figure A5. Rescue of PVQ axon navigation defects in epi-1(hd124) mutants with 

fosmid WRM0622cC03 

Columns reflect percentages of animals with PVQ navigation defects ± margin of error. Each 
column represents one independent strain. The dashed line indicates the defects in the epi-
1(hd124) mutant. For each transgenic strain n=40-208 animals were analyzed; for wild type and 
epi-1(hd124) mutant n≥100 animals were analyzed. The χ2 test was used to determine whether 
the transgenic strain is significantly different from the col-99(rh311) mutant (*: P<0.05, **: P<0.01; 
ns: not significant). Fluorescent marker used: sra-6::DsRed2. 
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Figure A6. Rescue of axonal navigation defects in the ventral nerve cord of epi-

1(rh313) mutants with fosmid WRM0622cC03 

Columns reflect percentages of animals with axonal navigation defects in corresponding neuron ± 
margin of error. (+): animals of injected strain expressing the transgene; (-): animals of injected 
strain expressing no transgene. n=100 animals were analyzed for each data point. The χ2 test 
was used to determine whether animals carrying the transgene are significantly different from 
animals that do not express the transgene (*: P<0.05, **: P<0.01; ns: not significant). Fluorescent 
marker used: odr-2::CFP (AVG, PVPR/L); sra-6::DsRed2 (PVQR/L); glr-1::GFP (command 
interneurons (CIN)). Co-injection marker used for transgene identification: unc-122::GFP 
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Appendix B: Complementation Test 

 
Figure B1. Complementation test between alleles rh313 and hd124 

Columns reflect percentages of animals with PVQ navigation defects ± margin of error. n≥ 60 
animals were analyzed for each data point. The χ2 test was used to determine whether defects of 
F1 progeny resulting from crossings of rh311 with hd124 are significantly different from the more 
penetrant heterozygous allele (*: P<0.05, **: P<0.01; ns: not significant). Fluorescent marker 
used: sra-6::DsRed2. 
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Appendix C: Sequence Alignments 

 
Figure C1. Multiple alignment of juxtamembrane sequences of COL-99 and 

human transmembrane collagens type XIII, XXIII and XXV  

ClustalW2 alignment of 21 amino acid residues adjacent to the transmembrane domain of C. 
elegans COL-99 (4th row), with the corresponding residues of human type XIII collagen (1st row), 
human type XXIII collagen (2nd row) and human type XXV collagen (3rd row). Asterisks indicates 
conserved residues; colons indicate residues with similar properties. 


