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Chapter 1 - Introduction

The human brain is a marvel of organization. Over 10 billion neurons make
hundreds of interconnections each to produce an organ that has unmatched cognitive
ability. The brain is what makes humans capable of producing symphonies,
understanding quantum physics or catching a high fly ball over the shoulder (although
these distinct talents are rarely found together in a single brain). The most remarkable
thing is not that the brain exists at all, but rather that it, along with rest of the body,
develops from a single fertilized egg. This single cell carries within it all the instructions
necessary for the trillions of synaptic connections found in the adult nervous system to
organize themselves as the organism develops. One of the most ambitious goals of
modern biological science is to understand the processes that permit this self
organization.

Due to the complexity of this problem and the huge number of genes involved,
research necessarily focuses on a small number of critical genes and their mechanisms of
action. This thesis describes my work in determining the molecular and cellular
mechanisms by which UNC-119 affects axon elongation and guidance in the nematode
Caenorhabditis elegans.

1.1 C. elegans as a model for mammalian nervous system development

The complexity of the mammalian brain is so daunting that we must employ
simpler models to help us gain an understanding of molecular and cellular processes that
are basic to all neural development. C. elegans is an excellent model for this purpose.
Exactly 302 of the 959 somatic cells of the adult hermaphrodite worm are neurons. The

lineage of all cells in the worm 1s known and is repeated in a completely stereotypical
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manner from individual to individual. The location of all neural cell bodies, their axonal
and dendritic projections and their synaptic connections are also highly stereotypical and
have been mapped by serial electron-microscopy (White et al., 1986).

Neural cell bodies are found mainly in anterior and posterior ganglia and along
the ventral midline (Figure 1.1). They send out axons and dendrites (collectively known
as neurites) that fasciculate to form major nerve bundles such as the Ventral or Dorsal
Nerve Cords (VNC or DNC, respectively). The major bundle, or neuropile, surrounds
the pharynx between the anterior and posterior bulbs and is known as the Nerve Ring; the
largest ganglion is found immediately adjacent to this structure. Motor neurons that
innervate dorsal muscles are found along the VNC and they extend unbranched
commissural axons circumferentially to the dorsal midline where they fasciculate to form
the smaller DNC. Unlike vertebrates, axons of C. elegans motor neurons do not extend
from the VNC or DNC to the muscles they innervate. Rather, body wall muscles extend
neurite-like projections called muscle arms to their pre-synaptic targets in the VNC or
DNC. Although morphologically similar to neurites, little is known about the
composition or behaviour of muscle arms.

1.2 Advantages and disadvantages of C. elegans as a model system

In addition to a simpler nervous system, the worm has other advantages compared
to mammalian model systems, such as the mouse. C. elegans is small and transparent,
allowing easy observation of nervous system structures, especially with the assistance of
Green Fluorescent Protein (GFP) reporter constructs. Worms are amenable to genetic
manipulation allowing for the discovery of new genes involved in developmental

processes. C. elegans is particularly useful for studying genes which cause paralysis
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when mutated because the hermaphroditic worm does not need to move to find a mate or
to reproduce. C. elegans was the first metazoan to have its genome completely
sequenced and a vast array of genetic tools have been developed, including chromosomal
deletions, duplications, and tissue-specific GFP reporters. Transgenic animals are readily
constructed, allowing for easy experimental manipulation of molecular mechanisms and
in vivo testing of molecular hypotheses.

However, the worm is not without its challenges for studying cellular and
molecular mechanisms in nervous system development. Its neurons and especially their
processes are very tiny by comparison to the large structures studied in other organisms
(e.g. the giant axons of the snail, Helisoma). This makes it difficult to study sub-cellular
localization of proteins using light microscopy. Primary culture systems have only been
possible in the last few years and require the dissolution of embryos, after which
individual cells cease dividing and may adopt the correct post embryonic fate
(Christensen et al., 2002).

Although powerful transgenic techniques are available, the lack of an efficient
method for producing integrated single-copy, transgenes by homologous recombination
means that GFP reporters are often expressed at higher levels than the endogenous
cognate. While this may increase the GFP signal strength, it increases the difficulty in
determining whether the sub-cellular expression pattern and subsequent phenotype
precisely reflects the distribution and expression of the endogenous gene. For example, if
a protein is normally found in stoichiometric balance with an interacting partner, over
expression of that protein (as may be found with transgenic extra-chromosomal arrays)

may change the normal localization or function of the molecule.
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Protein biochemistry in vivo in the worm is more challenging than in some other
systems. Immunohistochemistry for visible light detection is difficult due to the
extensive chemical cross-linking of cuticular collagens in the worm hypodermis, which
results in low permeability to antibodies. Extracting protein for use in Western blotting
or co-immunoprecipitation is also somewhat difficult for the same reason though raising
gram quantities of worms in liquid media is routine.

In partnership with other model systems, however, C. elegans provides a powerful
tool for new gene discovery and for in vivo assays by genetic manipulation. In work
toward this thesis, I have combined the power of other systems, such as yeast and insect
cells, with studies in the worm to help understand the role of UNC-119 in axonogenesis.
1.3 unc-119 mutants have neural defects

The first unc-119 mutant allele was isolated fortuitously by Dave Pilgrim.
Further alleles were isolated and characterized and the gene cloned by Morris Maduro
(Maduro and Pilgrim, 1995). Adults mutant for null alleles in unc-119 are almost
completely paralyzed (Figure 1.2) but muscle ultrastructure is normal. Further, mutant
worms hyper contract when exposed to an acetylcholine agonist, levamisole, suggesting
that paralysis is the result of a neural, rather than muscular, defect. Worms mutant for
unc-119 exhibit amphid dye-filling defects, constitutive feeding and an inability to form
dauer larvae, suggesting a defect in structure or function of chemosensory neurons. The
dauer larva is an alternative developmental state that worms can enter following the first
larval stage (L1) upon sensing local overcrowding and lack of food (Riddle, 1988).
Dauer larvae form a plug over their mouth and anus as well as a thickened cuticle and

become resistant to environmental insults. Both entry into and exit from the dauer state
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require sensing signals provided by the external environment.

An UNC-119::GFP reporter transgene is expressed‘ throughout the nervous
system in adults and in presumptive neuroblasts begiﬁning at about the 80-cell stage of
embryogenesis (Maduro, 1998). Using this reporter, a variety of neural structural defects
are readily observed in adult mutants including defasciculation of the VNC, commissural
guidance defects and supernumerary branches (Maduro, 1998). unc-119 mutants exhibit
normal growth cone morphology in DD and VD commissures with a reduced rate of
migration (Knobel et al., 1999; Knobel et al., 2001). However, following initial
elongation, these axons subsequently fail to stabilize and retract from the DNC, then
subsequently generate supernumerary branches. These branches can be suppressed by
the cell autonomous expression of UNC-119 in affected neurons; other neurons without
wild-type UNC-119 are not rescued. AIY head interneurons also have shortened axons
with supernumerary branches in unc-119 mutants (Altun-Gultekin et al., 2001).

Several mechanisms have been proposed to explain the post-differentiation
generation of supernumerary axon branches in unc-119 mutants (Knobel et al., 2001).
For example, functional synapses may fail to form in mutant animals leading to the
activity-dependent formation of extra branches as seen in #tx-2 and #tx-4 mutants (Coburn
et al,, 1998). Alternatively, unc-119 mutants may fail to correctly process target-
dependent differentiation signals, fail to properly stabilize microtubule arrays in axons, or
fail to maintain the neuronal polarity that differentiates axons from dendrites. A
comparison of axon branching between unc-119 mutants and strains without functional
synapses, such as wnc-13 (Richmond et al., 1999) or unc-104 (Antebi et al., 1997)

suggests that the additional branches do not likely result from defects in neural activity.
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Rather, guidance, stability or polarity defects are likely to be more important in
determination of the mutant phenotype.
1.4 Analysis of the UNC-119 protein

UNC-119 was the first member of this protein family to be discovered (Maduro
and Pilgrim, 1995) but many other homologues have been found since in diverse species
such as the fly, zebrafish, mouse, cow and in humans (Higashide et al., 1998, Maduro et
al., 2000). An amino acid alignment of some representative homologues is shown in
Figure 1.3. In addition to structural conservation these genes are functionally
homologous; both Drosophila and human Uncl19 are capable of rescuing the mutant
worm when provided as transgenes behind the worm promoter (Maduro et al., 2000).

No domains (regions of 60 amino acids or more having sequence similarity to
functional regions in other proteins) have been identified from this primary sequence
though several motifs (shorter amino acid sequences of 6 to 12 residues with known
function) have been proposed. Computer analysis of the human homolog, HsUnc119,
identified putative SH3 and SH2 binding motifs along with conserved tyrosine
phosphorylation signals (Figure 1.4) (Cen et al., 2003). In human eosinophils, following
HsUncl119 activétion by the cytoplasmic domain of the interleukin 5 receptor alpha sub
chain (IL5Ra), these motifs activate both Lyn and Hck Src-type non-receptor tyrosine
kinases. Similarly, HsUnc119 activation of the Src kinases Fyn and Lck is essential for T-
cell activation (Gorska et al., 2004).

Members of the Src family play crucial roles in cytoskeleton dynamics (Frame et
al., 2002). Src contains internal low-affinity SH3 and SH2 binding motifs that interact

with its SH3 and SH2 domains, respectively (Figure 1.5). Displacement of these motifs
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by higher-affinity motifs from an interacting protein leads to a conformational change.
This permits an essential tyrosine in the kinase domain to become phosphorylated and
thus Src becomes activated. Inactive Src allows actin stress fibers to form resulting in

~surface adhesion while activating Src signaling leads to a loss of both stress fibers and
adherence. Src kinase activity is required for strengthening the F-actin linkage to NCAM
during growth cone steering in Aplysia (Suter and Forscher, 2001) highlighting its role in
axon elongation and guidance.

A weakly-similar C. elegans paralog, PDL-1 (phosphodiesterase delta like)
having 26% amino acid identity and 51% similarity over a 92 residue domain, has been
identified but no nervous system structural defects have yet been found in a pdl-I
deletion mutant (Maduro, 1998; Smith, 2003). The closest human homolog to PDL-1 is
the delta subunit of rod phosphodiesterase (PDEJ). Directed two-hybrid assays with
human PDESJ indicated an interaction with the constitutively activated forms of ARLI,
ARL2 and ARL3 (Van Valkenburgh et al.,, 2001). HsUncl19 is somewhat more
promiscuous, interacting with both active and inactive forms of ARLI-3. An
independent yeast two-hybrid screen of a human retinal cDNA library with HsUnc119
also detected this interaction with ARL2 and subsequent co-immunoprecipitation and
immunofluorescence studies of rat retinas demonstrated in vitro and in vivo interactions
between the rat homologs of UNC-119 and ARL2 (Kobayashi et al., 2003).

The function of Arl (ADP ribosylation factor-like) proteins is not well understood.
They have been implicated in regulation of the golgi apparatus (Lu et al., 2001), tubulin
stabilization (Bhamidipati, Lewis and Cowan, 2000), male fertility (Schurmann et al.,

2002), and hypodermal enclosure of the worm embryo (Antoshechkin and Han, 2002).
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EVL-20 is the nematode homolog most similar to Arl2. Mutants in ev/-20 have defects in
vulva and gonad formation as well as in hypodermal enclosure and elongation
(Anotshechkin and Han, 200). ev/-20 mutant worms have been rescued by transgenic
expression of human Arl2, suggesting that evl-20 and Arl2 are functionally conserved.
Based on the co-crystallization structure of PDES and Arl2 it has been suggested that
HsUnc119 may also be an effector of retinal Arl2 which solubilizes membrane-bound
prenylated proteins (Kobayashi et al., 2003 and Hanzal-Bayer et al., 2002).
1.5 Homeologs of UNC-119 in other organisms

Mammalian homologs (HsUnc119/HRG4 in humans) of UNC-119 have been
reported (Higashide et al., 1996; Swanson et al., 1998). These are enriched in retinal
rods and cones (Higashide et al., 1996; Higashide et al., 1998) but expression can also be
detected in adrenal glands, cerebellum, cultured fibroblasts and kidney (Swanson et al.,
1998). A patient with late-onset cone-rod dystrophy has been shown to be heterozygous
for a premature stop codon in HsUnc119 and a heterozygous transgenic mouse with the
identical respective mutation also showed age-dependent retinal degeneration (Kobayashi
et al., 2000). HsUnc119 ¢cDNA homologs can be found in EST libraries derived from
human fetal brain, a human neuronal cell line and mouse embryo. The Drosophila
homolog (DmUNC-119) is expressed throughout the embryonic nervous system and both
the human and Drosophila homologs are functional in C. elegans (Maduro et al., 2000).
Several zebrafish homologs have been reported, one of which is expressed in neural
tissue (A. Manning et al., submitted). This expression begins as early as 4 hours post-
fertilization and lasts into adulthood. Reducing the level of expression of the neural

homolog disrupts embryonic neural organization.
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1.6 Axonogenesis

Mutations in unc-119 lead to a wide variety of neuronal defects including a
reduced rate of axon elongation, defasciculation of nerve cords, pathfinding defects and
maintenance defects leading to supernumerary branches (Maduro, 1998; Knobel et al.,
2001). Understanding how UNC-119 might affect so many different processes in the
development of the C. elegans nervous system requires placing it into the context of
known cellular and molecular mechanisms. While nematode neurons may be structurally
simpler than those of vertebrates (White et al., 1986), the underlying processes that drive
axonogenesis are likely conserved. Below, I outline some of these processes with an
emphasis on the underlying cell biology and molecular mechanisms.

Neurons are polarized cells with specialized cellular protrusions known as
neurites. In many organisms a single neuron initially sprouts a large number of neurites
but one neurite soon develops a predominant morphology, generally becoming longer
than the others. This special neurite becomes the axon while the remaining processes
develop as dendrites. Most neurons in C. elegans are either unipolar or bipolar (one or
two processes, respectively) and axons in the worm are typically simple, unbranched
extensions (Figure 1.6) (White et al., 1986). While bipolar neurons such as the DA and
DB class of motorneurons may separate dendritic (post-synaptic) inputs and axonal (pre-
synaptic) outputs onto their two different processes, unipolar neurons such as the AVA,
AVB, AVD and AVE interneurons have post- and pre-synaptic regions along their single
process. Thus the distinction between axon and dendrite is not always clear in the C.

elegans nervous system.
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1.6.1 The growth cone

Growth cones are specialized structures at the distal ends of axons which drive
elongation in a precisely-guided manner to specific targets. Growth cones are highly-
organized structures rich in actin and microtubules (Dent and Gertler, 2003; Zhou and
Cohan, 2003; Gordon-Weeks, 2004). They can be subdivided into central, transitional
and peripheral domains (Figure 1.7). The central domain consists primarily of stable
microtubules with a small amount of filamentous actin while the peripheral domain
contains large amounts of actin and few microtubules. The transitional domain contains
both stable and dynamic microtubules as well as an actin mesh. This actin mesh extends
into the periphery where it forms lamellipodia which are flattened, veil-like extensions of
the cell. In addition, individual actin fibers form bundles that originate in the transitional
zone and penetrate through the peripheral zone to form cylindrical extensions, called
filopodia, that may project several tens of microns past the periphery of the growth cone.

Growth cones are highly dynamic structures, extending and retracting filopodia
and lamellipodia into their surrounding environment in response to attractive and
repulsive cues. Such a dynamic structure requires continuous regulated polymerization
and depolymerization of both actin and tubulin. Polymerization of both these
components occurs rapidly at fiber plus ends in the periphery of the growth cone and
more slowly at the minus ends near the center. Depolymerization also occurs at both the
plus and minus ends at different rates resulting in net growth or shrinkage of the fibers.
Constitutive actin turnover is dependent on myosin driven contraction of actin fibers
(Gallo et al., 2002; Brown and Bridgman, 2003). Actin fibers in the lamellipodial actin

mesh are thought to be linked orthogonally by myosin II (Figure 1.8). Contraction of this

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



actomyosin network pulls the peripheral regions towards the center. Actin bundles in
filopodia are crosslinked by accessory proteins and linked to the actin mesh by myosin.
Likewise, actomyosin contraction of this network pulls the filopodial actin bundle in
toward the center where both it and the mesh are depolymerized. This movement of
polymerized actin from the periphery to the center, where it is depolymerized, is known
as retrograde flow. Actin monomers can then be recycled to the periphery and take place
in further polymerization, resulting in dynamic actin flow.

Microtubules may penetrate from the central domain through the actin mesh into
the peripheral region and even into filopodia, following actin bundles. Microtubules that
extend along actin bundles may be linked to fibrillar actin by protein complexes that
could include plakins (Leung et al., 2002), the tumor-suppressor adenomatous polyposis
protein (APC) or formin-homology proteins such as mDia (Zhou and Cohan, 2003).
Actin retrograde flow causes attached microtubules to be pulled back towards the center
by actomyosin contraction; unattached microtubules are also swept back by the actin flow
and prevented from crossing the periphery (Figure 1.7). Under this buckling stress,
microtubules may actually break, generating new plus and minus ends where
polymerization and depolymerization may be initiated (Gordon-Weeks, 2004).

Actin fibers in the filopodial actin bundle may be linked to the extracellular
matrix by transmembrane integrins (Figure 1.9) in which case actomyosin contraction
causes the bundle to move distally relative to the central domain, exerting a forward force
on the filopodia. This force is required for axon elongation. As actin bundles push
against the interior of the plasma membrane extra lipid is added to the membrane at the

growth cone (Dai and Sheetz, 1995). This membrane is delivered in the form of small
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vesicles produced by the golgi and transported along axon microtubules to the growth
cone. An octameric protein complex known as the exocyst complex (or the Sec6/8
complex in mammals) targets these vesicles to the growth cone where they fuse to the
plasma membrane through typical SNARE-mediated exocytosis (Hazuka et al., 1999;
Vega and Shu, 2001). Besides adding membrane to the growth cone, this exocytosis
releases vesicular contents, including neurotransmitters into the extra-cellular
environment (Young and Poo, 1983; Taylor et al., 1990).

In addition, as filopodia collapse and retract, excess plasma membrane is taken
back into the cell by endocytosis at the growth cone (Dai and Sheez, 1995b; Deifenbach
et al., 1999; Fournier et al., 2000). Vesicles produced by endocytosis may bring activated
ligand-receptor complexes into the cytoplasm for retrograde transport to the cell body
where they fulfill their signaling role (Howe et al., 2001). Endocytosis is required for
neurite outgrowth; RNA interference of dynamin (a component that is critical for
endocytosis) inhibits neuritogenesis in cultured rat hippocampal neurons (Torre et al.,
1994). This requirement may be due to transcytosis (endocytosis followed by
translocation within the growth cone followed by exocytosis) of the L1 CAM (cell
adhesion molecule) from the central domain to the periphery of the growth cone
(Kamiguchi and Yoshihira, 2001). Coupled endocytosis and exocytosis may be used by
the cell to rapidly change receptor and adhesive properties of specific growth cone
plasma membrane domains (Sabo and McAllister, 2003).

1.6.2 Elongation, collapse and turning
The dynamic nature of the growth cone can lead to three distinct behaviours of the

entire neurite that are dependent on microtubule stabilization. The neurite can elongate,
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it can collapse and stop or it can change direction. Microtubules elongate by relatively
slow, steady addition of a3 dimers at both the plus and minus ends of the fiber and
contract by occasional catastrophic collapse and depolymerization, most rapidly at the
plus end. This switching between growth and collapse is known as dynamic instability
and is thought to be regulated by a GTP-bound  subunit cap at the plus end. Dynamic
instability of microtubules is required for axon elongation and growth cone turning as it
allows the microtubules to probe the ever-changing actin filament network. Treating
growth cones with agents that either destabilize (e.g. nocodazole) or hyper-stabilize (e.g.
taxol) microtubules makes growth cones resistant to turning in response to signaling cues
(Jordan and Wilson, 1998).

Net elongation of the neurite requires stabilization of microtubules in the same
direction as the current shaft. This seems to occur in a multi-step process. Following
protrusion of a filopodium, microtubules and organelles from the central domain advance
into the peripheral domain in the region of the protrusion. This is referred to as
engorgement and is followed by consolidation, the collapse of the growth cone around
the base of the central domain, forming new axon shaft.

Although this process is not well understood, it may involve microtubule
associated proteins (MAPs) such as MAP2c¢ or tau which have been shown to decorate
the length of individual microtubules in vitro (Al-Bassam et al., 2002). Microtubules in
the neurite shaft are more stable than microtubules in the more distal growth cone,
possibly because they are bundled in the shaft by these cross-linking proteins but
defasciculated in the growth cone (Gordon-Weeks, 2004). In addition a complex of

proteins known as the plus-end complex, which binds and stabilizes the dynamic
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microtubule plus end, are important. The vertebrate EB1 MAP has been shown to bind
clongating plus ends and to recruit the adenomatous polyposis coli (APC) microtubule
stabilizing protein as well. Another pair of proteins known as CLIP-170 and CLASP
may stabilize the microtubule plus end by causing it to associate with the actin cortex
(reviewed in Gordon-Weeks, 2004).

Growth cone collapse is the process whereby a growth cone loses its filopodia and
lamellipodia and discontinues elongation. The loss of filopodia, in particular, does not
permit microtubules to probe the peripheral region of the growth cone and so elongation
is abruptly halted. Growth cone turning is the result of localized collapse at one side of
the growth cone and associated stabilization at a different side and is dependent on both
filopodial actin bundles and microtubule dynamic instability. Drug-induced focal loss of
actin bundles causes growth cones to turn away from the source of the disruptive drug
(Zhou et al., 2002). Inducing microtubule instability in only a part of the growth cone‘ by
focal application of nocodazole also induces growth cone turning away from the drug
whereas focal application of the microtubule-stabilizing drug taxol induces growth cones
to turn towards the drug (Buck and Zheng, 2002).

1.6.3 Axon branching

Axons can form branches in two ways. Growth cones may split, forming two
elongating neurites, or collateral branches may sprout from the sides of the axon shaft
behind the growth cone. Drug-induced focal loss of actin bundles near the middle of the
growth cone is thought to recapitulate the normal splitting process and results in two
separate growth cones at the distal end of two elongating neurites (Zhou et al., 2002).

However, many branches do not arise directly from the growth cone but rather they
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extend from an interstitial region of the axon shaft (Kalil et al., 2000). Repeated cycles
of growth cone collapse, retraction and elongation (collectively called growth cone
pausing) have been observed in dissociated cortical neurons using time-lapse microscopy
(Kalil et al., 2000). This growth cone pausing results in a region of the axon shaft which
has a large lamellar expansion and seems to determine future regions of the axon shaft
from which collateral branches will arise. The microtubules in this region are often
organized in large loops and the lamellar zone exhibits actin dynamics similar to the
growth cone (Dent and Kalil, 2001). A single actin-based filopodium arises and the
microtubule loop structure frays, producing new plus ends that elongate and invade the
filopodium. This structure subsequently stabilizes and a new growth cone emerges at the
tip of the new branch. Branching in worm axons is less well understood, though it is
intriguing to note that commissural growth cones similarly pause at obstructions to
elongation (Knobel et al., 1999) and supernumerary branches in unc-119 mutants seem to
arise from these pausing regions (Knobel et al., 2001).
1.7 Molecular mechanisms of axonogenesis

Understanding the regulation of growth cone dynamics (and, thus, of
axonogenesis) requires a knowledge of underlying molecular mechanisms. Over the last
decade many of the major molecular players have been identified and their interactions
elucidated. In this section I will describe some of these molecules and the ways in which
they interact to regulate axonogenesis.
1.7.1 Actin polymerization cycle

Globular actin (G-actin) monomers circulate freely in the cytoplasm where they

may bind either ADP or ATP (dos Remedios et al., 2003). The ABP (actin binding
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protein) profilin is concentrated in the peripheral region of the growth cone where it
stoichiometrically binds to actin molecules and mediates the exchange by actin of ADP
for ATP (Suetsugu et al., 1998). Actin-ATP (or, preferably, profilin-bound actin-ATP) is
capable of spontaneous self-assembly to form filamentous actin (F-actin) polymers
known as actin fibers or filaments (Figure 1.10). ATP hydrolysis provides the energy
required for this polymerization process which occurs primarily at what is known as the
barbed or plus end of the elongating filament. Members of the formin family of ABPs
likely nucleate actin fibers in vivo and “walk” with the barbed end as it elongates
(Zigmond, 2004). Capping proteins, such as CapZ, bind to the plus end and limit
elongation of F-actin while members of the ena/VASP (enabled/vasodilator—stimulated
phosphoprotein) family of ABPs compete with CapZ and promote F-actin elongation in
combination with formins.

Actin “treadmilling” (the process whereby actin filaments seem to move in an
anterograde fashion without changing length) is characterized by spontaneous association
of G-actin-ATP monomers into an elongating F-actin polymer at the plus end and
associated depolymerization of F-actin-ADP driven by ADF(Actin Depolymerization
Factor)/cofilin at the minus end. The non-receptor tyrosine kinase Abl (Abelson)
promotes actin polymerization possibly by activating ena/VASP or RhoGAP or directly
through its F-actin bundling activity (Moresco and Koleske, 2003). The RPTP (Receptor
Phosphotyrosine Phosphatase) LAR antagonizes Abl phosphorylation of ena/VASP.
Members of the Rho family of small GTPases (including Rho, Rac and Cdc42) control
the depolymerization activity of ADF/cofilin by activating LIMK (LIM kinase).

Regulating the relative rates of polymerization and depolymerization determines the net
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length of the actin filament but also affects actin dynamics, which may have an overall
stronger influence on the growth cone. For example, overactive LIMK reduces cofilin-
dependent depolymerization but, seemingly paradoxically, suppresses growth cone
extension. On the other hand activating cofilin-dependent depolymerization through the
cofilin phosphatase, Slingshot, activates growth cones (Endo et al., 2003). These effects
are likely due to changes in the rate of actin turnover which affect the available pool of
monomeric actin.

Actin filaments are organized into larger structures, bundles in filopodia and
meshes in lamellipodia. Actin bundles in growth cones typically consist of 15 to 20
individual actin fibers cross-linked so that they are parallel to each other (Ishikawa et al.,
2003). A number of proteins have been implicated in cross-linking these individual F-
actin filaments including espin (Loomis et al., 2003) and fimbrin (Volkmann et al., 2001)
in microvilli and fascin in growth cones (Cohan et al., 2001). Fascin colocalizes with
actin bundles in Helisoma growth cones, especially with bundles in new growth cones
formed following axon severing, suggesting that it is an integral component of bundle
formation (Cohan et al., 2001). Purified fascin cross-links actin in vitro with an inter-
fiber spacing comparable to the spacing found in in vivo bundles and actin/fascin bundles
slide as fast on myosin II as individual actin fibers, suggesting fascin is not inhibitory to
retrograde flow (Ishikawa et al., 2003).

The actin mesh in lamellipodia consists of shorter individual actin fibers with
many branches at an angle of about 70° to each other. The heptameric Arp2/3 complex
nucleates new actin filaments off the side of existing filaments through a synergistic

action with capping protein and profilin (Meyer and Feldman, 2002). N-WASP (neural
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Wiscott-Aldrich syndrome protein) binds directly to Arp2/3 resulting in an increase in
Arp2/3 nucleation activity. N-WASP contains binding sites for the small GTPase Rho
family member Cdc42 and for phosphatidylinositol-4,5-diphosphate (PIP;) which,
together, regulate N-WASP activation of Arp2/3. Hydrolysis of actin-ATP to actin-ADP
at the branch initiation site leads to pruning and disassembly of the branch.

Homologues of most of the molecules involved in actin polymerization/
depolymerization have been characterized in C. elegans. Three putative profilin
homologues have been identified and RNAi knockdown against one of them (PFN-1)
results in embryonic lethality due to early cytokinesis failure (Severson et al., 2002); the
other two have no RNAIi phenotype. (RNAi does not always work efficiently in the worm
nervous system.) PFN-1 binds to the worm formin homolog, CYK-1 and RNAI
knockdown of CYK-1 gives a phenotype similar to RNAi knockdown of PFN-I.
Disruption of any of the worm homologues of the Arp2/3 complex (ARX-1, 2, 4, 5, 6,7)
or N-WASP (WSP-1), by contrast, causes gastrulation, elongation and epidermal
enclosure defects though cell division occurs normally (Sawa et al., 2003). Mutants of
the worm ena/VASP homolog, UNC-34, have also been isolated and shown to have a
variety of axon guidance defects. unc-34 mutants also suppress excessive axon elongation
resulting from stimulation by ectopic axon guidance factors (Gitai et al., 2003). Two
isoforms of the actin depolymerizing protein, ADF/cofilin have been identified in the
worm (UNC-60A, UNC60-B). Null mutations in UNC-60B have disorganized muscle
actin filaments while RNAi of UNC-60A causes a failure in cytokinesis early in
embryogenesis, highlighting the critical role of actin turnover in many processes (Ono et

al., 2003). The functions of worm homologues of ROCK and PAK have also been
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investigated. ROCK (LET-502) is believed to play a role in embryo elongation
(Wissmann et al., 1997) while PAK (PAK-1) localization suggests a role in hypodermal
enclosure (Chen et al., 1996).

1.7.2 Rho family members (small GTPases)

It is clear from Figure 1.10 and the above discussion that members of the Rho
family of  small GTPases are involved in regulating actin
polymerization/depolymerization at several key points in the process. Rho family
members involved in cytoskeletal reorganization include Rho, Rac and Cdc42 (Kaibuchi
et al, 1999). The Rho family is part of the Ras GTPase superfamily and Rhos are
similarly activated when bound to GTP and inactivated when that GTP is hydrolyzed to
GDP. Rho proteins cycle between GTP-bound active and GDP-bound inactive states
under the control of other proteins (Figure 1.11). RhoGEFs (Rho Guanyl Exchange
Factors also sometimes called RhoGRPs or Rho Guanylyl Releasing Proteins) replace
GDP with GTP to activate Rho while RhoGAPs (Rho GTPase Activation Proteins)
inactivate Rho by inducing the hydrolysis of GTP to GDP. Inactive Rho-GDP may be
sustained in that state by binding to RhoGDI (Rho Guanyl Dissociation Inhibitor) until
RhoGDF (Rho Guanyl Dissociation Factor) displaces RhoGDI exposing the GDP to
substitution for GTP by RhoGEF. Upstream signaling cascades regulate Rho family
member activity by phosphorylating (activating) or dephosphorylating (deactivating)
these regulatory proteins, RhoGEF, RhoGAP, RhoGDI and RhoGDF.

The specific roles of Rho, Rac and Cdc42 in actin cytoskeletal remodelling have
been elucidated by microinjection of these proteins into cultured fibroblasts or by

expression of constitutively-active or dominant-negative forms of the protein in cultured
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neurons (reviewed in Meyer and Feldman, 2002). Activated Rho results in the formation
of actin stress fibers and focal adhesions. Rac activation leads to the formation of
lamellipodia. Cdc42 activation results in the formation of filopodia. Although the
complete mechanisms for the formation of fillopodia, lamellipodia and focal adhesions
have not yet been elucidated much is known about some of the sub-components (Figure
1.10).

Cdc42 binds N-WASP and together with PIP; activates the Arp2/3 complex to
promote the formation of actin fiber branches. In addition both Cdc42 and Rac can
activate the p21-associated serine/threonine kinase, PAK, which, in turn, phosphorylates
and activates LIMK. Activated LIMK phosphorylates ADF/cofilin resulting in an
inactive form of this protein which is unable to depolymerize actin fibers at the pointed
(minus) end. Similarly, Rho also inactivates ADF/cofilin depolymerization of the actin
filament by phosphorylating LIMK via the Rho-associated kinase, ROCK. Thus
activated forms of all three Rho family members suppress actin depolymerization through
LIMK. This may result in growth cone extension by shifting actin dynamics towards
increased polymerization or it may lead to stalling or collapse by inhibiting actin
turnover. Unfortunately, it is not yet clear how generally deactivating actin fiber
depolymerization results in increased filopodial or lamellipodial extension when Cdc42
or Rac is activated but results in decreased motility when Rho is activated.

As noted previously, activated Cdc42 has other effects on actin polymerization
via N-WASP and it is likely that Rho and Rac, similarly, have other partners that mediate
their specific effects. For example, in addition to causing the formation of actin stress-

fibers, activated Rho induces growth cone collapse. Rho-GTP activates ROCK which
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phosphorylates and inactivates MLCP (myosin light chain phosphatase) leading to an
increase in active myosin II (Kimura et al., 1996). This stimulates actomyosin activity in
both filopodia and lamellipodia leading to an increase in retrograde flow and a retraction
of these protrusions. In addition, it is likely that Rho, Rac and Cdc42 cross-regulate each
other’s activity to some extent, though the precise mechanisms are unknown.

1.8 Axon guidance

In order for axons to reach their eventual targets elongation at the growth cone
must be steered through a complex environment consisting of other neurons, glia and
extra-cellular matrix (ECM). For instance, DA/DB class motor neurons in the worm
have cell bodies that lie along the VNC but extend commissures dorsolaterally to the
DNC (Figure 1.12). These commissures first exit the cell body, travel some small
distance along the VNC either anteriorly or posteriorly, turn (perhaps crossing the
midline), project circumferentially along the inner surface of hypodermal cells until they
reach the DNC where they again turn and fasciculate with the DNC.

Along the way these axons encounter several major barriers including body wall
muscles and the lateral nerve cord made of CAN, ALA and PVD axons. The lateral
nerve cord adheres to the overlying lateral hypodermal cells and a commissural axon
needs to break this connection before extending its growth cone between the nerve and
the hypodermis (Knobel et al., 1999). By contrast, worm muscle cells have a basement
membrane layer sandwiched between themselves and the hypodermis; all three layers are
connected by hemidesmosome struts. The distance between the hypodermis and
basement membrane is too narrow for the growth cone to traverse in its normal form.

Instead it sends filopodia through this region; the first one to reach the other side signals
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the others to collapse and the growth cone is reassembled at the tip of this filopodium
(Knobel et al., 1999).
1.8.1 Guidance signals

Various guidance molecules in the extracellular environment signal to the growth
cone as either attractant or repellant cues. Four major classes of guidance molecules have
been identified: netrins, semaphorins, ephrins and slits (reviewed in Huber et al., 2003).
In addition receptor phosphotyrosine phosphatases (RPTPs), neurotrophins, cell-adhesion
molecules and metalloproteinases may either modulate signaling or act as guidance cues
themselves.

Attraction towards and repulsion from localized guidance cues requires
coordination of localized growth cone stabilization and collapse (Gallo and Letourneau,
2003). Attraction towards a cue requires growth cone stabilization in the direction of the
cue or along a signaling gradient and growth cone collapse most distal from the signal.
Repulsion away from a guidance cue requires the opposite process, stabilization of the
growth cone most distal with concomitant collapse of the proximal growth cone.
Because these are coordinated movements, Rho, Rac and Cdc42 may all be
simultaneously involved in both attraction and repulsion though at different sites within
the growth cone. = While growth cone collapse is usually accompanied by F-actin
depolymerization, it is possible to separate these two processes, indicating
depolymerization is not a requirement of collapse (Jurney et al., 2002).

As an axon moves up or down a guidance cue gradient it may need to adjust its
sensitivity to the changing concentration of the guidance molecule so that the growth

cone maintains a consistent response. The coordination of Rho family members to effect
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complex movements associated with attraction or repulsion and putative mechanisms for
adjusting growth cone sensitivity are not understood at all.
1.8.1.1 Netrins

Netrins are small, secreted proteins with sequence similarities to portions of
basement membrane laminins. In worms, netrin (UNC-6) is expressed in early ventral
neurons and is presumed to form a ventrolateral gradient with the highest concentration at
the ventral midline (Wadsworth et al., 1996). Mutant worms show extensive axon
guidance defects, primarily a failure of commissures to fully elongate from the VNC to
the DNC or to extend to the VNC from lateral positions. Netrins can act as attractants or
repellants depending on which receptors they engage.

Attraction results when netrin binds to DCC (deleted in colo-rectal cancer)
receptors (UNC-40 in worms, Frazzled in Drosophila). These molecules have large
extracellular domains containing multiple immunoglobulin (Ig) and fibronectin III
(FNIII) repeats, and large cytoplasmic domains. Netrin binding causes DCC
homodimerization through conserved cytoplasmic motifs and activation of Cdc42 and
Rac, possibly through the Nck (DOCK - Dreadlocks - in flies) adaptor protein and Trio
(UNC-73) RhoGEF.

Neurons which also express members of the UNC-5 family form DCC/UNC-5
heterodimers upon binding netrin and this results in repulsion of the growth cone. The
mechanism is not known, though interaction of the ligand-receptor complex with the
phosphotyrosine phosphatase Shp2 leading to down-regulation of Rho has been

implicated (Tong et al., 2001).
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1.8.1.2 Semaphorins

Semaphorins comprise a large number of guidance molecules containing a
conserved 500 amino acid extracellular Sema domain (Mueller, 1999; Raper, 2000).
Semaphorins may be secreted or cell-bound, the latter either by transmembrane domains
or GPI (glycosylphosphatidylinositol) anchors. The C. elegans genome contains three
semaphorins (Fuji et al., 2002), two transmembrane (Ce-sema-la/smp-1 and Ce-sema-
1b/smp-2) and one secreted (Ce-sema-2a/mab-20). Mutations in any of the semaphorins
in the worm result in variable epidermal migration and adhesion defects, as well as
mechanosensory neuron axon guidance and branching defects (Ginzburg et al., 2002).

All classes of semaphorin bind to a heteromeric or multimeric receptor complex
containing a plexin family member as a common component. Plexins are a large,
conserved family of transmembrane proteins. Secreted class III semaphorins bind to a
multimeric complex that includes plexin, neuropilin and the cell adhesion molecule, L1
(Huber et al., 2003). Neuropilins are short, transmembrane proteins that contain a small
cytoplasmic domain which has no known signaling function and is not required for
transducing the semaphorin signal. The L1 CAM likely plays a signal modulating role
and is discussed below.

C. elegans has two plexin family members, PLX-1 and PLX-2 but no known
neuropilin homolog, so other molecules likely act as co-receptors. PLX-1 is likely the
receptor for SMP-1 as plx-/ mutants largely recapitulate the smp-/ mutant phenotype but
not that of mab-20 mutants and recombinant SMP-1 but not MAB-20 binds PLX-1
expressed on the surface of HEK293T cells (Fuji et al., 2002). PLX-2 is likely the

receptor for MAB-20 as plx-2 null mutants enhance weak mab-20 alleles and pix-2
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mutants exhibit similar epidermal defects to those found in mab-20 mutants (Ikegami et
al., 2004).

Although downstream transduction of semaphorin signals is not well-understood,
it is clear that Rho GTPases play an important part. Rho family members may be
sequestered away from LIMK at the plasma membrane through semaphorin-dependent
binding to the cytoplasmic domain of plexin. This may induce growth cone collapse
through blocking LIMK activity (and concomitant increase in ADF/cofilin actin
depolymerization). Alternatively different Rho family members may compete for direct
binding to paxilin, activate LIMK locally, decrease ADF/cofilin activity and reduce actin
turnover required for elongation. It is not clear which of these opposed mechanisms may
predominate and how they lead to growth cone collapse.

Other semaphorins bind to different plexin-co-receptor complexes and may have
different downstream mechanisms. For instance, the Drosophila Class 1 semaphorin
binds a complex containing a plexin and the Off-track (OTK) kinase-dead receptor
tyrosine kinase (Winberg et al., 2001). Downstream signaling events are not known but
likely involve recruiting an active kinase and activation of MCLP.
1.8.1.3 Ephrins

Ephrins are membrane-bound signaling molecules and thus require cell-cell
contact to initiate their guidance cues, which may be either repulsive or adherent.
Ephrins fall into two classes based on their mechanism of attachment to the plasma
membrane; Ephrin-As are tethered via GPI-linkages while Ephrin-Bs contain
transmembrane and highly-conserved cytoplasmic domains (Mueller, 1999; Cutforth and

Harrison, 2002). Ephrin receptors, called Ephs, make up the largest vertebrate family of
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receptor tyrosine kinases. They are characterized by a weakly-conserved extra-cellular
Ig-like domain, a highly-conserved cysteine-rich region and two FN III repeats.

Ephrins and their receptors are involved in a wide variety of contact-mediated
tissue morphogenesis, including topographic mapping of neural projections, cell
migration, vascularization and tissue-border formation (Huber et al., 2003). The worm
genome contains four Ephrins (EFN-1 to EFN-4), all GPI-anchored, and a single Eph
receptor (VAB-1) (Wang et al., 1999; Chin-Sang et al., 2002). Worms mutant in ephrin
signaling exhibit embryonic hypodermal enclosure defects, head formation defects and
other problems associated with epidermal cell fusion. Although ephrins are expressed in
neuroblasts in the worm, the primary signaling is to overlying epidermal cells rather than
between neurons.

Ephrins and their Eph receptors form a tetrameric complex consisting of two
signaling molecules and two receptors (Himanen et al., 2001). Signaling can be in both
the “forward” and “reverse” direction, that is from Ephrin to Eph receptor or vice-versa.
Forward signaling is initiated when Ephrin ligand binding induces dimerization and
autophosphorylation of the Eph receptors. A constitutively-bound RhoGEF, ephexin, is
then activated and activates Rho while inhibiting Cdc42 and Rac. This leads to activation
of ROCK and inhibition of PAK and, thus, F-actin depolymerization. At the same time
the MAPK (mitogen-activating protein kinase) pathway is deactivated by Ras signaling
and this also results in neurite retraction by unknown mechanisms. Lastly Eph receptor
signaling leads to dephosphorylation of Abl tyrosine kinase, which inhibits actin

polymerization through reduced Ena/VASP activity at F-actin barbed (plus) ends.
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Ephrin-B cytoplasmic domains can also be autophosphorylated upon binding to
the Eph receptors, leading to “reverse” signaling in the ligand-displaying cell. Although
the mechanism of this reverse signaling is not as well understood as forward signaling, it
is likely to involve a reduction in FAK (focal adhesion kinase) activity via an SH2/SH3
adaptor protein leading to the disassembly of F-actin stress fibers. This combination of
repulsive forward and reverse signaling, causes a pair of axons to pull away form each
other following contact. Though this kind of repulsion is unknown in worms, it is
common in neurons containing highly-branched axons or dendrites and limits such
branching networks to their own non-overlapping fields.
1.8.1.4 Slits

Slits are a small family of conserved, secreted molecules involved in a wide
variety of axon development processes including pathfinding, branching and cell
migration (reviewed in Wong et al., 2002). A typical Slit protein contains an N-terminal
secretory signal, four leucine-rich repeats, seven or nine EGF repeats and a C-terminal
cysteine knot. Slits may act as repellants or attractants or exhibit activity that is unrelated
to axon guidance, such as promoting dendritic branching (Wang et al., 1999). Slit
signaling is mediated by transmembrane Robo (Roundabout) receptors, Ig super-family
proteins with multiple extra-cellular Ig and FNIII repeats and conserved cytoplasmic
domains involved in protein-protein interactions. Slit binds Robo through an interaction
between the Slit leucine-rich repeats and the Robo Ig repeats.

Slit-Robo signaling has been most intensely studied in commissure formation at
the ventral midline of Drosophila. Slit initially acts as an attractant for commissural

axons as they project from lateral nerve bundles to the ventral midline. However, once
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axons cross the midline, Slit acts as a repellant to prevent the axons from re-crossing.
Before crossing the midline, Robo receptor levels at the surface of the axon are kept low
through the action of Comm (Commissureless) which causes Robo to be endocytosed
and, possibly, degraded (Keleman et al., 2002). Robo down-regulation is also dependent
on a secreted metalloproteinase (Kuzbanian in flies), indicating the importance of a
possible cleavage signal in Robo (Schimmelpfeng et al.,, 2001). After crossing the
midline Comm is down-regulated through an unknown mechanism and Robo localizes to
the axon surface where it can mediate Slit repulsion.

Slit acts as a short range repellant to axons after they cross the midline and
sensitivity to Slit is modulated by different Robo receptors. Three separate longitudinal
bundles are found on each side of the ventral midline of the fly and their distance from
the midline seems to be dictated by combinations of Robo receptors. Neurons in the most
medial bundle express only Robo, the intermediate bundle contains Robo and Robo3
while the most lateral bundle expresses Robo, Robo3 and Robo2.

The worm genome contains only a single Slit homolog (SLT-1) and a single Robo
homolog (SAX-3). Worms mutant for sax-3 or slt-1 exhibit VNC midline defects that are
reminiscent of fly Robo mutants (Zallen et al., 1998; Hao et al., 2001). In addition
amphid axons in the head of sax-3 mutants have A/P placement defects so >that they form
an anteriorly displaced nerve ring structure (Zallen et al., 1999). s/t-1 mutants display no
such defects.

Slit-Robo signaling is likely mediated through several independent pathways. Slit
binding to Robo activates so-called srGAPs (Slit-Robo GAPs) through SH3-binding

motifs in the Robo cytoplasmic domain. This leads to a decrease in Cdc42 and Rho, but
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not Rac, activity. Robo activation also leads to activation of Ena/VASP which, as seen
above, increases the rate of F-actin polymerization. It is not clear how these downstream
effectors result in neurite elongation towards the midline prior to the growth cone
crossing but elongation away from the midline after. It is possible that other unknown
signaling molecules are responsible for modulating the response to Slit binding or that
localized signaling at the leading or trailing edge of the growth cone could explain the
different behaviours. Activated Robo has also recently been shown to inhibit cadherin-
mediated adhesion by Abl-mediated phosphorylation of B-catenin (Rhee et al., 2002).
This allows retracting filopodia to release their attachment to the underlying substrate and
pull back towards the central domain of the growth cone.
1.8.1.5 Neurotrophins

The Neurotrophin family of secreted signaling molecules consist of neurotrophins
(NT), nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF). They
are best known for their role in neuronal survival, growth and plasticity (Huber et al.,
2003) though they are also proposed to protect neurons from damage following injuries
such as axotomy or ischemia (Sofroniew et al., 2001). In addition neurotrophins have
recently been shown to modulate axon guidance signals and to act as attractants on their
own. Neither neurotrophin homologs nor their receptors have been identified in the
worm.

SNTR is the first

Neurotrophins signal by binding either of two receptors. p7
member of a family of transmembrane receptor proteins that includes tumor necrosis

factor receptor (TNF-R). Trks are receptor tyrosine kinases with a glycosylated extra-

cellular domain containing Ig repeats, a single transmembrane domain and a cytosolic

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



kinase domain. Each neurotrophin binds to a specific Trk receptor: NGF binds to TrkA,
BDNF and NT-4/5 bind to TrkB and NT-3 binds to TrkC. Like other receptor tyrosine
kinases, ligand binding leads to Trk dimerization and autophosphorylation of the kinase
domain. By contrast p75™ X seems to bind its neurotrophin ligand as a monomer.

Activation of the Trk receptor leads to a large variety of downstream events
including activation of the Ras/MAPK and PI3K/AKT pathways that are crucial for cell-
survival. In addition, activation of Cdc42, Rho and Rac by PI3K is the likely mechanism
by which Neurotrophins exert their attractive influence. Although signaling through
p75N™ is less well-understood, it is hypothesized to involve Rho and ROCK activation
leading to reduced actin depolymerization. Neurons grown in the presence of different
Neurotrophins exhibit different levels of sensitivity to Semaphorin-induced growth cone
collapse, highlighting this molecule’s ability to fine-tune cellular processes.
1.9 Adhesion

Axons may elongate over a variety of substrates but, in every case, adhesion to
the underlying substrate is necessary to provide the force required for elongation as well
as to provide neural survival signals. Pioneer axons extend over a substrate that may
include glial cells, epidermal cells or extra-cellular matrix. Follower axons fasciculate
with pioneer axons and so can be considered to acquire some of their adhesive forces via
‘axon-axon interactions. In the worm the AVG neuron in the retrovesicular ganglion near
the head pioneers the right side of the VNC (Figure 1.13). In the preanal ganglion in the
posterior of the animal, the PVPL axon decussates (crosses the midline) and extends
anteriorly, fasciculating with the pioneering AVG axon. PVPR (the partner of PVPL on

the right side of the body) also extends an axon across the midline and then pioneers the
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left VNC. Subsequently PVQ axons elongate and fasciculate with ipsilateral PVP axons
in the VNC. Thus, pioneer axons elongate over ECM and hypodermis while follower
axons elongate by fasciculating along the surface of pioneer axons.

Axon-axon and axon-epidermis adhesion is largely mediated by members of the
Ig super-family, including neural cell-adhesion molecules (NCAMs), L.1 and cadherins
(Walsh and Doherty, 1997) while axon-ECM adhesion is mediated by integrins (Milner
and Campbell, 2002). NCAM:s and the closely-related L1 are characterized by multiple
extra-cellular FNIII domains followed by several Ig domains, a single transmembrane
domain and a short cytoplasmic domain. They interact by homophilic binding through
their Ig domains to similar molecules on the surface of adjacent cells (or their axons)
and, thus, are most likely involved in regulating axon fasciculation (Goodman, 1996).
Flies mutant in Fasll (the Drosophila homologue of NCAM) exhibit fasciculation defects
in longitudinal nerve fibers and Fasll overexpression causes axons to fail to defasciculate
at their normal choice points. Worm homologues of NCAM have been tentatively
identified but no mutants have yet been isolated (Teichmann and Chothia, 2000). LAD-1
has been identified as the only worm homolog of L.1 and, though no mutants have been
isolated, expression of a putative dominant-negative LAD-1 behind the native promoter
causes variable morphological defects, gonad formation defects and uncoordinated
movement (Chen et al., 2001).

NCAM on elongating axons is often post-translationally modified to contain
variable-length chains of the carbohydrate polysialic acid (PSA). Increased levels of
PSA associated with NCAM on axons reduces NCAM-mediated adhesion yet,

paradoxically, complete enzymatic removal of PSA phenocopies NCAM loss-of-function
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mutants. NCAMs (including L1) interact with the cytoskeleton and cluster in sub-
cellular cell-surface microdomains through interaction with ankyrins (UNC-44) and
spectrin in the cell cortex. NCAM clustering activates MAPK signaling that is likely
required for continued neural survival and axon growth. L1 signaling is likely mediated
through internalization into a signaling endosome and downstream Src activation of the
MAPK cascade.

Cadherins are calcium-dependent transmembrane molecules that share a cadherin-
repeat domain of about 100 amino acids and that bind by homophilic interactions
between pairs of dimers located on opposing cell-surfaces (Juliano, 2002). The
cytoplasmic domains of cadherins attach directly to -catenins and these subsequently

recruit o-catenins which link to the actin cytoskeleton through actin-bundling proteins

such as a-actinin and vinculin. A worm homolog of the classic cadherin (HMR-1) has
been identified and worms mutant for the neural-specific isoform have defasciculated
VNCs as well as guidance defects and supernumerary branch formation in commissures
(Broadbent and Pettitt, 2002). In vertebrates it is possible that a large number of splice
variants of different cadherin family members may act as a sort of axon code, allowing
for the fasciculation of similar axons and as a synapse code, allowing target recognition
(Ranscht, 2000).

Integrins are transmembrane o heterodimeric glycoproteins that mediate cell-cell
and cell-ECM adhesion (Milner and Campbell, 2002). Different integrin subunits
interact with different ligands. Interactions with cell-surface CAMs or fibronectins and
collagens in the ECM are mediated through so-called RGD (arginine-glycine-aspartate)

binding integrins while a different class of integrins directly binds to ECM laminins.
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Integrins activate MAPK signaling in a manner similar to NCAMs, through activation of
FAK and Ras, and regulate the actin cytoskeleton through suppression of Rho and
activation of Rac (Huber et al., 2002).

Both classes of integrins have worm homologues and mutations in all subunits
have been identified (Brown, 2000). PAT-2a/PAT-3f integrin complexes are likely to
bind RGD motifs while INA-1a/PAT-3f integrins are putative laminin binding proteins.
Worm integrins are found at many cell-ECM attachment sites and are involved in cell
migration, gut morphogenesis, epithelial attachment and in transmitting muscle
contractions to the ECM. Thus pat-2 and pat-3 mutants arrest at the two-fold stage of
embryogenesis and are paralyzed due to disruption of muscle sarcomere structure. By
contrast, ina-/ mutants form misshapen head and pharynx and exhibit defects in long-
distance migration of neural cell bodies as well as in axon fasciculation.

Axon guidance signals may be modulated through interaction with adhesion
molecules (Rougon and Hobert, 2003). For example, Xenopus retinal axons grown on
fibrinogen are attracted to netrin but those grown on laminin are repelled by netrin in an
integrin-dependent manner (Hopker et al., 1999). Semaphorin-mediated repulsion of
cortical axons is similarly dependent on L1 and a soluble L1 fragment switches this
repulsion to attraction. Although the mechanisms are not well understood, L1 associates

“with the semaphorin receptor, neuropilin, and they are co-endocytosed following
semaphorin activation. Trans interaction between L1 on one cell surface and neuropilin
on another blocks endocytosis of the receptor complex and switches the semaphorin

response from repulsion to attraction (Castellani et al., 2004).
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1.10 Axon maintenance and synaptic stability

As axons approach their ultimate targets their growth cones begin to form the
structures required for synaptic specialization. This process of synaptogenesis is outside
the scope of this work (but for a review, see Broadie and Richmond, 2002). However,
synapses may degenerate over time allowing axons to retract and, in vertebrates, this
process is inhibited by both electrical activity at the synapse and by neurotrophic
signaling from the post-synaptic cell (reviewed in Lim et al., 2003).

In worms, lack of neural activity either during development (Zhao and Nonet,
2000) or following axonogenesis (Coburn et al., 1998) can cause neurons to sprout
additional branches. However, aberrant synaptic structure (as in the kinesin transport
mutant, UNC-104) or function does not always result in morphologically incorrect axons
(Antebi et al., 1997). This suggests that, in the worm, synaptic and axonal stability is
likely due to a chemical cue rather than synaptic activity.

Although the mechanism by which synapses may be stabilized is largely
unknown, several proteins that may be involved have been recently identified. RPM-1,
the worm homolog of Drosophila Highwire, is a large cytoplasmic protein of unknown
function (Schaefer et al., 2000). rpm-1 mutant worms exhibit a variety of neural defects
including mild guidance defects, aberrant synapse formation, supernumerary branches
and axon retraction. The pathway by which RPM-1 might signal axon retraction is
completely unknown but studies in the fly have found that inhibiting p190 RhoGAP
activity causes mature axons in the CNS to retract, suggesting a role for actin and tubulin

stabilization (Billuart et al., 2001).
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1.11 Specific objectives of this work

The unc-119 mutant phenotype has been previously shown to be neural in origin
and to be the result of a failure in axonogenesis rather than synaptic function (Maduro,
1998; Knobel et al., 2001). Still, the brief preceding review of the molecular mechanisms
involved in axon elongation and guidance demonstrates that there are many possibilities
for perturbation of this process. The primary purpose of this work was to elucidate the
molecular mechanism by which UNC-119 regulates nervous system development in C.
elegans. Many of the mechanisms described above have only been discovered in the
past few years and could not help guide my research until recently. I outline below some
of the most obvious roles UNC-119 could theoretically play within the various processes
that comprise axonogenesis.

a) UNC-119 could be directly involved in actin or tubulin polymerization or
depolymerization. Complete abrogation of actin or tubulin dynamics abruptly halts axon
elongation of neurons in culture and it is generally thought that the in vivo axon response
is similar. Thus, if UNC-119 were involved directly in this process, we might expect
axons to elongate only a very short distance, if at all, before the lack of actin or tubulin
dynamics led to complete growth cone collapse. This is certainly not what has been
previously observed.

However, if UNC-119 were involved in regulation of actin or tubulin turnover
(e.g. through regulation of Rho family members) the resulting phenotype would be much
more difficult to predict. For example, in cultured neurons, suppression of actin turnover
through activation of LIMK by a Rho family member can have different overall effects

on growth cone morphology and axon behaviour depending on which specific molecule
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(Rho, Rac, or Cdc42) is involved. The different behaviour is likely due to other pathways
that are differently activated by the different Rhos. Further, while a reduced rate of axon
elongation (Knobel et al., 2001) might be explained by a failure of mutant UNC-119 to
correctly regulate actin or tubulin dynamics, it is considerably more difficult to explain
UNC-119’s role in stabilizing properly-elongated commissures by this mechanism.

b) Alternatively, UNC-119 might be involved in mediating axon guidance signals,
such as netrins, semaphorins or ephrins. Compared to mutations in genes involved in
netrin-mediated axon guidance, commissures in unc-119 mutants initially elongate fully
from the VNC to the DNC, suggesting the protein is not directly involved in this
pathway. Similarly, epidermal migration or closure defects associated with mutations in
worm homologues of the semaphorin or ephrin pathways are not found in unc-119
mutants, though a neural-specific role for UNC-119 in these pathways can not be ruled
out on this basis. There are no known neurotrophin homologues in the worm and unc-
119 mutants do not have an anteriorly-displaced nerve ring as seen in mutations in the slit
pathway. Thus UNC-119 does not seem to fall strictly into any of these well-known axon
guidance pathways.

¢) UNC-119 may play a role in cell-cell adhesion. Axon adhesion in the worm
has not been studied extensively so it is difficult to relate the neural structure of adhesion
mutants to unc-119 animals. Certainly mutations in some molecules known to be
involved in adhesion (such as UNC-44/ankyrin or HMR-1/cadherin) are grossly similar
to unc-119 mutants. However, gross morphological defects in body shape, such as those
associated with the L1 NCAM, or with mutations in the integrin complex are not found

in unc-119 mutants.
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However, these observations come with the caveat that a single molecule may
have multiple roles in different tissues in the worm. Thus, while some genes known to be
involved in axon guidance in other organisms (e.g. semaphorins, ephrins and integrins),
have non-neural phenotypes in the worm, UNC-119 could act in the same pathway but its
effects could be limited to neurons. Further, some mutations result in embryonic lethality
prior to, or concomitant with, nervous system development and the function of the
affected molecules in worm neurons may not have been studied. In addition the
molecular basis of a phenotype may be difficult to establish a priori because it is not
always easy to distinguish between primary and secondary defects. For example, certain
mutations in neural activity (e.g. tax-2, tax-4) lead to neurons that sprout supernumerary
axons from near the cell body. It is generally accepted that these additional branches are
a secondary effect resulting from the cell’s response to a lack of activity and that TAX-2
and TAX-4 are not directly involved in suppressing axon branching per se.

In order to distinguish between these candidate mechanisms or to discover
alternate explanations of the unc-119 mutant phenotype, I identified the following
intermediate objectives:

i) Characterize nervous system defects in unc-1/9 mutants more thoroughly. The
initial step in understanding UNC-119 at the molecular level is to determine its
phenotype more precisely. Although the worm has only 302 neurons, characterizing
specific axon defects in all neurons in unc-119 mutants is still a nearly-impossible task.
Thus, by using GFP reporters that are only expressed in some neurons, I selected several
small neural subsets for closer investigation. In order to more precisely compare axon

defects in unc-119 mutants to other well-characterized mutants, I closely observed the
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morphology of a single pair of axons in a variety of mutant strains.

ii) Determine the temporal and tissue-specific requirement for UNC-119. Other
clues to the role of UNC-119 might come from an investigation of the spatial and
temporal requirement for the functional protein. Constructs expressing UNC-119 in
specific tissues at specific times were employed to address this question. If UNC-119
acts intracellularly, we would expect that expression in specific neurons only would
rescue the mutant phenotype of those neurons and only those neurons. A role as a
mediator of actin or tubulin dynamics (e.g.. through Rho-type effectors) or in the signal
transduction pathway for guidance cues would be supported by such cell-autonomous
behaviour of UNC-119. On the other hand, if UNC-119 acted cell-nonautonomously (i.e.
non-neural expression rescuing neural defects) that might suggest that it can serve as a
secreted guidance cue itself or that its role might be to regulate some extra-cellular signal
(e.g. adhesion) between cells.

UNC-119 is normally expressed from a stage that precedes axonogenesis right
through adulthood and it is required post-embryonically for stability of axon structure.
However, it is still not known if expression is required at the earliest stage a reporter
construct is detectable. This study used some constructs whose expression begins at later
stages to address this question.

ii1) Determine putative molecular mediators of UNC-119 activity. Much of this
work involved searching for potential partners of UNC-119 in the hope that this would
permit me to place this gene into some existing pathway. Although UNC-119
homologues have been identified in a wide variety of organisms (Figure 1.3) no known

domains, which might give clues to the protein’s function, have yet been identified. If
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UNC-119 acts in a complex with other proteins (e.g. as a signal mediator, response
modulator or adaptor) then we might be able to identify that interaction using standard
yeast two-hybrid or co-immunoprecipitation methods. Because the human homolog of
UNC-119 is functional in worms (Maduro et al., 2000), it should also exert its effect
through the same mechanisms as the worm protein and have the same interacting
partners. 1 carried out yeast two-hybrid screens with both the worm and human UNC-
119 proteins looking for potential partners and attempted to raise antibodies to verify
these interactions in vitro.

iv) Verify candidate molecular interactions. Proteins generally interact through
defined domains (or smaller motifs). In order to determine which segments of the UNC-
119 protein were required for putative interactions with other proteins, I conducted
domain-deletion and site-directed mutagenesis experiments. Domain-deletion
experiments entail removing entire sections of the protein and assaying the remaining
sections for functionality. Site-directed mutagenesis is a more focused version of this
experiment where only a small number of residues (between 1 and 6 amino acids) are
specifically mutated and the altered protein is assayed for functionality. These latter
experiments were designed to directly address specific hypotheses about the function of
UNC-119 in the worm based on findings from other researchers about functions of the
mammalian homologues.

Because an amino acid primary sequence analysis of UNC-119 did not suggest
any candidate molecular mechanisms underlying the role of UNC-119 in the worm, the
approach used in this research was to generate hypotheses through phenotypic and

molecular analysis and then to test these via molecular and transgenic experiments.
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Figure 1.1 The nervous system of C. elegans.

The 302 neurons of the adult hermaphrodite are organized into anterior and posterior ganglia and are found
along the ventral midline. The nerve ring (yellow) and its associated cell bodies are found surrounding the
pharynx (blue) between the primary and secondary pharyngeal bulbs. Axons extend from cell bodies and
fasciculate to form the Ventral and Dorsal nerve cords as well as the circumferential commissures. Anterior
is to left, posterior to right. Dorsal is up, ventral down. Adapted from Wadsworth and Hedgecock, 1996.
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Figure 1.2 unc-119 mutant worms

Mutant worms (right) are paralyzed relative to wild type (left). Images taken on a dissecting microscope
show sinusoidal shape of a moving wild-type worm and ventrally-coiled shape typical of adult unc-119
worms. Young mutant larvae generally move better than adults but not as well as wild type. Adapted from
Maduro and Pilgrim, 1995.
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Figure 1.3 UNC-119 protein family alignment

ClustalW alignment of primary amino acid sequence from representative members of the UNC-119 family.
“*¥” shows identity of amino acids across all proteins in the alignment; “:” shows high degree of similarity;
“” shows lower conservation. ClustalW parameters were modified to improve alignment in divergent
regions (Opening and ending gap penalties changed from 10 to 5; extending gap and separation gap
penalties changed from 0.05 to 0.5). The alignment was adjusted manually in some poorly-conserved
regions. The carboxyl region is generally more conserved, while the amino region is more divergent.
GenBank accession numbers: Human — NMO005148; Zebrafish — AF387341 ; Drosophila — NM13216;
Xenopus — BG513306; C. elegans — NM06698; C. briggsae — U45326.
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SH2 SH3 ligand Tyrosine phosphorylation

ligand #1 #2 #1 #2
Human EHIYDF  APIPQPP RKQPIGPE  RMIERHY KNTCEHTY
Zebrafish EHIYEF  VPVT---  ANKTISPE  RMIERHY KNTCEHIY
Xenopus EHMYEF ~ --IT--- GLNELRPE  RMIERHY RNTCEHMY
Drosophila EHIYEF  SGVEANG ESSSVIPD  RMIERHF KNTVEHIY
C. elegans EHIYEF ~ SQMPRPP  AKNQITPN  RMIERHF RNNCEHIY
C. briggsae  EHIYEF  SQMPRPP  KKAQITPN  RMIERHF RNNCEHIY
**:*:* . *: ******: :*“**:*
19 40 141 168 172
- ol — o
Bl | & & &l @

Figure 1.4 SH2 and SH3 binding and tyrosine phosphorylation motifs in UNC-119

SH2 binding motif ([DE]-X;3-Y*-[DE]-[FWP]) is highly-conserved including obligate phosphorylated
tyrosine (bold). The first SH3 binding motif is very poorly conserved in other animals, although consensus
motif (RX,PX,P) is present in worms. Residues of second SH3 binding motif in HsUnc119 are slightly
conserved in other animals but consensus motif is not present in worm UNC-119. Two tyrosine
phosphorylation motifs ([RK]-X;3-[DE]-X;3-Y*) are well conserved, except the tyrosine in the first motif
is a phenylalanine in worms and flies. Although the second motif is somewhat more divergent, the
consensus sequence is found in all these animals. * shows identity of amino acids across all proteins in the
alignment; : shows high degree of similarity; . shows lower conservation. Lower figure shows relative
location of motifs within entire protein. Numbers represent residue number where motif in figure below
begins.
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Inactive Kinase Activated Kinase

phospherylation

SH2 binding ligand

dephosphorylation

Y527

Figure 1.5 Src activation.
Src contains low-affinity internal SH2 and SH3 binding motifs that hold the kinase domain in an inactive
confirmation. Activating proteins contain higher-affinity binding motifs that displace the internal Src

ligands. This permits phosphorylation of tyrosine 416 and a conformational change to expose the activated
kinase domain. Adapted from Martin, 2001.
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Figure 1.6 Nerve fibers in C. elegans

Cell body position of neurons in the ventral cord and along the body of an adult hermaphrodite is indicated
by neuron name and arrow pointing to cell. The left and right sides of the worm are not symmetrical with
respect to the VNC or DNC or the commissures that join them. Dorsal is to right, ventral is to left.
Adapted from White et al., 1986.
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Figure 1.7 The growth cone

Helisoma growth cone with actin stained green and tubulin stained red (yellow shows overlap). The
peripheral domain contains the lamellipodia and is composed primarily of short actin filaments organized
in a meshwork. The central domain consists of both stable and dynamic microtubules. Actin bundles
extend from the central domain through the peripheral domain and form filopodia. (a) Some microtubules
also extend from the central domain into the peripheral domain by tracking along actin bundles. Actin and
microtubule polymerization occurs at the plus end at the periphery. (b,c) Microtubules buckle and bend
when they are carried rearward by actin retrograde flow. (e) Two microtubules may attach to a single actin
bundle or (d) single microtubule may attach to more than one actin bundle. Adapted from Zhou and Cohan,
2003.

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Peripheral

Central

Figure 1.8 Actomyosin contraction drives retrograde flow
Actin mesh in lamellipodia (black and gray) is linked by myosin II fibers (gray). Activation of myosin

causes head domains to “walk up” actin fibers and pulls the mesh inward towards central domain. Adapted
from Brown and Bridgman, 2003.
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Figure 1.9 Generation of forward force in filopodia

Actin bundles are linked to the actin mesh by myosin and to the extracellular matrix (ECM) through
integrins. Actomyosin contraction results in the filopodium exerting a backward force on the ECM which
drives the bundle (and the plasma membrane that surrounds it) forward. Adapted from Brown and
Bridgman, 2003.
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Figure 1.10 Actin polymerization is a dynamic, regulated process

Profilin activates G-actin by exchanging ADP for ATP. ena/VASP + formin at the barbed end of an
elongating actin fiber competitively dissociates the inhibitory capping protein and allows for the addition of
new actin-ATP monomers to the fiber. Individual actin monomers inside the F-actin eventually hydrolyze
ATP to ADP nearer the central region. This allows ADF/cofilin to depolymerize the actin filament near the
central region and for new G-actin monomers to be freed into the cytoplasm. ADF activity is regulated by
LIM kinase which is in turn regulated by PAK and ROCK under the control of the small GTPases Rho, Rac
and Cdc42. The N-WASP/Arp2/3 complex nucleates new branches at 70° to the original and this is also
regulated by small GTPases. Adapted from Meyer and Feldman, 2002
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Figure 1.11 Rho cycles between active and inactive states

Rho-GDP is held in an inactive state by binding to RhoGDI. When RhoGDI is displaced by RhoGDF then
RhoGEF exchanges GDP for GTP leading to activated Rho-GTP. Hydrolysis of the GTP to GDP by
RhoGAP returns Rho to the inactive state. External control of the activity level of Rho can then be
exercised by regulating the activities of RhoGEF, RhoGAP, RhoGDI or RhoGDF.
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Figure 1.12 Commissures elongate through a complex environment
Cross-section through the mid-body shows body wall muscles (dark gray) and basement membranes

(dotted line) underlying hypodermis (light gray). Commissures in body of worm extend from motor neuron
cell body in VNC to DNC by elongating between the basement membrane and the hypodermis. Adapted

from Antebi et al.,, 1997.
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Figure 1.13 Pioneering and following axons in the C. elegans VNC

AVG pioneers the right VNC by extending an axon from the retrovesicular ganglion in the head to the
preanal ganglion near the tail of the worm. PVPL fasciculates with AVG on the right side while its sister
PVPR pioneers the left VNC. PVQL and PVQR then fasciculate with ipsilateral pioneer axons. Adapted

from Antebi et al., 1997.
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Chapter 2 - Expression of C. elegans UNC-119 outside the nervous system rescues
movement and dauer formation defects
2.1 Introduction

A likely neural basis for the C. elegans unc-119 mutant phenotype has been
previously demonstrated (Maduro and Pilgrim, 1995). Mutant adults are nearly
paralyzed except for moderate foraging head movement and they constitutively assume a
ventrally-coiled position on the plate. Muscle ultrastructure is normal and animals
exhibit a normal postsynaptic response to an acetylcholine agonist, levamisole, with
hypercontraction of body wall muscles suggesting that the body paralysis is due to a
neural defect (Lewis et al., 1980; Maduro and Pilgrim, 1995). Mutants also exhibit
retention of eggs, constitutive pharyngeal pumping and an inability to form dauer larvae,
the diapause state triggered by overcrowding and starvation (Maduro et al., 2000). The
dauer defect is suppressible by a constitutively-expressed TGFB/daf-7 dauer formation
signal, suggesting that UNC-119 acts upstream of synthesis and secretion of this ligand in
ASI amphid neurons (Thomas, 1993; Maduro and Pilgrim, 1995; Ren et al., 1996).

A neural role for UNC-119 is supported by its observed pattern of expression. In
the worm wunc-119 reporter transgenes are expressed throughout the nervous system and
in presumptive neural precursors beginning at about the 80-cell stage of embryogenesis
and expression is maintained throughout life, consistent with a role in both development
and maintenance of neural organization or function (Maduro and Pilgrim, 1995). The
Drosophila homolog (DmUNC-119) is similarly expressed throughout the fly embryonic
nervous system (Maduro et al, 2000). Mammalian homologs of UNC-119

(HsUnc119/HRG#4 in humans) show enriched mRNA expression in retinal rods and cones
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(Higashide et al., 1996; Higashide et al., 1998) but expression has also been reported in
the adrenal glands, cerebellum, cultured fibroblasts and kidney (Swanson et al., 1998). A
zebrafish homolog is expressed in many neural tissues as early as 4 hours post-
fertilization and into adulthood and anti-sense oligonucleotides disrupt embryonic neural
organization (A. Manning et al., submitted). By contrast, a second zebrafish homolog is
found exclusively in muscles, suggesting that UNC-119 may also play a non-neural role
(A. Manning, personal communication).

C. elegans unc-119 mutants exhibit normal growth cone morphology of the DD
and VD neurons but axons elongate at a reduced rate (Knobel et al., 2001).
Supernumerary branches in DD and VD commissures are generated after initial
establishment of the axon scaffold and subsequent retraction from the dorsal nerve cord
(DNC). These branches can be suppressed by expression of UNC-119 in affected
neurons. AlY interneurons in unc-1/9 mutants also exhibit truncated axons and sprout
supernumerary neurites (Altun-Gultekin et al,, 2001). However our preliminary
observations clearly demonstrated that UNC-119 is important for many neural
developmental processes beyond suppression of branches, indicating that a reasonable
molecular mechanism requires a consideration of other neural defects.

Regulation of wunc-119 expression is clearly modulated by intronic enhancer
elements, as a promoterless construct containing the full-length genomic unc-119 DNA
(coding sequence plus introns) rescues the mutant phenotype (Maduro et al., 2000).
Similarly, a full-length genomic unc-1/9::GFP fusion construct expressed under the
regulation of the DD/VD interneuron-specific unc-47 promoter results in an expanded

expression pattern and also rescues the mutant phenotype (Knobel et al., 2001). In
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addition to the expression in DD and VD neurons, GFP in this earlier experiment was
also observed in six unidentified head neurons, but it was not known how this expression
might be sufficient to rescue the gross movement phenotype. Taken together, these
results suggested to us a possible cell nonautonomous role for UNC-119. Examples of
neurally-expressed proteins that act cell-autonomously on neurons but that can have cell
nonautonomous effects on non-neural migration (i.e. distal tip cells in the gonad) have
been observed (Ackley et al., 2001). It has been proposed that the apparent cell-
autonomous behaviour of such a protein when it is only expressed neurally may be due to
a limited concentration and range of action. We speculated that UNC-119 might behave
in a similar manner.

Here we show that UNC-119 is required for correct formation of axons of
chemosensory, mechanosensory and motor neurons. Neural specific expression of UNC-
119 can rescue axon elongation defects in some neurons but not in others. Also, neural-
specific constructs based on full-length genomic unc-119 DNA expand their expression
beyond that specified by their promoters as previously observed. Surprisingly,
expression of such constructs spreads into all four pairs of head muscles rather than into
other neurons. This expanded expression pattern results in rescue of gross movement and
dauver formation defects. UNC-119 expressed only in neural subsets does not rescue
gross movement or dauer formation defects, but expression in body wall muscle
remarkably results in partial rescue of movement and restores dauer formation ability.
This suggests that extra-cellular UNC-119 has a cell nonautonomous ability to rescue the

structural defects in neurons that are the basis for the observed phenotypic defects.
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2.2 Materials and Methods
2.2.1 GFP nervous system reporters

The NW1229 strain (a kind gift of J. Culotti, Samuel Lunenfeld Research
Institute) contains an integrated pan neural PF25B3.3::GFP reporter, evlsl11 (Altun-
Gultekin et al., 2001). DP248 is an unc-119(ed3) mutant strain into which this reporter
has been crossed. ASI amphid neurons were marked using Pdaf-7::GFP reporter strains
DP171 (edIs24[Pdaf-7::GFP; pRF4]) and DP172 (unc-119(ed3); edls24[Pdaf-7:.GFP,
pRF4)) (Ren et al., 1996). Strains NW1099(ev1582a[pAC12].) (Colavita et al., 1998, also
a gift of J. Culotti), and DP166(unc-119(ed3);evis82[pACI2]) carrying an integrated
Punc-129::GFP reporter were used to view DA and DB class motor neurons. ALM,
AVM, PLM and PVM mechanosensory neurons were visualized using the mec-4::GFP
reporter strain  SK4005  (zdIs5/Pmec-4::GFP;lin-15(+)]) obtained from the
Caenorhabditis Genetics Center, University of Minnesota (Lai et al., 1996). unc-
119(ed3) was crossed into this strain to yield DP317 (unc-119(ed3);zdls5[Pmec-
4::GFP;lin-15(+)]). Correct expression of the reporters after crossing into an wunc-
119(ed3) background was verified using fluorescent microscopy.
2.2.2 Cell autonomy constructs

Full length genomic unc-119 (including the entire coding region, plus the 5° UTR
plus introns) was amplified by long PCR (Barnes, 1994) from pDP#MMO016 (Maduro and
Pilgrim, 1995) using primer pair WM004aU (5° CGCCAGGTACCATCTCTGTCAATC)
and WMO004aL (5° ATCGGCGGGAAGGTACCAATCATA). These primers added 5’
and 3’ Kpnl restriction sites for subsequent insertion into GFP vectors and the resultant

in-frame insertion into a GFP-containing vector added a VPVEK amino acid bridge
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between the carboxyl UNC-119 residue and the amino terminal GFP residue; no amino
acids were changed at the amino end of the UNC-119 protein. The PCR reaction was
carried out in 200pl tubes containing the following: 5 10 X PCR Buffer (500 mM Tris-
HCI pH9.2, 160 mM (NH4),SO4, 20mM MgCl,), 2 pl 10 mM dNTPs, Sul pDP#MMO16
template DNA (approx. 50 ng/ul), 2 pl WMO004aU (Spmol/ul), 2 ul ~ WMO004aL
(5pmol/pl), 1 pl Tag+Pfu (50:1), 33 pl ddH,O. The reaction was carried out in an MJ
Research PT-100 Thermo-cycler as follows: 94°C for 30” then 35 cycles of (94 °C for
157, 54 °C for 207, 68 °C for 1’°30”) then held at 4 °C. Following PCR, the product was
electrophoresed on a 0.8% agarose gel and the 3.3 kbp band was cut out. DNA was
isolated from the agarose slice using the Sephaglass BandPrep Kit (Amersham) per the
manufacturer’s instructions. This product was digested with Kpnl and used in
subsequent ligations.

Plasmids containing GFP under the control of various promoters were the kind
gift of Andrew Fire, Stanford University (ftp://fip.wormbase.org/pub/elegans_vector/
FireLabVectors/). pPD118.20 contains the myo-3 promoter and drives GFP expression
in body wall muscle while pPD118.15 contains no worm promoter. Purified plasmid was
digested with Kpnl and dephosphorylated with Calf Intestinal Alkaline Phosphatase
(New England BioLabs). The digested, dephosphorylated products (6.5 kbp for
pPD118.20 and 3.8 kbp for pPD118.15) were purified from an agarose gel as above. The
PCR product from pDP#MMO16 was ligated into each of these to yield pDP#WMO006
(Pmyo-3:unc-119 gDNA::GFP) and pDPH#WMOOS(Pnull:unc-119 gDNA::GFP) and
transformed into competent XL1-B E. coli. Plasmid DNA was isolated using standard

alkaline lysis and silica binding techniques and confirmed by restriction analysis.
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A plasmid containing the mec-4 promoter was the kind gift of Monica Driscoll,
Rutgers University. Pmec-4 was isolated from this plasmid by HindIII, BamHI double
digest and inserted into the corresponding sites in pDP#WMO005 upstream from the unc-
119 CDS to make pDP#WMOO08 (Pmec-4:unc-119 gDNA::GFP). This plasmid expresses
UNC-119::GFP in ALM, AVM, PLM and PVM mechanosensory neurons. Similarly the
daf-7 promoter was isolated from the pDP#SU007 plasmid by an Xbal, Xmal double
digest and inserted into the corresponding sites in pPDP#WMO005 to make pDP#WMO009
(Pdaf-7:unc-119 gDNA::GFP). Expression of GFP under the control of this promoter is
seen in ASI chemosensory neurons. Correct formation of these constructs was confirmed
by sequencing across the 5’join to the promoter and across the 3’ join to GFP and by
verifying expression in transgenic animals (described below). The ability of the genomic
DNA-based construct to rescue the unc-119 phenotype was confirmed by cloning the
1.2kb upstream unc-119 promoter region from pDP#MMO016 into pDP#WMO05 to make
pDP#WMO14(Punc-119:unc-119 gDNA::GFP). Rescue of unc-119(ed3) mutant worms
containing this transgene verified that no functional alterations to UNC-119 were
introduced by the PCR reactions.

As has been previously noted (Knobel et al., 2001) expression of GFP reporters
containing full-length genomic unc-119 DNA (gDNA, including coding sequence plus
introns) expands beyond that specified by the promoter within the construct. In order to
avoid this complication, cDNA versions of the above constructs were subsequently made
by amplifying unc-119 cDNA from pDP#MMO0S51 (Maduro and Pilgrim, 1995) with
similar Kpnl restriction sites as in the gDNA construct but replacing primer WMO004aL

with WMO004bL (5> ATCGACGGGAGGTACCGCATCATA). The unc-119 gDNA in
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pDP#WMO005, pDP#WMO006, pDP#WMO008 and pDP#WMO009 was then replaced with
PCR product containing the corresponding cDNA to give pDP#WMO05b(Prull:unc-119
c¢DNA::GFP), pDP#WMOO06b (Pmyo-3: unc-119 ¢cDNA::GFP), pPDP#WMO008b (Pmec-4:
unc-119 cDNA::GFP) and pDP#WMO09 (Pdaf-7:unc-119 gDNA::GFP). The ability of
the cDNA-based construct to rescue the unc-119 phenotype was confirmed by cloning the
1.2kb upstream unc-119 promoter region from pDP#MMO51 (Maduro and Pilgrim, 1995)
into pDP#WMO005b to make pDP#WMO1l4c(Punc-119::unc-119 ¢DNA::GFP). The
ability of this cDNA-based construct as a transgene to fully rescue the unc-119 mutant
phenotype was also confirmed, verifying that no functional alterations to UNC-119 were
introduced by PCR.

Also, in order to determine more precisely the temporal requirement for UNC-119
we replaced a small Pstl, BamHI fragment upstream from the unc-1/9 CDS in
pDP#WMO005b with the F25B3.3 promoter from pDP#SU006 (Altun-Gultekin et al.,
2001) to make pDP#WMO75(PF25B3.3:unc-119 ¢cDNA::GFP).

2.2.3 Transgenic strain construction

Germline transformation was accomplished as described (Mello et al., 1991) by
coinjecting a desired construct from above with a /in-15(+) wild type rescuing construct
into a lin-15(n765ts) mutant strain. F1 progeny with a wild type vulva were selected and
assayed for GFP expression. Table 2.1 lists the transgenic strains used in this work.

2.2.4 Genetic testing

Worms were maintained at room temperature on agar plates seeded with E. coli

strain OP50 (Brenner, 1974) except for temperature sensitive (ts) strains which were

maintained at 16°C . Upon verification of GFP expression in a transgenic strain (see
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above), 12-15 unc-119 worms were mated overnight to 15-20 him-8 males on a spot-
seeded plate. Male F1 progeny from this cross should all be heterozygous for unc-119.
These males were then mated overnight to 12-15 transgenic hermaphrodites. The next
day the hermaphrodites were singled on seeded plates and 20 F1 L4 hermaphrodite
progeny were later selected from plates with many males and subsequently singled onto
seeded plates. About one-half of these would be expected to be heterozygous for unc-
119. After four days F2 progeny were examined for the presence of the GFP reporter in
the transgene and for the Unc phenotype. If the unc-/19 construct in the transgenic array
did not rescue, about one-quarter of the progeny of heterozygous worms could be
expected to be Unc. If it did rescue, this number would be reduced as only those worms
that have lost the array would be Unc. If Unc worms expressing GFP were observed
some were singled and maintained and the construct was considered to be non-rescuing.
If no GFP+ Unc worms were observed on a plate but non-GFP Unc worms were, then 40
GFP+ non-Unc hermaphrodites were singled from such plates. Approximately one-
quarter of these should be homozygous for unc-119. The construct was considered to be
rescuing if plates could be found on which all worms were either GFP+ non-Unc or non-
GFP, Unc.
2.2.5 Movement and dauer formation assays

Plates were flooded with M9 buffer and swirled gently to dislodge worms from
their food. Under the dissecting UV microscope GFP+ and non-GFP worms of various
stages were found and the number of complete sinusoidal motions were counted over a
one minute period. For each strain ten individuals from among the best-moving worms

were selected for counting.
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To assay dauer larva formation, mixed stage worms were washed off two or three
plates four days after clearing (more than 2,000 worms for each strain in total) with M9
bath and into 15ml Falcon tubes then 10% SDS was added a final concentration of 2%.
Worms were then incubated at 26 °C for two hours with rocking every thirty minutes. At
the end of this period worms were allowed to settle and were washed three times with M9
before being deposited onto seeded plates. Moving dauers were scored after one hour
and recovered adults were counted two days later. No non-dauers survived the SDS
treatment and plates with dauers had at least 40 such animals, almost all of which
subsequently grew to adulthood.

2.2.6 Microscopy

Worms were screened and maintained with the assistance of a Zeiss Stemi SV 11
dissecting microscope equipped with a 100W UV bulb, 6.6 X zoom and a high-power
(10X) objective. For higher-powered imaging, animals were mounted in 10-15 pL of
15mM sodium azide (Sigma) in M9 buffer (Wood, 1988) directly on a microscope slide
under a coverslip which was then sealed with nail polish. Confocal images were taken on
a Molecular Dynamics 2001 microscope using 40X non-immersion or 100X or 60X oil
immersion objectives under 485-565 nm excitation and detected by photomultiplier
following filtering to exclude light outside the 500-520 nm range of GFP. Adobe
Photoshop and Microsoft PowerPoint were used to improve contrast, assemble serial

sections of confocal images and for annotation.
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2.3 Results
2.3.1 unc-119 mutants exhibit fasciculation and branching defects

Transgenic strains were used which expressed reporters only in subsets of
neurons. Using an integrated Punc-129::GFP reporter in both wild-type and unc-119
strains, cell bodies and processes of DA and DB classes of motor neurons could be
clearly identified. When pan-neural markers are used to image all axons, supernumerary
branching is one of the most obvious characteristics of the unc-119 mutants. However,
individual DA and DB class motor neurons exhibited fairly weak penetrance of this
defect (Table 2.2). While DA/DB axons are always unbranched in the wild type (White
et al., 1986), in about 50% of unc-11/9 mutant animals at least one neuron from the DA
and DB classes had a branched commissure. About two-thirds of these animals exhibited
multiple branching of single axons or had more than one neuron with a branched axon
(data not shown). Different neurons were affected in different animals with both DA and
DB class neurons being equally affected. Branching defects were slightly concentrated
proximal to the vulva from DA4 to DA6. These data are consistent with those observed
for DD and VD axons (Knobel et al., 2001).

Defasciculation of the VNC and DNC was highly variable (Figure 2.1). In about
half of the animals observed, VNC defasciculation was not apparent or was only mild
(Figure 2.1A, B). Severe defasciculation was only seen in about 10% of worms and
tended to be most pronounced between the nerve ring and the vulva (Figure 2.1C).
Occasionally disruption of the VNC was so severe that left and right bundles appeared to
decussate (Figure 2.1C, small arrow). The DNC was almost always (90%) fasciculated to

the same extent as in the wild type (data not shown), underlying its different origin from
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axons that comprise the VNC.
2.3.2 Cell placement defects along the VNC are common

In addition to the defasciculation defect, cell bodies were often displaced from
their normal position along the VNC (Figure 2.1D-F). In 60% of unc-119 mutants DAS
was displaced from its normal position immediately posterior to the vulva and was found,
instead, beside DBS5, immediately anterior to the vulva (Figure 2.1E). Because neural
organization is developed embryonically to a large extent and vulval development occurs
much later, the initial displacement of the embryonic DA5 neuron was probably not very
large relative to its turning choice point. Alternatively the vulva may have been slightly
displaced so that it developed to the posterior of DAS and displaced the cell body
anteriorly in the adult. Vulval displacement was not directly measured. Occasionally
other cell bodies were displaced dorsolaterally from their normal position near the ventral
midline (data not shown). No obvious migration defects were observed in the AVM and
PVM mechanosensory neurons.
2.3.3 Commissures make choice point errors

The commissures normally associated with any single motor neuron were not
always observed at their expected A/P position within the worm, but rather aberrantly
placed commissures were noted elsewhere in the animal (Figure 2.1A, B, C). This
suggests that commissures in the mutant are not responding to the correct turn signal at
their choice points and, failing to do so, they travel in an anterior or posterior direction
until they respond to some other turn signal. Because such commissures turn from the
VNC at an incorrect A/P position, they may target incorrect muscle cells, contributing to

an inability to correctly coordinate movement. In general no correlation between
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incorrect choice point and supernumerary branching was observed (see Figure 2.1E for
an example), suggesting that the mechanisms regulating these processes are somewhat
independent.

It was somewhat surprising, then, to find that the commissure arising from the
displaced DAS neuron was usually targeted correctly. The wild-type DAS commissure
sprouts from the ventral sidé of the cell body, crosses the ventral midline by passing over
the hypodermal ridge, then projects circumferentially around the left side of the worm
until it reaches the DNC (White et al., 1986). In unc-119 mutant worms with displaced
DAS cell bodies, the commissural axon projected posteriorly (either fasciculating with
the right or left VNC) until it reached the A/P position where it would normally turn
dorsolaterally away from the VNC. At this point it turned correctly and projected to the
DNC in a normal manner (Figure 2.1E,F). The correct projection was not affected by the
presence of an additional branch on this axon (Figure 2.1F).

2.3.4 Axon elongation defects in mechanosensory and chemosensory neurons

A Pmec-4::GFP reporter was used to observe the anterior mechanosensory
neurons (ALM and AVM) which are responsible for initiating the response to light touch
in the head (Chalfie and Sulston, 1981; Chalfie et al., 1985). In the wild type, the cell
bodies of ALML and ALMR are situated laterally near the mid-body and sensory
processes extend anteriorly almost to the nose of the animal. Near the nerve ring one
axon branches from each process, projects medially and then runs ventrally along the
inside of the nerve ring, fasciculating with the neuropil and making several synapses until
it meets the process arising from the ventral axon of AVM with which it forms a gap

junction (Figure 2.2A, B, C; White et al., 1986). In an unc-119(ed3) mutant the anterior
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elongation of the sensory processes of the ALMs appeared normal but the axons in the
nerve ring terminated prematurely after extending medially to the nerve ring but before
reaching the ventral side of the animal (Figure 2.2D, E). As a result, it would be
impossible for the axons to synapse correctly with other neurons involved in effecting the
touch response. These axons typically did not have terminal arbors.

A Pdaf-7.:GFP reporter was used to visualize the chemosensory ASI amphid pair
(Figure 2.3). Dendrites from these neurons terminate in sensory cilia within the amphid
pore (White et al., 1986). In about 10% of unc-119(ed3) mutants examined, the dendrite
ended in an abnormal forked structure (Figure 2.3D) compared to the wild type (Figure
2.3B). Wild type ASI neurons form gap junctions with each other and synapses with
other amphids and with interneurons by means of an axon which extends ventrally from
the cell body, joins the VNC via the amphid commissure and then turns anteriorly and
enters the nerve ring (Figure 2.3A, C). In almost all unc-119 animals examined the axons
appeared highly malformed (Figure 2.3E). Not only were they prematurely terminated
near the ventral midline where they would normally enter the nerve ring but they usually
ended in highly-branched structures. This would make it impossible to form their normal
gap junctions and synapses and they would be unable to communicate sensory input to
downstream effector neurons. ASI amphids have an essential function in the initiation of
the dauer larva (Bargmann and Horvitz, 1991) and these axonal defects may explain the
nability of unc-119 mutants to enter into dauer.

In the L1 larvae of both wild type and mutant worms ASI axons were fully
elongated and appeared to contact each other medially (Figure 2.3F-H) but the axons

were clearly misguided in the unc-119(ed3) strain (Figure 2.3G, H). Following correct
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elongation to the ventral medial region, the axon failed to enter the nerve ring and
projected either anteriorly (Figure 2.3G) or posteriorly (Figure 2.3H) to contact its
contralateral partner. This structure was never observed in unc-119 adults leading to the
conclusion that it was likely not stable and retracted, subsequently forming the branched
structure seen in the adult.
2.3.5 ASI axon defects are distinct in #nc-119 mutants

In order to place UNC-119 within the pathways of known axon guidance
mechanisms, a comparison of ASI axons was made among mutant strains representing
different components of these mechanisms (Figure 2.4). UNC-6 /netrin is a secreted
signal which directs elongation towards or away from the ventral midline depending on
growth cone UNC-5/DCC and UNC-40 receptors (Hedgecock et al., 1990; Chan et al.,
1996). In 84 percent (16/19) of unc-6 animals examined with a Pdaf-7 ::GFP reporter
the ASI axons extended into the nerve ring, but not to the dorsal midline, and had extra
processes. The remaining 16 percent were normal. UNC-44 is related to ankyrin, a
spectrin binding protein that links integral membrane proteins (such as ion channels and
cell adhesion molecules) to the actin cytoskeleton (Otsuka et al. 1995, Bennett, 1992).
Seven out of twenty-three ASI axons observed in unc-44 mutants were normal but
sixteen appeared to turn anteriorly and fasciculate with their ipsilateral dendrite as they
passed it. UNC-51 is a serine-threonine kinase thought to regulate axon elongation,
possibly through vesicular transport (Ogura et al.,, 1994, Okazaki et al., 2000). All
(16/16) ASI axons observed in an unc-51 mutant strain extended to the dorsal midline
though fifteen of these had characteristic varicosities and five had extra branches near the

cell body. UNC-104 is a member of the kinesin family thought to transport synaptic

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



vesicles from the neuron cell body to the synapses (Hall and Hedgecock, 1991, Otsuka et
al., 1991). All (13/13) ASI axons viewed in unc-104 mutants extended to the dorsal
midline, though four of these had varicosities or extra branches near the cell body.
Unique among these various mutations, ASI axons in unc-119 mutants frequently (40/51)
terminated at the ventral entry to the nerve ring in extensive arbors; ASIs in the
remaining animals (11/51) appeared normal. This suggests that UNC-119 acts through a
mechanism that is distinct from several other processes important in nervous system
development including netrin-based guidance, adhesion molecule clustering and
synaptogenesis.
2.3.6 UNC-119 rescues some axonal defects cell-autonomously

Cell-autonomous rescue of the supernumerary branching defect in wnc-119
mutants has been previously reported (Knobel et al., 2001). We hypothesized that UNC-
119 expression in specific neurons should also rescue the elongation defects we observed
in mechanosensory and chemosensory axons. However, because axons from these two
neural classes travel through very different kinds of neural neighborhoods on their way to
the nerve ring, we wondered whether there might be some qualitative difference in their
rescue. We speculated that axons that elongate in a more pioneer-like manner (e.g.
ALMs) might behave differently than axons that are guided by fasciculating with other
pioneering axons (e.g. ASIs). In the latter case rescued axons that fasciculate along the
length of aberrant primary axons might still not be able to elongate properly to find their
final target beyond where the pioneering axon incorrectly terminates.

We expressed unc-119 cDNA behind the mechanosensory mec-4 or chemosensory

daf-7 promoters and observed the effect the transgenes had on ALM and AVM or ASI
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axons, respectively, in an unc-119(ed3) background (Figure 2.5). While expressing
UNC-119 in ALM and AVM mechanosensory neurons rescued urnc-119 axon elongation
defects (Figure 2.5A, B), expression in ASI chemosensory neurons did not (Figure 2.5C,
D). The rescue of ALM and AVM axon defects was specific to the neurons in which
UNC-119 was expressed. When this rescuing construct was expressed in an unc-119
strain containing an unrelated DA/DB motor neuron GFP reporter (Punc-129::GFP),
VNC defasciculation and cell-placement defects in the DA/DB neurons were still
observed (Figure 2.5E).

2.3.7 UNC-119 in neural subset does not rescue gross phenotypic defects

While expression of unc-119 cDNA only in mechanosensory neurons (ALM,
AVM, PLM, PVM) was able to rescue unc-119-associated axon defects in those neurons,
neither mechanosensory nor chemosensory (ASI) expression was able to rescue gross
movement and dauer formation defects (Figure 2.6). This confirmed the observation that
neural defects outside of those neurons in which UNC-119 is directly expressed are not
also rescued. Thus gross phenotypic defects involving networks of neurons are not
repaired by expression in only some of those neurons.

However, unc-119 ¢cDNA expressed either behind its native promoter (data not
shown) or behind the pan-neural F25B3.3 promoter (Figure 2.6) was able to fully restore
both movement and dauer formation defects in unc-119 mutants. UNC-119::GFP driven
by the F25B3.3 promoter is pan-neural but expression begins in post-mitotic neurons at
the three-fold stage of embryo development, much later than the 80-cell stage at which
UNC-119 expression is normally seen (Altun-Gultekin et al., 2001, S. Urban and D.P.,

unpublished observations). However rescue of gross unc-119 phenotypic defects
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resulting from expression under the control of this promoter is nearly complete
suggesting that UNC-119 expression is not required until somewhat later in development.
2.3.8 Intronic elements expand expression of gDNA-based constructs

We and others (Maduro and Pilgrim, 1995, Knobel et al., 2001) had previously
observed that constructs containing the unc-119 full-length genomic DNA (gDNA -
consisting of coding sequence plus introns) did rescue gross movement defects seen in
the mutant but had not previously quantified this rescue. We expressed unc-119 gDNA
behind the same promoters used above and observed a dramatic rescue of movement,
particularly in younger larval stages, and full recovery of dauer formation capability.

This difference in behaviour between the gDNA and cDNA constructs might be
explained by differences in their respective patterns of expression. Thus while an unc-
119 cDNA::GFP construct expressed behind the mec-4 promoter was observed only in
the expected mechanosensory neurons, the same construct incorporating unc-119 gDNA
had an expanded expression pattern (Figure 2.7A). Fluorescence was observed in all
eight head muscles (Figure 2.7B) as well as in all three pairs of coelomocytes (Figure
2.7A, E). The expression of an unc-119 gDNA::GFP reporter under the regulation of the
daf-7 promoter was similarly expanded beyond ASI chemosensory neurons into head
muscles (Figure 2.7C) but was not observed in coelomocytes likely due to an overall
lower signal level. Head muscle expression could be observed in three-fold embryos but
not in two-fold embryos (Figure 2.7D and data not shown).

2.3.9 Muscle-specific UNC-119 rescues gross phenotypic defects
To directly test the hypothesis that muscle expression of UNC-119 might be

responsible for the gross phenotypic rescue, we expressed the unc-119 cDNA under the
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control of the muscle-specific myo-3 promoter. Remarkably, this cDNA construct
partially rescued both movement and dauer defects (Figure 2.6). Although movement of
this strain was reduced relative to wild type it was significantly better than the unc-119
mutant (t-test p<0.01; n=10). Rescue of these gross defects worsened as the animals aged
so that transgenic adults were barely distinguishable from normal wnc-11/9 mutants.
Strikingly, while expression of full-length genomic DNA behind neural promoters (mec-4
and daf-7) fully rescued dauer formation and largely rescued movement (at least through
L4), expression of unc-119 gDNA behind a muscle promoter (myo-3) did not rescue
either defect.

Direct observation of GFP fluorescence resulting from these constructs showed
that the cDNA construct was highly expressed in body-wall muscle (Figure 2.8A). No
neural expression was observed and coelomocytes could not be seen behind the very
bright muscle expression. By contrast, the intronic enhancer coupled with the myo-3
promoter to switch the gDNA expression into several neurons but at a very low level
(Figure 2.8B). Strangely, this was insufficient to rescue movement and dauer defects.
Thus, the precise expression of UNC-119 is controlled by a combination of promoter and
enhancer elements in a manner that is not strictly additive but is a synthesis of signals

from various regulatory elements.
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2.4 Discussion

C. elegans unc-119 mutants have multiple behavioural defects (Maduro and
Pilgrim, 1995). Immuno-electron microscopy studies have shown that the rat homolog,
Uncl119/RRG4, is associated with pre-synaptic membranes in photoreceptors in the rat
retina (Higashide et al., 1998), leading to the proposal that the mammalian homolog of
UNC-119 may be involved in synaptic function. We have shown that severe structural
defects in the nervous system including defasciculation of the VNC, choice point errors
and elongation defects likely form the basis for the behavioural abnormalities in the unc-
119 mutant worm. Further, while commissures form supernumerary branches, their
elongation to the dorsal midline is largely complete, unlike unc-5 and unc-6 mutants
(Hedgecock et al., 1990, Siddiqui, 1990, Siddiqui and Culotti, 1991). In addition, ASI
axon defects in unc-119 mutants have a morphology that is distinct from those of unc-6,
unc-44, unc-51 or unc-104 mutants. This suggests that netrin guidance mechanisms are
unaffected in unc-119 worms and that UNC-119 affects axons through a mechanism that
is not related to these genes.

In adult unc-119 mutants, axons of ASI amphid neurons frequently terminate in
aberrant varicosities or highly branched structures near the ventral midline outside the
nerve ring. In L1 mutant larvae these axons are fully elongated but fail to enter the nerve
ring. ALM mechanosensory axons also fail to elongate along the inside of the nerve ring
in unc-119 mutants, although they appear to initiate medial projection into the nerve ring
near the normal dorsolateral position. Elongation defects appear in these classes of axons
at choice points in their pathways; ASI axons as they transit from the VNC into the nerve

ring and ALM axons as they turn ventrally along the inside of the nerve ring. DD and
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VD commissures exhibit a similar failure shortly following their turning at the dorsal
midline along the DNC in unc-119 mutants (Knobel et al., 2001).

As axons encounter choice points they must change either their response to
guidance cues or their adhesive properties or both (Kaprielian et al., 2001). Axons could
exhibit an incorrect response to a choice point in a number of ways, including: i) failing
to detect the choice point, ii) failing to transduce the choice point signal to effector
molecules, ii1) failing to produce or localize new guidance cue receptor or adhesion
molecules at the axon surface, or iv) failing to down regulate old guidance cue receptor or
adhesion molecules. We hypothesize that failing to detect or process a choice point
signal or failing to upregulate new receptor or adhesion molecules should result in axons
that fail to defasciculate and overshoot their choice point, similar to choice point defects
seen in Drosophila DLAR mutants (Krueger et al., 1996) or in Fasciclin II
overexpressing transgenic flies (Lin et al., 1994). However axons in unc-119 mutants
exhibit fasciculation and fascicle stabilization defects that are more in keeping with a
failure to downregulate the response to previous guidance and adhesion molecules at
choice points.

In addition, while defects in ALM axons projecting medially into the nerve ring
are repaired by expressing UNC-119 in ALMs, defects associated with ASI axons are not
rescued by corresponding expression in ASIs. It is possible that the response to
UNC-119 expression in different neurons depends on the time at which the neural-
specific promoters used in these experiments become activated. UNC-119 is normally
expressed at about the 80-cell stage of embryogenesis but daf-7 reporters are not seen

prior to hatching and mec-4 reporters are not observed prior to the two-fold stage of
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embryogenesis.  Pan-neural expression of UNC-119 at the three-fold stage of
embryogenesis under the F25B3.3 gene promoter was sufficient to rescue gross
phenotypic defects, placing the requirement for the protein at a time that is between that
observed for the daf-7 and mec-4 promoters. This may explain why mec-4-driven UNC-
119 rescued ALM axon defects while daf-7-driven UNC-119 did not rescue ASI axon
defects.

However, we may also attribute this difference in behaviour to differences in the
local neighborhood through which these different axons extend in reaching the nerve
ring. Axons elongate over different substrates; pioneer axons over hypodermis and
basement membrane, and follower axons along the surface of other axons. We
hypothesize that, for follower axons, guidance or elongation defects in .the pioneering
axon may affect the apparent pathfinding of the secondary axon by disrupting its
supporting substrate. Thus axons in the VNC which ASIs follow into the nerve ring may
be so disrupted in unc-119 mutants that, even though UNC-119-regulated fasciculation is
correct, the ASI axons are not correctly guided into the nerve ring. By contrast, ALM
axons do not enter the nerve ring by fasciculating with pioneer axons but act as pioneers
themselves.

Expressing an intron-containing construct under the regulation of either
mechanosensdry or chemosensory promoters caused an expansion in the pattern of
expression outside that specified by the promoter fragment alone and resulted in overall
rescue of the unc-119 movement and dauer formation defects. Using such constructs, we
observed expression in all four pairs of head muscles starting during the three-fold stage

of embryonic development and continuing throughout adulthood. This suggests that
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there is an enhancer element within the full-length unc-119 gDNA that combines with
certain promoters to drive expression in head muscles and that this expanded expression
is sufficient to rescue the unc-119 defects in larval stages but not throughout adulthood.
A trivial explanation is that the myo-3 promoter expresses at an undetectable, but
sufficient, level in neurons, but we have never observed any transgenic animals (or their
progeny) that were rescued but had no detectable GFP using any rescuing construct.

By immunohistochemistry UNC-119 has been found throughout the cytoplasm of
worm neurons, including in axons and growth cones (Knobel et al., 2001). However,
ectopic expression of UNC-119 in muscles was also able to substantially rescue the unc-
119 movement and dauer formation defects. This led us to conclude that UNC-119 must
be able to repair neural defects in a cell-nonautonomous manner. In primary cultures
UNC-119::GFP expressing cells are seen to adopt a muscle-like morphology at a low
frequency (Christensen et al., 2002), raising the possibility the UNC-119 may normally
be found in some muscles and may play some role there. Indeed, a full-length genomic
UNC-119::GFP reporter has previously been observed in head muscles (Christensen et
al., 2002) in addition to our own observations.

While it is theoretically possible that the movement defects associated with unc-
119 mutants may be, for example, simply due to defects in muscle arm pathfinding rather
than neural defects per se, dauer larva formation has not been shown to be dependent in
any way on muscles. Thus muscle expression of UNC-119 must be rescuing the L2
nervous system structure sufficiently to be able to respond to exogenous overcrowding
and food availability cues and induce dauer formation. Indeed, expression of UNC-119

in head muscles alone may be necessary and sufficient in some unknown way for proper
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formation of the nerve ring and restoration of both movement and dauer formation
capability in unc-119 mutants.

By contrast, the localization of GFP to coelomocytes was intriguing, as GFP
reporters secreted into the coelomic cavity are absorbed into coelomocytes (Fares and
Greenwald, 2001). This suggests that the ectopically expressed UNC-119(gDNA)::GFP
was either being expressed directly in these cells or being taken up from the pseudo-
coelomic cavity (Fares and Greenwald, 2001). UNC-119 does not have a secretory signal
and has not previously been detected outside of neurons and head muscles. However,
improperly-folded and, therefore, non-fluorescent GFP has been shown to be secreted by
some types of cells utilizing a non-classical pathway (Tanudji et al., 2002) and ectopic
UNC-119::GFP when expressed in muscles may find its way into the ECM via this route.

Alternatively, an UNC-119 homolog has been observed in association with
synaptic vesicle membranes in rat photoreceptors (Higashide et al., 1998). Depending on
its exact topology relative to the vesicle membrane this could lead to two possible
models. i) Growth cones at the tips of elongating axons are dynamic regions (Sabo and
McAllister, 2003) and vesicles undergo both exocytosis (adding plasma membrane and
releasing proteins to the extra-cellular space) and endocytosis (e.g. during filopodial
retraction). Thus UNC-119 may normally be secreted or presented extra-cellularly at the
growth cone as vesicles fuse with the plasma membrane of the elongating axon. It may
then be associated with the underlying extra-cellular matrix where it serves some
unknown signaling function. Ectopic UNC-119 secreted by muscles into the region
where axons are elongating would also be capable of serving the normal signaling

function. ii) Alternatively UNC-119 may normally act as an adaptor for some extra-
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cellular signal but may, itself, only be found intracellularly associated with both
exocytosing and endocytosing vesicles. In this case ectopic extracellular UNC-119 in an
unc-119 mutant background may be taken up by endocytosing vesicles during axon
elongation and transported into the cytoplasm by an unknown mechanism where it can
serve some of its normal function.

Although there are many C. elegans strains mutant in genes required for
endocytosis, defects in neural structure have not been reported. Mutations in molecules
required for all endocytosis (e.g. clathrin, clathrin adaptors, dynamin) result in dead
embryos, while temperature-sensitive mutants have generally only been studied for their
impaired synaptic vesicle recycling (Harris et al., 2001). However, RNA interference of
dynamin, a molecule essential for endocytosis, greatly impairs neurite formation in
primary cultures of rat hippocampal neurons (Torre et al., 1994). Further, when primary
neural cultures of temperature-sensitive Drosophila shibire mutants are raised at the
restrictive temperature, outgrowth of processes is impaired (Masur et al., 1990).

One difficulty faced by our model is explaining the severe age-related reduction
of movement observed with muscle UNC-119 transgenic animals. An ongoing
requirement for UNC-119 in fully-elongated neurons to suppress the formation of
supernumerary branches has previously been shown (Knobel et al., 2001). Sprouting of
supernumerary branches in SAB motorneurons that innervate head muscle has been
shown to be dependent on synaptic activity at the neuromuscular junction (Zhao and
Nonet, 2000). Also abrogating sensory neural activity by mutations in a cyclic
nucleotide-gated channel causes sprouting of additional axons in late larval stages

(Coburn et al.,, 1998). This suggests that the ongoing requirement for UNC-119 in
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neurons may be related to a role in synaptic activity and that this is required
intracellularly.

Thus, muscle expression and secretion, whether by the myo-3 promoter or as a
result of the intronic enhancer present in unc-119, may be insufficient to maintain
synaptic activity and suppress extensive axon branching in the adult. However, axon
retraction similar to that seen in unc-/19 mutants has not been observed in mutants with
altered neural activity, suggesting that a role in axon stability may be separated from
synaptic activity. Also suppression of synaptic activity has not been shown to lead to the
kind of fasciculation and choice point defects found in unc-11/9 mutants. By contrast, a
mutation in the worm homolog of p190 RhoGAP, RPM-1, does exhibit axon retraction
and supernumerary branch formation similar to that found in unc-119 (Schaefer et al.,
2000; Billuart et al., 2001). This suggests that the axon instability in unc-119 may be
associated more with an instability in the actin and tubulin cytoskeleton, perhaps

resulting from instability in axonal adhesion, than with neural activity.
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Strain |Genotype GFP Expression

DP328  |lin-15(n765ts);edEx141[WMO06(Pmyo-3::unc-119 gDNA)::GFP; lin-15(+)]  |body wall muscle

DP329  |lin-15(n765ts);edEx142[WM008(Pmec-4::unc-119 gDNA)::GFP; lin-15(+)]  |mechanosensory
neurons

DP330  |lin-15(n765ts);edEx143[WMO09(Pdaf-7::unc-119 gDNA)::GFP; lin-15(+)] ASI chemosensory
neurons

DP332  |lin-15(n765ts),edEx145[WMO006b(Pmyo-3::unc-119 cDNA)::GFP; lin-15(+)] {body wall muscle

DP333  lin-15(n765ts);edEx146[WMO08b(Pmec-4::unc-119 cDNA)::GFP; lin-15(t)] |mechanosensory
neurons

DP334  |lin-15(n765ts);edEx147[WMO009b(Pdaf-7::unc-119 ¢cDNA)::GFP; lin-15(+)] |ASI chemosensory
neurons

DP336  |unc-119(ed3); edEx141[WMO06(Pmyo-3::unc-119 gDNA)::GFP; lin-15(+)]  {body wall muscle

DP337  unc-119(ed3); edEx142{WMO08(Pmec-4::unc-119 gDNA)::GFP; lin-15(+)]  |mechanosensory
neurons

DP338 |unc-119(ed3); edEx143[WMO09(Pdaf-7::unc-119 gDNA)::GFP; lin-15(+)] ASI chemosensory
neurons

DP340  |unc-119(ed3); edEx145[WMO06b(Pmyo-3::unc-119 cDNA)::GFP; lin-15(+)] {body wall muscle

DP341  |unc-119(ed3); edEx146{WMO08b(Pmec-4::unc-119 ¢cDNA).:GFP; lin-15(+)] |mechanosensory
neurons

DP342  |unc-119(ed3); edEx147[WMO09b(Pdaf-7::unc-119 cDNA)::GFP; lin-15(+)]  |ASI chemosensory

: neurons
DP376  |edEXI 48[WMO14c(Punc-119::unc-119 cDNA::GFP;Punc-129:: GFP] pan-neural
DP377  |unc-119(ed3);;edEX148[WMO14c(Punc-119::unc-119 cDNA::GFP; Punc- pan-neural
129::GFP]
DP381 |edEx150{PF25B3.3 gene::unc-119 cDNA::GFP] pan-neural
DP382  |unc-119(ed3); edExI150{PF25B3.3 gene::unc-119 cDNA::GFP] pan-neural

Table 2.1 Transgenic strains used to test cell-autonomy
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Percent with
Neuron
supernumerary branches
DAS3 3
DB4 10
DA4 17
DB5 10
DAS 17
DB6 13
DA6 17
DB7 3
DA7 7
Any DB-class 50
Any DA-class 46

Table 2.2 Quantification of supernumerary branches in DA/DB class motor neurons.

Neurons were visualized using a Punc-129::GFP reporter. Branching defects were scored only when a
commissure could unequivocally be assigned to a specific neuron. Numbers represent the percent of
worms in which a branching defect of the commissure was observed (n=30). In the wild type, DA and DB
axons are never branched.
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Figure 2.1 unc-119 mutants have VNC defasciculation and cell placement defect.

Ventral aspects; anterior is to the left. A-C, Neurons are visualized with an integrated Punc-129::GFP
reporter. Arrowhead — vulva. A. N2 (wild type) VNC shows characteristic tightly-fasciculated right VNC
fiber similar to 50% of unc-119 mutants. DA2 and DB3 commissures fasciculate and project to the right of
the VNC (asterisk). Scale bar, 100 um. B. 40% of unc-119 mutants display moderately-defasciculated
VNCs (large arrows) usually most noticeable anterior to the vulva. Only one commissure is seen at normal
DA2/DB3 position. Other may be posteriorly displaced but still projects to right of VNC (asterisk). C.
10% of unc-119 mutants exhibit severe defasciculation encompassing neurites in both the anterior and
posterior regions of the animal. Thin arrow - Apparent decussation of VNC. One of DA2/DB3
commissures appears slightly posteriorly displaced but turns to left of VNC (asterisk). D-F. DAS cell body
is misplaced in about 60% of unc-119 mutants. D. DB5 and DAS5 at anterior and posterior (respectively) of
vulva in wild type. E. DAS cell body is misplaced anterior to vulva in unc-119 worm but axon (large arrow)
is targeted normally. F. Even when DAS axon (large arrow) fasciculates with left VNC bundle and
produces supernumerary branch, it is still targeted approximately correctly. Scale bar, 50 um.
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Figure 2.2 Axons of mechanosensory neurons terminate prematurely in the nerve ring.

A, Diagram of ALM mechanosensory neurons and processes. B and C are wild type. D and E are unc-
119(ed3) mutants. Anterior is to left; ventral is down. The ALM neurons are visualized with a Pmec-
4::GFP reporter. Scale bar, 100 pm. B. Lateral view of ALM processes as they pass by the nerve ring.
While sensory processes continue anteriorly, axons branch off to project medially into the nerve ring then
elongate along the inner periphery. Eventually these processes synapse with the forked terminus of AVM
near the ventral midline. C. Ventral view of another pair of ALM anterior processes at the nerve ring
showing their fasciculation at the dorsal midline. D. Lateral view of ALM processes in unc-719 mutant
showing premature termination. E. Ventral view of another pair of ALM process in unc-719 mutant
showing termination of axon in the nerve ring without ventral extension. AVM is not visible at ventral
midline in B-E due to low GFP intensity and selection of optical slices (focal planes) for inclusion in
confocal projections but see Figure 2.5 A and B. Scale bar, 100 um.
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Figure 2.3 Neurites of ASI amphid neurons are aberrant in unc-119(ed3) mutants.

Neurons are visualized with Pdaf-7:GFP reporter. A, Diagram showing the location of the ASI amphid
neurons and their processes. Note that axons fasciculate and are connected by gap junctions in the nerve
ring. Figure adapted from White et al. (1986). B, C and F are wild type. D, E,G and H are unc-119(ed3)
mutants. B and D show lateral close-ups of single ASIL amphid dendrites. Scale bar, 10 um. B,
Unbranched wild-type morphology. D, Infrequent branched morphology in mutants. C and E are ventro-
lateral views showing axons making contact (at arrowheads) as unbranched processes in the wild type (C)
or terminating prematurely in non-contacting branched structures in the unc-779 mutants (E). F — G show
dorso-lateral views of ASI axons in L1 larvae. F, wild type ASIs have same morphology as adults. G, ASI
axons in mutant fail to enter into nerve ring but meet at ventral midline anterior to cell bodies. H, ASI
axons in mutant meet at midline posterior to cell bodies. Scale bars, 100 pm.
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a) wild type  b) varicosities or  ¢) fasciculate d) terminal
branches near with dendrites  branches or
cell body varicosities

N2 24/24
unc-6 8/19 11/19
unc-44 7/23 16/23
unc-51 16/16
unc-104 9/13 4/13
unc-119 11/51 40/51

Figure 2.4 Comparison of ASI axon defects in several mutants.

ASI axon morphologies fell into four categories:

a) Wild type, b) Wild type but with branches or

varicosities near cell body, c) Axon fails to fully elongate and appears to fasciculate with ipsilateral
dendrite, d) Axon fails to enter nerve ring near ventral midline and ends in terminal arbor or varicosity.
Ratios shown are number of axons observed in each category out of all animals observed with that
genotype. Axons in unc-119 mutants uniquely end in terminal arbors before entering nerve ring.
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Figure 2.5 Neural-specific expression of UNC-119 rescues defects cell-autonomously.

A, ventral view of wild-type mechanosensory axons. B, rescuing Pmec-4::unc-119::gfp restores axons to
wild-type morphology in unc-119(ed3) mutants (compare to Figure 2.2E). C, lateral view of wild-type ASI
axon and dendrite. D, transgenic Pdaf-7::unc-119::gfp does not restore wild-type morphology to ASI
axon. (compare to Figure 2.3E). Premature termination, varicosity and terminal arbor are visible at ventral
position (arrow). E, DA/DB motorneuron defects are not rescued by mechanosensory UNC-119
expression. Closed head arrow points to defasciculated VNC in Pmec-4::unc-119::gfp transgenic worm
also containing Punc-129::gfp reporter. Open head arrow points to normal DAS position, though cell body
appears to be displaced to anterior of vulva (compare to Figure 2.1C).
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Figure 2.6 Rescue of unc-119 movement and dauer defects by tissue-specific UNC-119.

Number of swimming movements of worms in M9 buffer was counted over one minute period. Various
larval and adult stages were assayed for movement. Solid bars represent worms expressing the UNC-
119::GFP transgene; hollow bars are non-transgenic unc-119 siblings from same plate. Dauer formation
ability was assayed by 2 hour incubation of plates 4 days after clearing in 2% SDS at 25 °C. Inability to
form dauer larvae is indicated by — while dauer formation ability is indicated by + in line of text above
graph. Wild type (N2) worms swim at approximately 100 beats/min. at all stages. Expression of UNC-119
(cDNA based) under the pan-neural F25B3.3 promoter almost completely rescues movement and dauer
formation. Expression of cDNA-based UNC-119 in mechanosensory (mec-4) or chemosensory (daf-7)
neurons does not rescue movement or dauer formation, but expression of gDNA-based UNC-119 under
same promoters does. Expression of muscle-specific UNC-119 (gDNA-based) does not rescue movement

or dauer-formation but the same promoter driving cDNA-based UNC-119 partially rescues movement and
the strain can form dauers.
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Figure 2.7 Phenotypic rescue of transgenic unc-119 mutants is due to UNC-119 in muscles.

A, gDNA-based UNC-119::GFP under mec-4 promoter expands beyond mechanosensory neurons
(arrowheads) into other cells (arrows). B, higher magnification of worm in A, reveals expression in head of
animal is due to UNC-119::GFP in head muscles. Arrow points to muscle arm projection into nerve ring
and arrowhead points to punctate pattern similar to that of dense bodies. C, a gDNA-based UNC-119::GFP
under daf-7 promoter also has weak expression in head muscles. D, expression of this transgene is first
apparent and is much stronger in three-fold embryos (arrow points to head muscles). E, apparent
coelomocyte in posterior of worm shown in A containing UNC-119::GFP. Expression may have spread to
coelomocytes or it may result from uptake of secreted protein from muscles.
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Figure 2.8 UNC-119 expressed under muscle promoters

A, cDNA-based UNC-119 under muscle-specific myo-3 promoter is expressed only in body wall muscle.
Expression is very high and occludes neural reporters (not shown) in DA/DB motorneurons. B, gDNA-
based UNC-119 under same promoter shows weak expression only in some neurons. This does not rescue
either movement or dauer formation defects.
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