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Abstract
Axon guidance is the developmental process where developing neurons navigate their
processes based on attractive and repulsive cues. C. elegans has been an instrumental model in
the study of neurobiology with one of the key benefits being a relatively simple nervous system
which comprises of only 302 neurons. The Eph Receptors are a canonical class of axon guidance
molecules and in C. elegans there is only Eph receptor VAB-1. To understand axon guidance it
is useful to study the mechanosensory neurons, and in particular a pair of neurons called the PLM
(Posterior Lateral Microtubule). In this thesis I undertook a series of projects involving new
techniques, and identified gene products that may interact with VAB-1 in the PLMs. I
demonstrate that the use of the PLM Length and PLM/Body length ratio at the L1 stage offers an
improved way of detecting axon guidance phenotypes. I show proof of concept that use of a light
induced cell ablation technique can help study the developing nervous system.
Further, I show that with the use of a tissue specific RNAi technique the role of lethal
genes in axon guidance can be analyzed. Finally I conducted a screen that identified new
effectors of the VAB-1 signal transduction pathway.
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Chapter 1
Introduction
Human thought, behaviour, perception and sensation all depend on the development of
the billions of neurons in our nervous system. The beauty and complexity of this network can be
seen through the various developmental processes ranging from the morphological differences
amongst various cells in the nervous system, and the complex process where neurons navigate to
their respective location, and also the complex branching processes upon arrival of the target site.
The work in our laboratory has focused on understanding the genetic players and
mechanisms that regulate the growth and guidance of neurons. It is ultimately through a thorough
understanding of these developmental mechanisms that we will one day be able to translate this
information to support new treatments of nervous system disorders and spinal cord injury. To
address this, our lab has focused on the small round worm Caenorhabditis elegans because of its
many advantages, which include a rapid generation time, full knowledge of the cell lineage, a
fully sequenced genome, and many useful molecular and genetic techniques. In addition C.
elegans is well suited for use in neurobiology because there is a full annotation of the axonal
wiring and synaptic connectivity of its entire 302 neurons. While this model system is inherently
simple it does in fact share many of the same biological pathways of complex organisms
including humans.
In the pursuit of understanding the biological pathways that dictate how neurons are guided at
times requires innovation and new tools and techniques. In this thesis I developed new methods
which allowed me to identify new genetic players to an important axon guidance pathway. In
this regard I hypothesized with scoring worms at an earlier larval stage maybe more sensitive for
1

detecting axon guidance phenotypes. Secondly I hypothesized that lethal genes play a role in
axon guidance development. Lastly with the advancement of cell ablation techniques, I
hypothesized that we be able to demonstrate successful ablation of the PLMs, which will allow us
to investigate how different neurons interact with each other during development.
To address my three hypotheses, I have developed four major objectives as follows;


The first objective is to demonstrate a more refined way of analyzing axon growth
phenotypes through the use of the L1 larval stage. I also aim to demonstrate that use of a
more quantitative scoring system will improve phenotyping the axon guidance defects.



The second objective is to develop a method to study essential genes in the touch
neurons, and elucidate a role in axon guidance



The third objective is to use both a candidate and forward genetic approach to look for
genes that may function with the VAB-1 Eph RTK, an axon guidance receptor in C.
elegans.



The last objective is to demonstrate that the mechanosensory neurons can be ablated
through a genetic cell killing technique.

2

Chapter 2
Literature Review
2.1 Axon guidance depends on the growth cone
An axon is the structure of a neuron that extends to reach its post-synaptic target. While
this is a highly specialized part of the neuron, the guidance is ultimately regulated by a sensory
structure called the growth cone which is located on the very tips of the axon (Araújo and Tear,
2003). The discovery of the growth cone is credited to Santiago Ramón y Cajal who is
commonly known as the “father of modern neuroscience”. He described the growth cone as a
fixed cell that had the behaviour and organic movements similar to that of an amoeba. The
current understanding of the growth cone is that it is a dynamic structure that is composed of
microtubules and actin filaments. The structure of the growth cone is often depicted as a hand
where the fingers represent the F-actin rich filopodia and webbing as the dense mesh actin
lamellipodia (Huber et al., 2003). Together, through both the act of extension and retraction, both
the lamellipoda and filopoda allow the growth cone to direct axon movement.
The growth cone is characterized by three main regions; the peripheral (P) domain, which
is the region surrounding the outer edge of the growth cone and site where the lamellipodia and
filopodia are located and most active. The transitional (T) zone is the middle thin region between
the central and peripheral domains. Lastly, the central (C) domain is the area closest to the axon,
and the region that is composed mostly of microtubules (Figure 1.0).
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Figure 1: Structure of the Growth Cone
The growth cone can be divided into three regions: The Central (C) – domain which is the part
closest to the axon branch and contains the microtubules; the Transition (T)-zone which contains
a small area between the two other zones, and the (P) – domain which contains the lamellipodia
and the filopodia located on the tip of the growth cone. (Adapted and modified from (Lowery and
Van Vactor, 2009))
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2.2 Growth cone dynamics is dependent on actin polymerization
The dynamic activity of the growth cone is triggered through the activity of actin
polymerization (Zhou and Cohan, 2004). Movement of the cell is ultimately achieved through
the shape change of the membrane through cytoplasmic movement into the lamellipodia. In
addition, movement is also achieved when there is branching of actin filaments at the ends of the
cell membrane. This process is ultimately dictated by a protein complex called the Arp 2/3
(Actin related protein) complex that forms a Y- shaped branch formation and induces actin
polymerization (Baum and Kunda, 2005) (Figure 2). The activity of this complex process is
regulated by a number of different cell surface receptors such as Eph Receptor Tyrosine Kinases,
and others that affect actin cytoskeleton. Once a receptor obtains its ligand, adaptor proteins like
NCK, and the Rho-family GTPases (which include Rho, Cdc42, Rac) can transmit the signal to
regulate polymerization (Huber et al 2003). Signals from many of these various molecules can
transduce their signal to a protein called WASP (Wiskott–Aldrich Syndrome Protein). The WASP
family in humans consists of WASP and a similar protein called SCAR/WAVE. WASP is
activated by an interaction with Cdc42 and WAVE is activated by Rac1 and NCK (Machesky and
Insall, 1998). The consequence of this activation is that the WASP proteins induce the Arp 2/3
complex to initiate actin polymerization (Yarar et al., 2002).

5

Figure 2: Y Branching of the Actin Filaments
Signals from various cell surface receptors, and various signaling pathways activate the Arp 2/3
complex through two separate pathways. Activation of WASP and the close family member
WAVE activate the Arp 2/3 complex which promotes actin branch polymerization. The barbed
(+) end represent actin polymerization while as the pointed (-) end represents end that has actin
depolymerization
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2.3 Axon guidance molecules
Developing axons are guided to their proper location by a series of attractive and
repulsive cues from the extracellular environment (Figure 3). Studies have led to the
characterization of a series of highly conserved families of guidance molecules (ligands and
receptors) which act to push and pull axons to be targeted to their respective location. These
include the Ephrins/ Eph receptors, netrins and netrin receptors UNC-5 and DCC,
semaphornins/Plexin, and the Slits/Robo receptor (Tessier-Lavigne and Goodman, 1996).
The netrins have been shown to guide axons toward the ventral midline, and loss of netrin
can cause disorganization and failure of axons to grow in mice (Huber et al., 2003). The
identification of the netrin receptors came from the work on C. elegans, where mutations in the
unc-40 and unc-5 caused defects to circumferential guidance, specifically unc-40 caused ventral
defects while unc-5 caused dorsal guidance defects (Hedgecock et al., 1990). UNC-40 belongs to
the DCC (Deleted in colorectal carcinoma) family and appears to be responsible for mediating
attraction to netrin, but also has roles in repulsion when it forms a complex with UNC-5.
Conversely the UNC-5 receptor appears to be exclusively responsible for repulsion (Hedgecock
et al., 1990).
The Slits are a large family of secreted proteins that signal through the Robo
(Roundabout) family of receptors. Robo was first discovered in Drosophila from a screen to
isolate mutants that have midline axon guidance defects (Seeger et al., 1993). Slits and the Robo
receptor appear to have roles as repellants and are most understood for their role in midline
guidance in Drosophila and formation of the optic chiasm in vertebrates. In Drosophila, Slits are
expressed at the ventral midline where they signal to Robo to prevent ipsilateral axons from
crossing over the midline and commissural axons from reentering (Kidd et al., 1999; Davenport
7

et al., 1993). In vertebrates it appears that Slits act in the optic chiasm by repelling ipsilateral and
contralateral axons.
The semaphorins are a large family of both cell surface and secreted molecules. They
were first discovered from studies on the grasshopper nervous system (Kolodkin et al., 1992).
Semaphorins typically signal through a transmembrane plexin receptor. From genetic analysis of
semaphoring function, they appear to produce inhibitory cues that can act at a short distance,
where they act to deflect axons away from unwanted areas (Raper, 2000).
The ephrins are membrane bound ligands for the Eph family of receptor tyrosine kinase.
They were discovered while researchers were searching for molecules that guide retinal axon
migration to the optic tectum. Ephrins and their Eph receptors appear to control axon guidance in
a number of areas, and have been shown to produce attractive and repulsive cues (Wilkinson,
2001). Eph receptors are highly conserved classes of molecules that have numerous roles in cellcell communication with axon guidance being one aspect of their many functions. The Ephrin and
Eph are further reviewed in detail in sections 2.6 to 2.10.
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Figure 3: Axon Guidance Signaling
Guidance cues that dictate the movement and migration of axons can be separated by local versus
long ranged cues. Long range cues are typically in the form of secreted molecules that can travel,
while as local cues are typically membrane bound molecules. The influences of these long versus
short range cues can be attractive or repulsive and they serve to push or pull the developing
growth cone into the right direction. Among these signaling molecules are the Netrins, Slits,
Semaphorins, and Ephrins.
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2.4 The C. elegans mechanosensory neurons
To analyze axon guidance, our lab has focused on the six C. elegans touch neurons.
There are two bilaterally symmetric sets of cells with one pair located anterior of the vulva
ALML and ALMR and the other pair at the tail end, PLML and PLMR (Figure 4). These two
sets of cells originate during embryonic development and send their neurites anteriorly. The third
pair of cells are located in different positions with the AVM at the mid anterior and the PVM at
the mid posterior end of the worm. These two cells arise post hatching and have process that
reach the ventral nerve cord and migrate anteriorly (Chalfie and Sulston, 1981). The PLM cells
are reported to have a long anteriorly processed axon and a much shorter posteriorly processes
axon. Based on laser ablation studies it is reported that the ALM neuron is responsible for sensing
touch at the anterior half of the animal at all stages, and the AVM sensing touch only at the adult
stage. The PLMs are solely responsible for touch sensation for the posterior end while the PVM
has been shown to not produce a response in touch sensation (Chalfie and Sulston, 1981).
The touch neurons express several genes that are required for the sensation of gentle
touch and tap. These genes encode for products that include subunits of a mechanoreceptor
channel complex, tubulin proteins that form the 15-protofilament microtubules, and also several
protein of unknown functions. The mechanoreceptor channel complex has at least 5 proteins.
The key proteins that form the pore subunits are encoded by mec-4 and mec-10. MEC-4 and
MEC-10 are specialized ion channels in C. elegans called degenerins. Degenerins are part of the
degenerin/epithelial sodium channel (DEG/ENaC) protein super family. mec-2, and unc-24
encode the prohibitin homology (PHB) domain membrane protein which may play a role in
assisting ion permeability (Bounoutas and Chalfie, 2007). The last part is mec-6 which encodes a
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transmembrane protein that is similar to paraoxonases which are widely found in touch receptor
neurons.

Figure 4: Mechanosensory Neurons in C. elegans
There are six mechanosensory neurons that play a role in sensing gentle touch and light tapping.
The PLMs cell bodies are located at the posterior end and send a lateral process toward the
anterior end. A process from the PLM turns ventrally and enters the ventral nerve chord near the
vulva, while the main processes terminate near the midbody. The pair of ALMs cell bodies are
located on the lateral end where they make processes that travel towards the anterior end. The
AVM and PVM are located on the right anterior ventral side and left posterior ventral side of the
animal.
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2.5 Using the PLM as a model for axon guidance
Previously, members of our lab have the vulva as a landmark for developing PLMs.
Specifically, young adult PLMs generally terminate within one or two cell bodies past or before
the vulva (Mohamed and Chin-Sang 2006). Gallegos and colleagues showed a rapid decrease in
PLM growth cone presence within hours after hatching. By the time worms reached 11 hours
post hatching there was no presence of a growth cone and the PLMs have reached their target
(Gallegos and Bargmann, 2004). I hypothesized that scoring at the L1 stage can provide better
axon guidance phenotypes.

2.6 Eph Receptor Tyrosine Kinase
The Eph RTKs are an important family of signaling molecules and get their names from
the erythropoietin producing hepatocellular carcinoma cell line (Hirai et al., 1987). The Eph
RTKs were first characterized to have roles in tumourgenesis. Since then, they have been
implicated in a vast array of developmental processes, which include embryonic development,
axon guidance, cell migration, and also development of the vasculature and spinal morphogenesis
(Murai and Pasquale, 2004; Palmer and Klein, 2003). In mammals there are 14 different
receptors and 8 ephrin ligands. These 14 mammalian Eph Receptors are divided into two
subclasses but share similar structural units. Eph RTK extracellular regions contain two main
domains, an extracellular domain that contains the N-terminal ligand binding domain, a cysteine
rich region, and two fibronectin type III repeats. The intracellular domain includes a
juxtamembrane domain that has two conserved tyrosine residues, a tyrosine kinase domain, a
sterile-α motif (SAM) and a PSD-95, Disc large, Zonula occludens-1 (PDZ)- binding motif
(Figure 5.0). The Eph RTKs are further subdivided into two subclasses which are termed EphA
(EphA1-A8) and EphB (EphB1-B4, Eph6). This classification was first determined based on
12

ligand binding affinity but recent work has shown that exceptions do occur (Himanen et al., 2004;
Holland et al., 1996).

Figure 5: Structure of Eph Receptor Tyrosine Kinases and their Ephrin ligands
The intracellular and extracellular domains of the Eph Receptor Tyrosine Kinase are depicted
along with two different classes of Ephrin ligands. Adapted and modified from (Kullander and
Klein, 2002).
13
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2.7 Function of Eph RTK in the nervous system
The role of the Eph RTKs appears to be in the regulation of both cell adhesion and
repulsion through its signaling to downstream molecules that affect the actin cytoskeleton. In the
nervous system, Eph signaling has a number developmental roles ranging from axon guidance,
migration of the neural crest cells, dendritic spine formation, and other neural processes. One of
the best examples that has highlighted Eph signaling is the establishment of neural topographic
maps (diger Klein, 2004; Henkemeyer et al., 1996; Irie and Yamaguchi, 2002; Reber et al., 2007).
In regards to axon guidance, previous work has identified Ephrin A5 as a repellant cue for the
retinal growth cone in the posterior tectum in chickens but there have also been reports from in
vitro studies that Ephrin-A2 can mediate axon attraction at low concentrations (Drescher et al.,
1995; Tanaka et al., 2004). Consequently these studies in chicken helped to explain how ganglia
cells make their connections based on the influence of gradient nature of the Eph/Ephrin signaling
in the superior colliculus in mammals. Regulation of axon branching has also been attributed to
Eph receptor signaling. In vitro assays have shown that EphA can signal to inhibit lateral
branching, and similarly Ephrin-B/EphB signaling has roles to stimulate or attract collateral
branching axon branching depending on the expression gradient of EphB (Noren and Pasquale,
2004).

2.8 The C. elegans VAB-1/Eph RTK and its ligands
In C. elegans VAB-1 is the only Eph RTK homolog, and is named after its variable
abnormal phenotype (Vab),. vab-1 mutant worms have notched head phenotype, epidermal tail
defects, and a large proportion arrest both in the embryonic and larval stage (Brenner, 1974). At
the protein level VAB-1 has similar sequences to both EphA and EphB subclasses, and contains
the most of the standard domains of an Eph receptor (George et al., 1998). VAB-1 is expressed
15

in the developing neuroblasts during embryogenesis and in the nervous system throughout
adulthood. The early work on VAB-1 showed that during embryogenesis ~50% of vab-1 null
mutants result in embryonic lethality due to failure of epidermal cells to migrate over unorganized
neuroblasts. As a result this would cause vab-1 embryos to rupture from the midline (George et
al., 1998). VAB-1 has been shown to also have role in oocyte maturation where VAB-1 and a
somatic gonadal sheath cell dependent pathway appear to negatively regulate oocyte entry. The
Major sperm protein appears to inhibit this by binding to VAB-1 and currently unknown
receptors on the oocyte and sheath cell (Miller et al., 2003).
The vab-1 (e2) strain, which is predicted to abolish tyrosine kinase activity, has a weaker
phenotype compared with the null mutation vab-1 (dx31). This result suggests VAB-1 must also
possess kinase independent activity which has been attributed to its ability to conduct reverse
signaling through the ephrin ligands (George et al., 1998). VAB-1, like the mammalian Eph
RTKs, is activated by Ephrin ligands (Chin-Sang et al., 1999; Wang et al., 1999). In C. elegans
there are four GPI-linked ephrins (EFN-1 to EFN-4) that are similar to both Ephrin-A and EphrinB subfamilies (Chin-Sang et al., 1999; Wang et al., 1999).
Based on analysis of the efn-1, efn-2, and efn-3 mutants, they appear to be involved in the
VAB-1 signaling pathway in embryogenesis. However EFN-4 shows a more divergent function
and appears to play a VAB-1 independent role (Boulin et al., 2006a; Chin-Sang et al., 2002;
Wang et al., 1999). In addition to the Ephrins, there are also two other reported ligands. The first
is WRK-1 (wrapper, rega-1, Klingon-like), which is a member of the cell surface-anchored
immunoglobin superfamily (IgSF). WRK-1 was found to bind both to VAB-1 and EFN-1
(Boulin et al., 2006b). The second, is VPR-1 (VAP33-related), is part of the VAP (VAMP
synatobrevin- associated protein) family. A secreted form of VPR-1 binds to the extracellular
16

domain of VAB-1 (Tsuda et al., 2008). Current efforts are to understand the networking of these
genetic pathways and to identify further players in the vab-1 signaling pathway. I hypothesize
that these candidate ligands may affect vab-1 signaling for PLM development.

2.9 Model for VAB-1 role as a receptor responding to a repellant cue
The VAB-1 RTK and its ephrin ligands are expressed throughout the nervous system
during development. Our lab has reported that vab-1 mutants have axon guidance defects and
also neuronal cell positioning defects. vab-1 mutants affect a number of different classes of
neurons such as the mechanosensory neurons, the gamma-amino butyric acid (GABA) neurons,
and the canal-associated (CAN) neurons (Mohamed and Chin-Sang, 2006). Mohamed and ChinSang report that 14% of vab-1(dx31) null mutants display an overextended PLM axon at the
young adult stage. Also in the same study when a constitutively active VAB-1 tyrosine kinase
strain was created by replacing the extracellular and transmembrane domains with a
myristoylation signal (MYR::VAB-1), ~85% of worms showed a shorter PLM axon phenotype
(Mohamed and Chin-Sang, 2006). Based on the results from the loss of function and gain of
function study, it was proposed that VAB-1 functions as a receptor for a stop cue in the PLM
axon guidance.
vab-1 has been shown to regulate actin regulators such as wsp-1, the C. elegans WASP
protein that activates the Arp2/3 complex. NCK-1 a conserved class of adaptor proteins that are
composed of three SH3 domains and one SH2 domain, and UNC-34 is the C. elegans ortholog for
the Enabled/VASP protein which also have a role in axon outgrowth. Specifically UNC-34 has
been demonstrated to change the filopodia lengths through the inhibition of actin capping proteins
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thus promoting extension of actin filaments (Withee et al., 2004). The SH2 domain of NCK-1
has been shown to bind to phosphotyrosine on VAB-1 (Mohamed and Chin-Sang, 2011). UNC34 has been shown to bind to NCK-1 when VAB-1 is not activated. However when VAB-1 is
activated it will prefer to bind with NCK-1 and lead to a decreased level of UNC-34. This action
results in the binding of NCK-1 to WSP-1 (Mohamed et al., 2012). Thus, a model was proposed
to show VAB-1’s role in changing the actin dynamics of developing neurons (Figure 6.0). When
VAB-1 is active, it out competes UNC-34 for NCK-1 binding, which allows NCK-1, WSP-1 and
VAB-1 to form a complex. This leads to activation of the Arp2/3 complex and results in
branched F-actin that terminates axon growth. Alternatively, when VAB-1 is not active, UNC-34
is required for bundled F-actin for axon extension. UNC-34 can also bind and inhibit NCK-1’s
role with WSP-1. In addition it is possible that UNC-34 and NCK-1 can work together to
promote actin polymerization through other downstream pathways (Mohamed et al., 2012).
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Figure 6
Model for VAB-1’s Role in PLM Axon Growth and Extension
Axon growth is mediated when VAB-1 signaling is absent such that UNC-34 is inhibiting NCK1, and UNC-34 is acting on the bundled F-actin to promote axon extension. Axon termination
can occur when VAB-1 ligand binds on to the receptor, the activated VAB-1 receptor competes
for the binding of NCK-1. The red bar and cirle represent the dissociation of the UNC-34 and
NCK-1 binding due to VAB-1 activation.. This binding then recruits WSP-1 and Arp2/3 to cause
branched F- actin (adapted from (Mohamed et al., 2012).
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2.10 Lethal phenotypes prohibit study of axon guidance
VAB-1 has been shown to affect the growth of axons through its interaction with a
number of proteins that affect the cytoskeleton. One of the main goals in our lab has been to
understand how other genes interact with VAB-1. Unfortunately, some of these candidate
mutants are either early embryonic lethal or synthetic lethal along with vab-1 which precludes us
from observing the axon guidance phenotypes (if any). Here I introduce the basic role of these
genes that have been tested under a tissue specific RNAi system (see methods) to elucidate the
function of these genes in the mechanosensory neurons.
One set of candidates are the genes that code for the Rho family of GTPase since they all
have major roles in regulating actin cytoskeleton dynamics, cell movement and likely play a role
in the regulation of the growth cone. In C. elegans rho-1, cdc-42, and rac-2 all encode GTPase
proteins, and studies have shown that they are essential for embryonic development rendering the
study of post embryonic development (Gotta et al., 2001; Lundquist et al., 2001; Zipkin et al.,
1997). unc-73 is also a GEF that activates a number of small GTPase the unc-73(ce362) allele is
reported to produce worms that arrest at larval stages, and has been found to be synthetic lethal
with vab-1 (Steven et al., 1998 & Chin-Sang lab unpublished) but importantly has been
implicated to have roles in axon guidance with roles for proper neurotransmitter signaling (Steven
et al., 1998; Hu et al., 2011). Another set of candidate genes code for the actin nucleator complex
Arp2/3. In C. elegans they are named arx-1 through arx-7 and are known to be embryonic
lethal and have roles in actin nucleation (Sawa et al., 2003). src-1 is part of the SRC family
tyrosine kinase (SFK) and has been implicated to affect cell adhesion and migration in
development. One report shows that the src-1(cj293) is lethal and when crossed with a balancer,
SRC-1 may be upstream of RAC in the cell migration of the distal tip cell. In addition src-1 has
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been shown to play a role in neurons by interacting with the UNC-5 Netrin Receptor, and also has
shown migration and growth cone defects in the AVM and PVM of the mechanosensory neurons
(Itoh et al 2005). The next candidate is wsp-1 the WASP homolog. The wsp-1(tm2299) is well
characterized and known to be homozygous lethal (Withee et al., 2004). Another allele of wsp1(gm324) is suspected to be a strong loss of function and has been reported to be synthetic lethal
with unc-34 (Withee et al., 2004). Our lab has demonstrated that vab-1 and wsp-1 null mutants
results in synthetic lethality rendering it difficult to study ( Chin-Sang lab Unpublished). Another
candidate is sax-3, which is the C. elegans ROBO receptor homolog. sax-3 has been shown to be
synthetic lethal with vab-1. This suggests that it functions in a parallel pathway with VAB-1
however SAX-3 and VAB-1 physically interact suggesting that SAX-3 may function with VAB-1
as a co-receptor complex in a similar pathway (Ghenea et al., 2005). The last candidate of
interest is ptp-3 which is synthetic lethal with vab-1. It codes for a receptor tyrosine phosphatase
(LAR) that has been shown to have partly redundant roles with VAB-1 due to the similar
phenotypes and roles in gastrulation and epidermal development (Harrington et al., 2002). I
hypothesize that these candidate genes will have roles in axon guidance, and may perhaps play a
role in the vab-1 signaling pathway.

2.11 Mosaic analysis in C. elegans
A genetic mosaic occurs when population of cells contain different genotypes. This
technique is commonly used to study the role of genes in development and in particular, genes
that are essential for development. Since use of null mutants may cause lethal phenotypes, one
benefit of mosaic analysis is the ability to overcome lethality by knocking out the lethal genes
only in a subset of cells. In addition, mosaic analysis allows for the determination of the relative
importance of a gene in a given cell or tissue type and may also highlight whether a gene behaves
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in a cell autonomous fashion. In C. elegans the most common type of mosaic analysis is through
the addition of transgenes which occurs typically in the form of an extra-chromosomal element
and can be lost randomly during cell divisions. In worms, this type of approach has commonly
been used to test whether the addition of a gene in a certain tissue can rescue a certain phenotype
present in a null mutant. In this thesis in order to address the role of lethal genes in axon
guidance, I will create knock down mosaics specifically in the mechanosensory neuron through
the use of mec-4 tissue specific promoter.

2.12 RNA based gene silencing
RNA based gene silencing or also known as RNA interference (RNAi) is a conserved
biological response. In practice, the introduction of double stranded RNA (dsRNA) leads to gene
silencing in a sequence specific manner. The natural function of the RNAi machinery is highly
conserved amongst eukaryotes and is hypothesized to be one of the cell’s molecular defense
mechanism whereby it degrades genetic material infected by viruses (Plasterk, 2002).
The mechanism of RNAi was first characterized by work done on C. elegans. The
researchers found that introduction of anti-sense gene portions into a cell resulted in gene
silencing (Fire et al., 1991). They also reported that as a result of RNA induction there was a
reduction in protein production, but also noted the importance of homology between the antisense RNA sequence and the corresponding DNA. Afterwards it was confirmed by a different
group that by adding sense copies of RNA showed a similar result to the addition of anti-sense
sequences in C. elegans (Guo and Kemphues, 1995). Ultimately it was found that through the
addition of both sense and anti-sense copies it allows for a higher rate of gene silencing (Fire et
al., 1998). This fundamental discovery has led to a profound advancement in the tools and
techniques involved reverse genetic screens which greatly aided in understanding gene function.
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The RNAi pathway was further characterized by work on the Drosophila system and
showed that upon a cell’s exposure to a long strand of dsRNA, the RNaseIII endoribonuclease,
now more commonly called the protein complex DICER, cuts the dsRNA into 21-23 nucleotide
long segments called small interfering RNA (siRNA) (Elbashir et al., 2001a; Elbashir et al.,
2001b).
The siRNA is then unwound into two single-strands (ssRNA) where the anti-sense strand
becomes bound to the RNA-Induced Silencing Complex (RISC) and the sense strand gets
discarded. Once bound, the catalytic component of the RISC complex known as the Argonaute
protein signals degradation of the mRNA and consequently silences the gene’s function (Elbashir
et al., 2001a; Grishok, 2005) (Figure 7.0).
In addition to being beneficial to basic research in functional genomics, this discovery
has sparked increased efforts into the therapeutic use of RNAi. It has been suggested that RNAi
has potential for gene therapy for cancer as well as treatment against viruses. In fact there have
been reports of recent clinical trials whereby RNAi is being used to treat a number of diseases
(Ali et al., 2008; Ashihara et al., 2010)
.
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Figure 7 RNAi Pathway
A. Exposure of dsRNA triggers the RNAi pathway
B. The RNase III enzyme also known as DICER cleaves the dsRNA
C. The cleaved dsRNA becomes 21-23nt segments known as siRNA
D. The siRNA becomes incorporated into the RISC complex, where Argonaute cleaves off
one strand known as the passenger (sense) strand signaling an activation of RISC.
E.

The remaining antisense strand of the siRNA will find the complementary target mRNA

F. Final result is degradation of mRNA
Adapted and modified from (Ali, Husnain and Riazuddin 2008) (Ali et al., 2008)
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2.13 RNA interference in C. elegans
Currently RNA is introduced in C. elegans using one of three techniques. The first
involves microinjection of a dsRNA mixture into the worm (Fire et al., 1998). The second
technique involves feeding worms with Escherichia coli strain transformed with a specialized
vector that expresses dsRNA. Initially, investigators thought that the feeding method was less
effective than microinjection. However, it was later proved that if worms were fed bacteria that
lacked the dsRNA specific endonuclease, RNaseIII, gene knock down results were comparable to
those observed with the microinjection technique.

Further innovations toward the feeding

technique, involves the use of a bacteria strain that carries the IPTG-inducible expression of T7
polymerase for the production of dsRNA (Kamath et al., 2003). The third technique is similar to
the feeding technique but differs in that it involves the formulation of a solution of dsRNA which
the worms are then soaked in. This technique has been proven to be less effective than the
feeding and injection (Kamath et al., 2003).
Application of RNAi to conduct reverse genetic screens in C. elegans has largely been
successful due to the availability of the fully sequenced genome. In addition, the extensive tools
available for C. elegans are largely a contribution from the original work on characterizing the
RNAi machinery. Various mutant strains that have an enhanced RNAi response phenotype (Eri
phenotype) increased efficiency of RNAi. In some cases these phenotypes are supersensitive to
RNAi such as the rrf-3 strain that has a mutation to the RNA-directed RNA polymerase (RdRP)
of C. elegans, and eri-1, which is an RNase for negative regulation of RNAi (Simmer et al., 2002;
Kennedy et al., 2004).
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Alternatively there are strains that are RNAi defective (rde phenotype) that were isolated
from genetic screens. Of particular interest are the genes rde-1 and rde-4 which when mutated
have global RNAi immunity and have been found to interact with each other in the RNAi
signaling cascade (Tabara et al., 1999; Tabara et al., 2002). rde-1 encodes a member of the large
PIWI/STING/Argonaute/Zwille/eIF2c class of proteins which functions as part of the RISC
complex and rde-4 codes for the dsRNA-binding protein (dsRBP) that acts with DICER to
process dsRNA into siRNA. (Tabara et al., 2002).

2.14 C. elegans have a Systemic RNAi Effect
The success of RNAi knock down in C. elegans is largely due to the systemic nature of
dsRNA transport in C. elegans. The dsRNA is capable of silencing genes in a number of
locations as the dsRNA travels from one tissue to another. It is also capable of spreading to the
worm’s progeny. To investigate this systemic property, a screen was done to isolate animals that
were systemic RNA interference-deficient (sid) mutants. sid-1 was one of the mutants isolated
and it encodes a protein with a signal peptide sequence along with nine predicted transmembrane
domains (Winston et al., 2002). sid-1 is expressed in the cellular membrane of all non-neuronal
cells and has been postulated to act as a channel for dsRNA import (Feinberg and Hunter, 2003a;
Winston et al., 2002). There have been reports of other organisms with SID-1 homologs that
show systemic RNAi (Bucher et al., 2002; Newmark et al., 2003; Soutschek et al., 2004; Turner
et al., 2006). In human cell culture studies, expressing the mammalian homolog of SID-1 it can
allow for enhanced siRNA silencing (Duxbury et al., 2005). There have also been studies that
have expressed the C. elegans sid-1 in mice embryonic stem cells (mESCs) and when dsRNA is
applied in the medium solution higher rates of RNAi are achieved (Tsang et al., 2007).
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Interestingly the Drosophila has no SID-1 homologs and consequently no systemic RNAi
(Roignant et al., 2003). In order to induce systemic RNAi, Drosophila researchers have taken
advantage of the C. elegans sid-1 gene. Through the expression of sid-1 in S2 cells successful
introduction of systemic RNAi was achieved (Feinberg and Hunter, 2003; Shih et al., 2009).

2.15 Neuronal RNAi in C. elegans
While traditional methods are successful at inducing the effects of RNAi throughout the
worm; neurons appear to have resistance against the systemic nature of RNAi (Fraser et al.,
2000). It has been suggested that this resistance is due to the fact that neurons do not contain the
SID-1 (systemic RNA interference defective-1) protein which forms a transmembrane protein to
channel dsRNA (protein channel allowing the passage of dsRNA). The fact that neurons lack this
protein may explain why neuronal cells are unable to take up dsRNA (Feinberg and Hunter,
2003). RNAi knockdown techniques have been essential in helping elucidate gene function
through the use of a reverse genetics approach, however, as successful as they maybe, there are
two main limitations associated with the traditional way of inducing RNAi.

The first as

mentioned is that the RNAi resistance in C. elegans neurons (Fraser et al., 2000). The second
shortcoming is contributed by the spreading-effect of RNAi, which can be challenging when
silencing genes that are essential for development. The spreading-effect may be problematic
since it can mask the specific cellular role by affecting neighboring tissue, and at times producing
lethal phenotypes. This is of particular concern when RNAi knock down affects genes that are
pleiotrophic or have more than one function.
Attempts have been made to try to provide a solution for embryonic lethality with variable
success. One study exposed worms to dsRNA briefly during their larval stage and another group
exposed dsRNA to adults in an effort to eliminate post-embryonic lethal phenotypes to genes that
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would normally cause embryonic lethality through traditional RNAi means (Fraser et al., 2000).
This study provided only limited effectiveness, and was unable to provide insight for neuronal
function of embryonic lethal genes. In Chapter 4.2 I used an RNAi mosaic approach to analyze
the role of lethal genes in axon guidance.

2.15.1 Cell Ablation Technology
The study of genes and how they function has led to a number of tools and methods
which have been instrumental in highlighting key biological processes. However, methods for
studying the function of specific cells or population of cells in a model system are not as well
developed. One such tactic is through cell ablation which is a way of selectively deleting single
or numerous cells within an organism. The advantage of such tools is the ability for spatial
control of cells which highlights the roles of how individual cells function within a complex
system. One such system is the use of femto-laser ablation which in C. elegans has been
invaluable in highlighting complex details on cell lineage and also tissue development . While
this technique has proven to be valuable, the greatest limitation is the intensive skill required to
obtain results, and the high cost of purchasing the instrument. The search for genetically ablation
techniques has been of much interest where expression of a cell killing product can induce cell
ablation. One such strategy is to take advantage of the cell death pathway. One group showed
proof of concept with the use of the murine caspase-1 gene also known as interleukin-1βconverting enzyme (ICE) or the C. elegans homolog ced-3 to allow for cells to be “ablated” when
these genes were overexpressed (Miura et al., 1993). Later another group demonstrated cell
killing through the creation of a reconstituted caspase product that activated two different
caspases; the C. elegans CED-3 and human Caspase-3. This method proved effective in cell
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killing but required both a heatshock and a cell specific promoter for expression in the desired
cells (Chelur and Chalfie, 2007).
Another strategy is the expression of toxins, such as Diphtheria toxin (DT) which is
naturally synthesized by Chorynebacterium diphtheria that when secreted cleaves into two
fragments now known as the A and B chain. The B subunit is responsible for binding onto the
cell surface allowing for delivery of the A chain. The A chain when in the cytoplasm is toxic
whereby it can inhibit protein synthesis through a series of catalytic reactions (Yamaizumi et al.,
1978). This cell ablation tool was then modified for the murine model and has greatly helped in
the process of studying the mouse cell lineage where they created constructs to force expression
of DT fragment A (DT-A) and an attenuated DT-A for targeted cell killing (Breitman et al., 1987;
Palmiter et al., 1987). The greatest hesitation for further use of this technique is the high level of
toxicity of DT-A. It has been reported that just one molecule of DT-1 in the cytosol is enough to
kill a cell. Therefore any presence of nonspecific cell expression would have deleterious effects
on the host. There have been some conditional cell ablation methods that use a combination of
cytotoxins and chemicals. One such example shown to be successful in zebrafish involves
expressing the E. coli enzyme nitroreductase (NTR) in cells or tissues of interest. Afterwards the
host is exposed to the prodrug metrodinazole (Mtz). Upon treatment, the NTR converts Mtz into
a cytotoxic DNA cross-linking agent which induces cell death in NTR expressing cells (Curado et
al., 2008).
In recent years there have been a number of exogenous photosensitizers discovered that
can release reactive oxygen species (ROS) when activated by a specific wavelength of light. This
has led to the approach of applying photo inducible products for cell ablation. Applying a genetic
based photosensitizer may allow both a spatial control through use of a tissue specific promoter
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but adds the benefit of applying a temporal control. This is beneficial as it allows for stage
dependent studies without needing to worry about toxic reagents. The photosensitizer called
KillerRed generates ROS when irradiated with green light and has been shown to ablate cells
when targeted to the mitochondria in mammalian cell culture (Bulina et al., 2006). While
KillerRed has been successful it is a relatively large protein that requires dimerization in order for
it to initiate cell killing. One recent alternative is the photosensitizer miniSOG (mini Singlet
Oxygen Generator). miniSOG is a green fluorescent flavoprotein adapted from Arabidopsis
phototropin that creates singlet oxygen upon blue light illumination. (Shu et al., 2011). Once
illuminated with blue light miniSOG can generate a level of singlet oxygen that can induce potent
cell killing (Qi et al., 2012).

2.16 Research objectives
This thesis will demonstrate the use of the PLM mechanosensory neurons as a model for
studying axon guidance in C. elegans.
1)

I hypothesized that the L1 larval stage may allow for improved sensitivity for detecting
axon guidance defects, and I investigated this by developing a new axon guidance scoring
protocol through a quantitative approach.

2) Based on a more sensitive scoring method I hypothesized we can search for suppressors
and other genes that act on the vab-1 pathway.

I employed a genetic screen and

performed genetic crosses to identify genes that suppress gain-of-function MYR::VAB-1.
3) I hypothesized that our lists of candidate genes will have roles in PLM axon guidance,
and if so may also play a role in the vab-1 signaling pathway. I investigated this by
employing a mosaic approach through the use of tissue specific RNAi.
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4) I hypothesized that the PLM axon guidance can be affected by surrounding neurons, and
I showed that we may study this by showing proof of concept of a genetic ablation
technique through use of blue light miniSOG ablation of the PLMs
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Chapter 3
Materials & Methods
3.1 Experimental Strains
All C. elegans strains used in these experiments were manipulated as described by Brenner
(Brenner 1974). Experiments were performed at 20°C under standard conditions. The Bristol N2
strain was the wildtype strain. Strains were also obtained from the C. elegans Genetics Center
(CGC) and the Mitani group (Japan). Strains used and created are as follows; Wildtype (N2);
LGI: zdIs5 [ mec-4::gfp] (Clark and Chiu, 2003); VC1478: vpr-1(tm1411) I/hT2[bli-4(e937) let?(q782) qIs48] LGII: vab-1 (dx31); quIs5[mec-4::myr-vab-1]; muIs32 [mec-7::gfp] (Ackley et
al., 2001); LGIII: wsp-1(gm324); LGV: unc-34 (e566); rde-1(ne219); uIs69 [pCFJ90(myo2p::mCherry) & unc-119p::sid-1] (Calixto et al., 2010) ; rpm-1(ju41);LGX: dpy-22 (sy665); lon2(e678); nck-1 (ok694); sax-3 (ky123);

3.2 Injection plasmids for transgenic experiments
Below includes the list of the plasmids made for microinjection. Worms were injected with an
injection mixture containing 30ng/ul of a single plasmid or if the experiment required two
plasmids,15ng/ml of each sample plasmid were injected. For all experiments, the odr1::mCherry co-transformation marker was used. The quEx is a nomenclature with qu
representing Queen’s University and Ex representing an extrachromosomal allele name.
quEx429, quEx433 and quEX434 [mec-4::arx-1 RNAi ; mec-4::rde-1] (see tissue specific
RNAi); quEx435, quEx436 and quEX431[mec-4::arx-1 RNAi; mec-4::rde-1];quEx430 [mec4::arx-2 RNAi mec-4::rde-1]; quEx411, and quEx412 [mec-4::ptp-3 RNAi; mec-4::rde-1] ;
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quEx454 and quEx455 [mec-4::ptp-3 RNAi; mec-4::rde-1]; quEx357 [mec-4::cdc-42 RNAi;
mec-4::rde-1]; quEx358, and quEx359 [mec-4::ptp-3 RNAi; mec-4::rde-1]; quEx447 [mec4::ptp-3 RNAi; mec-4::rde-1];quEx392 [mec-4::unc-73 RNAi; mec-4::rde-1]; quEx410 [mec4::unc-73 RNAi; mec-4::rde-1]; quEx450, and quEx451 [mec-4::unc-73 RNAi; mec-4::rde1];quEx408, and quEx409 [mec-4::rho-1 RNAi; mec-4::rde-1]; quEx448 [mec-4::rho-1 RNAi;
mec-4::rde-1]; quEx498 [mec-4::rho-1 RNAi; mec-4::rde-1];quEx404, and quEx405 [mec4::src-1 RNAi; mec-4::rde-1]; quEx406 and quEx407 [mec-4::src-1 RNAi; mec-4::rde-1];
quEx413 [mec-4::wsp-1 RNAi; mec-4::rde-1]; quEx454, and quEx446 [mec-4::ptp-3 RNAi;
mec-4::rde-1] ; quEx396 [mec-4::rac-2 RNAi; mec-4::rde-1] , quEx456 and quEx457 [mec4::rac-2 RNAi; mec-4::rde-1] , [mec-4::rac-2 RNAi; mec-4::rde-1]; quEx412 [mec-4::vab-1
RNAi; mec-4::rde-1] ; quEx455 [mec-4::vab-1 RNAi; mec-4::rde-1];quEx439 and quEx440
[mec-4::empty RNAi; mec-4::rde-1]; quEx443, and quEx444[mec-4::empty RNAi; mec-4::rde1]; quEx437 and quEx438 [mec-4::sax-3 RNAi; mec-4::rde-1]; quEx441, and quEx442 [mec4::vab-1 RNAi; mec-4::rde-1]; quEx470 [mec-4::sid-1] (see Sid-1 Tissue Specific RNAi);
quEx471 [mec-4::sid-1] ; quEx472 [mec-4::sid-1] quEx473 [mec-4::sid-1] ; quEx315 [mec4::NTR] line 1; (see NTR Cell Ablation) quEx317 [mec-4::NTR]; quEx426 [mec4::TOMM20::minisog::mCherry] (See miniSog Cell ablation); quEx427 [mec4::TOMM20::minisog::mCherry] line2; quEx428 [mec-4::TOMM20::minisog::mCherry]

3.3 Tissue Specific RNAi of Lethal Genes
To induce tissue specific RNAi in the mechanosensory neurons, we created a cloning
vector, pIC659, that contains two mirror image mec-4 promoters flanking the borders of a
Multiple Cloning Site (MCS). This allowed the sense and antisense strands of an inserted cDNA
to be transcribed. To limit the effects that might be caused by the systemic nature of the RNAi
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from spreading we took advantage of the rde-1(ne219) mutant background, and created a mec4::rde-1 construct containing a 3.1kb fragment of rde-1 to create pIC590. This construct rescues
rde-1 function solely in the touch neurons. This strategy was used in a previous study however
they did not knock down rde-1 in the touch neurons (Qadota et al., 2007).

Through this

strategy I created a series of extrachromosomal arrays to test various genes (see below) and
injected these mixtures into mec-4::gfp;rde-1 and mec-4::gfp;rde-1;vab-1 worms. One example
of an RNAi plasmid created is as follows; The mec-4::arx-1 RNAi construct was created by
cloning an 502 bp arx-1 cDNA fragment into the pIC659 dual mec-4 RNAi cloning vector (See
Appendix for details on primers, plasmids construction of all the candidate genes).

3.4 L1 PLM Analysis
To synchronize worms at the L1 stage, gravid parental worms were treated with a spot
bleach method (10 µl of 10% bleach) on unseeded 15cm NGM agar plates. Worms were placed
in the 20◦C incubator for 14-16 hours. The bleach treatment sacrifices the adult worms leaving
the eggs unaffected thanks to its strong chitin eggshell and allows for hatched worms to be
synchronized. The progeny were washed with a solution of M9 suspended to ~100 μL in a 1.5 ml
Eppendorf tube. L1 worms were mounted on a 2% agrose pad and treated with an anesthetizing
solution of 0.2% tricaine and 0.02% tetramisole.

3.5 Microscopy & Image Analysis
Specimens were observed with a Zeiss Axioplan 2 microscope with Axiocam and Axiovision
software. All microscopy unless otherwise stated was done on live animals observed under the
40x and 63x objective. To analyze the images they were imported to the NIH ImageJ program
where the free hand function was selected to measure axon and lengths (Abramoff, Magalhaes,
and Ram 2004). When I imaged L1 worms I found that the majority of L1 worms tend to curl up
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in a circle looking like a spiral. When in the spiral the L1 worms could have their heads in the
exterior with the tail curled in and vice versa with the tail in the outside and head curled into the
centre of the spiral. While capturing images, I excluded worms that had their tail spiralled toward
the centre because depending on the rate of curling the length of the PLM can appear truncated.
As a rule of thumb I chose to take images of worms that were not curled up and if curled, only
when the head is in the centre of the spiral.

3.6 PLM Measurements and Statistics
To analyze for axon guidance defects I measured the entire length of the PLM and
recorded two sets of data; axon length and axon/body ratio. PLM undergrowth phenotypes are
characterized by having both a PLM length and PLM/body length ratio lower than the wild type
range, and axon overgrowth phenotypes have both a PLM length and PLM/body length ratio
higher than wildtype ranges. Various genotypes and experiments were compared to both the
PLM length range and wildtype PLM/body ratio to determine either overgrowth or undergrowth
phenotypes. PLM undergrowth, and overgrowth phenotypes were compared to wildtype lengths
using a Student T test (two-tailed, unequal variance). The mean was calculated from at least 3
independent experiments and the standard error of the mean was calculated. The PLM length and
PLM/body ratio comparisons were calculated also using a student T-test (two-tailed, unequal
variance).
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3.7 PLM Analysis through feeding RNAi
To test neuronal RNAi in the PLM, we took advantage of a strain that expressed sid-1 under a
pan-neuronal unc-119 promoter (Calixto et al., 2010). I crossed this strain to two different
mechanosensory GFP reporter stains mec-4::gfp; and mec-7::gfp. Once strains were homozygous
for both sid-1 and the respective GFP reporter, I performed feeding RNAi from bacterial strains
from the Ahringer RNAi library for vab-1 and sax-3. The feeding protocol was also followed as
directed by the Ahringer lab feeding RNAi protocol (Kamath et al., 2001). Once RNAi was
induced the worms were analyzed for axon guidance defects at the L1 stage.

3.8 Tissue specific neuronal RNAi
To test whether we could apply feeding neuronal RNAi to test lethal genes, we created a
construct where sid-1 was expressed in the touch neurons. Utilizing a gateway cloning approach,
we first amplified the sid-1 genomic region from a punc-119::sid-1 plasmid (aka pIC804)
obtained from the Chalfie and performed a BP reaction with a previously made destination vector
designed to create a middle entry clone named pIC568. After the reaction the sid-1 middle entry
clone was named pIC807. Using our new middle entry plasmid, we performed a gateway LP
reaction to create our final product by adding three other entry vectors together. These three
vectors include; pIC802 a vector containing the mec-4 promoter, and pCM5.37 which contains
the unc-54 3’ untranslated region (UTR) and a destination vector (pCG150) with specific
recombination sites. Once we confirmed successful recombination we called the plasmid pIC824
and, an injection mixture containing 15 ng/ml of the pIC824 Pmec-4::sid-1::unc-54 plasmid and
15 ng/ml of pIC590 (mec-4::rde-1) along with the ord-1::mCherry marker into mec-4::gfp;rde1 worms. Using these strains, I performed feeding RNAi from the Ahringer library for the genes
vab-1, & sax-3 (Kamath et al., 2003).
36

3.9 EMS mutagenesis Screen
To identify novel suppressors of MYR-VAB-1 in PLM axon guidance, we treated mec4::gfp;MYR::VAB-1;him-5 (IC400) worms with EMS at a concentration of 50mM at 22°C for
four hours. From the mutagenized parents, 500 F1 progeny were picked to separate plates and the
F2 generation was then scored for any animals that had PLMs that extended past the ALM cell
body. When F2 candidates were found and picked onto separate plates. Progeny from candidates
were scored for wildtype PLM phenotype and maintained so that mutant phenotype would breed
true.

3.10 Genetic Crosses of Candidate Genes that may function with VAB-1
rpm-1 was selected as a candidate gene that might suppress MYR::VAB-1, since rpm-1
mutants are known to have overextended axons (Li et al., 2008). I crossed rpm-1 to our mec4::gfp reporter and also the mec-4::gfp;MYR::VAB-1 strain. VPR-1 is a secreted molecule that
appears to be a ligand for VAB-1 in the developing embryo. I obtained a copy of the vpr-1 strain
from the C. elegans Genomic Centre. The strain that I obtained had vpr-1 heterozygously
balanced with a pharyngeal gfp marker and a reciprocal chromosomal translocator (hT2). vpr-1
was maintained this way because it is homozygous sterile (Tsuda et al., 2008). In order to test
vpr-1 role in PLMs, I crossed this strain into our mec-4::gfp reporter strain. The crossed strain
was homozygous for mec-4::gfp while still balanced for vpr-1.

3.11 NTR based Cell killing
We amplified the NTR region (670bp) from pCC#DL16 (aka pIC567) a gift from the Dr.
David Lum. and cloned it into the our mec-4 promoter cloning vector (pIC214). The resultant
pmec-4::NTR plasmid renamed as pIC703 was then injected into mec-4::gfp worms at 30 ng/ul
with the odr-.1::mCherry marker. These worms were treated with Metroniadzaole (Mtz) obtained
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from Sigma. Worms were treated with varying concentrations ranging from 15-25 mM solutions
in M9 solution. Mixed stage worms were treated for durations of 24-72 hours while placed on a
micro-tube rotator. Treated worms were then placed on a 2% agrose gel pad and analyzed for
presence of touch neuron cell killing. Data was also collected to analyze the health of worms post
treatment (ablated and non-ablated worms) by plating single worms on seeded plates and checked
every day for 3 days for wildtype movements.

3.12 miniSOG Blue Light Cell Killing
Our lab obtained a miniSOG plasmid (pcex-1::TOMM20-miniSOG::mCherry) from the
Zhen lab named pJH2829, also known as pIC884. This original plasmid contains the cex-1
promoter which expresses exclusively in the head RIM interneuron. Downstream of the promoter
is the TOMM20::minisog fusion product, where TOMM20 acts as a receptor to shuttle in
miniSOG into the mitochondria. Following this section is the gpd-2-gpd-3 intercistronic region
which allows for the translation of an mCherry reporter.
To target miniSOG specifically in the touch neurons, I cut out a 2.7kb product containing
the TOMM20::minisog fusion product, the gpd-2-gpd-3 intercistronic region, and the mCherry
region. I then took this fragment and ligated the product into our mec-4 cloning vector (pIC214).
This new plasmid was later renamed pIC885, and was injected in mec-4::gfp worms at 30 ng/ μL
with odr-1::mcherry marker.
To activate miniSOG, I used the Zeiss Axioplan 2 microscope at either L1 staged or
mixed stage worms. Worm were washed with M9 and placed in a 96 welled microtiter plate in
~200 µl of M9 solution. The diameter of an individual well is ~15mm, which allows for full light
penetration from the 10x objective that was used.
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Animals were exposed to either continuous blue light or pulsed blue light (0.5s on and
1.5s off). The blue light is approximately 475nm wavelength. After the treatment, animals were
transferred to E. coli seeded plates and scored for PLM defects at 1, 24, and 48 hours post blue
light treatment. To test if the ablation treatments perturbed the function of the touch neurons, an
eyebrow hair touch assay was performed (Chalfie and Sulston, 1981). Treated and control worms
were tested for light touch by either being touched at the heads or tails. Each worm was touched
only once to avoid habituation and the average of 3 sets of 10 worms were averaged to determine
the mechanosensory function.
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Chapter 4
Results
4.1 C. elegans PLMs at the L1 larval stage
4.1.1 Axon guidance defects scored at L1
Most axon scoring in the PLMs have been done in the young adult stage, I have focused
on the L1 stage as an alternative to score for axon guidance defects. At L1 100% of PLMs will
reach the ALM cell body. This phenotype allowed me to quickly use the L1 larva as a tool for
scoring axon guidance defects. From our L1 PLM scoring method I first characterized the
wildtype range of PLMs using the mec-4::gfp reporter strain. At L1, the PLM lengths are 103114µm and at young adult the PLMs are 292-340µm. The wildtype PLM/body ratio at L1 are
from 0.45-0.55 and at young adult from 0.39-0.45. Based on this scoring parameter, any PLM
length, and ratio that was lower than the wildtype range was considered undergrowth, and
consequently any PLM length and ratio that was higher than wildtype ranges were scored as
overgrowth. From scoring various genotypes I was able to record axon guidance defects that
were consistent with the young adult axon guidance defects that were scored empirically by
applying landmarks analysis (Figure 8) (Mohamed et al 2012).
At L1, I found that vab-1(dx31), nck-1(ok694), and wsp-1(gm324) worms all had PLMs
that developed overgrowth phenotypes at ~29%, 33%, and 41% respectively. In addition at L1, I
found that MYR::VAB-1, wsp-1(gm324);MYR::VAB-1, and nck-1(ok694); MYR::VAB-1
worms had developed PLM undergrowth phenotypes at ~95%, 56%, and 69% respectively
(Figure 9).
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Phenotypes scored at L1 appear to show a higher degree penetrance compared to
landmark analysis on young adult worms, where vab-1(dx31) show ~14% overgrowth and
MYR::VAB-1 show 85% undergrowth (Mohamed and Chin-Sang, 2006).

4.1.2 Scoring phenotypes at L1 and Young Adult
To keep our data collection consistent I then compared L1 and young adult worms for
vab-1, and MYR::VAB-1 using the PLM length and PLM length/body ratios. This was important
because the increase in phenotypes at L1 may be attributed either to higher sensitivity at L1 or a
higher sensitivity due to the new scoring parameters. From this experiment, I found that using
the axon length and PLM/body length ratio method resulted in both L1 and young adults showing
similar results. There was a significant increase for overgrowth phenotypes when comparing
wildtype and vab-1 worms, and significant increase undergrowth phenotypes when comparing
wildtype versus MYR::VAB-1 worms both at L1 and the young adult stage (Figure 10.0).
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Figure 8: L1 Touch Neuron Phenotypes
Worms shown express mec-4::gfp (zdIs5). Left is the anterior part of the worm and the right is
the posterior end. A) Confocal and cartoon depiction of wildtype touch neurons at the L1 stage.
Note at L1 only the ALM pair and PLM pair are developed. The red box highlights the end of the
PLM process. At L1 100% of wildtype PLMs have a process that terminates past the ALM cell
body. B) PLM phenotypes of i) wildtype worm, ii) vab-1(dx31) worm displaying overgrowth
phenotype, and iii) MYR::VAB-1 worm displaying a truncated short axon. White arrows
indicate where the PLM process terminates. The cartoon indicates the wild-type boundaries
where PLM terminates (dashed lines).
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Figure 9: Axon Guidance Defects at L1
L1 worms express mec-4::gfp (zdIs5) to display touch neurons. N2 (wildtype), vab-1(dx31),
MYR::VAB-1, nck-1(ok694), wsp-1(gm324) alleles were tested. A) The overgrowth phenotype is
confirmed in vab-1, nck-1, and wsp-1 which have significant overgrowth over wildtype worms.
B) The undergrowth penetrant phenotype of MYR::VAB-1 is shown and nck-1, and wsp-1 still
show significant undergrowth compared to wildtype worms, but significantly reduces the
undergrowth phenotype of the MYR-VAB-1. Errors bars indicate the SEM, and significant
differences between some strains were compared (through student’s t-test) with wildtype worms.
*P<,0.05; **P<,0.01; ***P,<0.001; ‘N’ refers to the number of axons scored.
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Figure 10 Young Adult and L1 Axon guidance Phenotypes
The over and undergrowth phenotypes of wildtype, vab-1 (dx31), MYR::VAB-1 worms scored at
L1 and young adult. Scoring for all worms were done by measuring the PLM length and PLM
/body length ratio. Both L1 and L4 worms showed significant differences between wildtype and
vab-1 overgrowth, and also a significant undergrowth phenotype between wildtype and
MYR::VAB-1. Errors bars indicate the SEM, and significant differences between some strains
were compared (through student’s t-test) with wildtype worms. ***P,<0.001; ‘N’ refers to the
number of axons scored.
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4.1.3 L1 PLM and Body Lengths are consistent in various body size mutants
To further investigate axon guidance defects between L1 and young adult worms, I
investigated scoring strains with known mutations that affect body phenotypes. This is important
since the modified parameter requires the use of ratios. If there is a variance in body length ratios
then the modified scoring technique may be problematic. I tested PLM lengths of worms that
have a dumpy dpy-22(sy665) and long body lon-2 (e678) phenotype (Figure 11). Interestingly, I
found that at L1 both our dpy-22, and lon-2 mutant worms showed no significant differences in
PLM length and PLM/body length ratio with our wildtype L1 worms (Figure 12). However when
the experiment was replicated at the young adult stage, I found that there was a significant
difference between the wildtype and the lon-2 strain, the ratios were smaller for the long worms.
When we measured the average PLM length, the dpy-22 strain was significantly shorter than
wildtype worms. Taken together my results suggest that scoring the L1 stage versus young adults
is a more reliable method for scoring the PLM undergrowth and overgrowth phenotypes.
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Figure 11: Picture from DIC Nomarski Optics displaying various body length phenotypes
Wildtype, lon-2 and dpy-22 worms at the young adult stage. Long worms are long and skinny,
and dumpy worms are short and wider.
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Figure 12: Wildtype versus body size mutants in L1 vs. young adult animals
The PLM/Body Ratio was compared for wildtype, dpy-22, and lon-2 worms. A) At L1 there was
no significant difference between wildtype and dpy-22 and wildtype and lon-2. B) The L1
average PLM lengths were similar amongst the various strains. C) At the young adult stage there
was no PLM/Body ratio difference between dpy-22 and wildtype worms but significant difference
between wildtype and lon-2 mutants. D) The average PLM length for worms at the young adult.
dpy-22 worms had a significantly shorter PLM length than wildtype.
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4.2 Studying Lethal Genes in C. elegans
4.2.1 Mosaic Analysis and Controls
Studying genes that have essential roles in development can be problematic since lethal
phenotypes can preclude us from observing a role later in development. In addition, if the gene is
not lethal on its own, it may be synthetic lethal in combination with another gene that has a
parallel function; and this thereby precludes double mutant analysis. For my experiments, I
selected a number of genes, which cause embryonic lethal or synthetic lethal with vab-1, as
candidates to test for axon guidance defects in the PLM. To study this, I applied a tissue specific
RNAi technique in the touch neurons. In order to inhibit the spreading effect of RNAi, I created
a genetic mosaic for the rde-1 gene. The RDE-1 protein is essential for RNAi machinery to
function. To allow it to function only in the touch neurons I crossed the rde-1 mutant in the mec4::gfp reporter strain and then expressed rde-1(wt) gene only in the touch neurons with a mec4::rde-1(wt) construct. In my first control study, I found that addition of the rde-1 background in
the mec-4::gfp strain and our mec-4::gfp;vab-1(dx31) strain showed no significant difference in
axon guidance defects. A second control showed that addition of our RNAi vector and rde-1
rescue vector neither showed significant difference compared to our uninjected strains. Lastly to
show proof of concept I also tested vab-1 RNAi in our rde-1 strain and found that the RNAi in
PLM was able to produce overgrowth phenotype (Figure 13).

4.2.2 Role of lethal genes in PLM
I tested gene knock down for 9 candidate lethal genes which include; arx-1, arx-2, wsp-1,
unc-73, rho-1, cdc-42, src-1, rac-2, rho-1 and two vab-1 synthetic lethal genes, ptp-3, and sax-3.
When inducing tissue specific RNAi in the PLMs in the rde-1 background all candidate genes
showed a significant undergrowth phenotype (Figure 14).
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4.2.3 Role of lethal genes with vab-1 background in PLMs
I then tested the 11 candidates to see if they may have a role in the vab-1 signaling pathway. I
performed tissue specific RNAi in the PLMs in worms with the rde-1;vab-1 background. From
this experiment, the high level of undergrowth phenotype was still present for all genes tested
(except wsp-1) and some genes there was some reduction in the vab-1 background. In particular
arx-2, src-1,sax-3 ptp-3, wsp-1 and unc-73 in the vab-1 background showed a significant
decrease in undergrowth PLMs, suggesting vab-1 mutation suppresses their undergrowth defect
(Figure 15). In addition, I also analyzed whether the RNAi treatment could suppress the
overgrowth phenotype in vab-1 mutants. I found all strains with the exception of arx-2 and wsp-1
showed a significant reduction of overgrowth, suggesting they could suppress vab-1 (Figure 16).
In summary, I found that all candidate genes except arx-2, and wsp-1 were epistatic to the vab-1
(Figure 16).
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Figure 13: Control Experiments for Tissue Specific RNAi
A) Wildtype mec-4::gfp (zdIs5) and vab-1(dx31) PLMs were compared with those that had
the rde-1 (ne219) background. rde-1 mutation does not affect PLM axon lengths in
worms.
B) Addition of the empty RNAi vector did not have significant changes to undergrowth or
overgrowth phenotypes compared to controls.
C) Proof of concept that addition of the vab-1 RNAi vector can also create overextension
phenotypes and no significant PLM undergrowth phenotypes compared to the uninjected
control.
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Figure 14: Undergrowth phenotype for the rde-1 background
Data for the undergrowth phenotypes for the RNAi experiments in the rde-1 background.

arx-1,

arx-2, sax-3, wsp-1, rac-2, src-1, rho-1, cdc-42, ptp-3, and unc-73 show significant undergrowth
phenotypes compared to the uninjected control. *P< 0.05, ** P< 0.01, *** P< 0.001, n.s
indicates no significance
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Figure 15 Undergrowth phenotype for the vab-1 background
Data for the undergrowth phenotypes for the RNAi experiments in the vab-1 background arx-2,
src-1,sax-3, ptp-3,wsp-1, rho-1, cdc-42 and unc-73 have a significant decrease in the PLM
undergrowth when in the vab-1 background versus in wildtype worms (compared to Figure 14)
*P< 0.05, ** P< 0.01, *** P< 0.001,
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Figure 16: Overgrowth phenotype for the vab-1 background
Data for the overgrowth for the RNAi experiments in the vab-1 background. Student t-test
compares each experiment with the uninjected control. arx-1, sax-3, rac-2, src-1, rho-1, cdc-42,
ptp-3, and unc-73 show significant undergrowth phenotypes compared to the uninjected control
(rde-1; vab-1) while arx-2 and wsp-1 fail to suppress the vab-1 overgrowth phentoype. *P<
0.05, ** P< 0.01, *** P< 0.001.
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Figure 17: Possible gene order of vab-1 and candidate gene
Loss-of-function and gain-of-function genetic experiments suggest that vab-1 inhibits PLM axon
growth. All RNAi experiments produced a significant undergrowth phenotype suggesting all genes
tested normally promote axon outgrowth. Since the loss of function phenotypes are opposite we can
formally have vab-1 inhibiting gene X or gene X inhibiting vab-1. From our RNAi experiment if
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the vab-1(dx31) over growth phenotype is suppressed then gene X may be downstream of vab-1 (1)
or if the vab-1(dx31) phenotype is not suppressed then gene X may be upstream of vab-1 (2).

4.2.4 SID-1 Feeding allows knock-down of candidate genes in PLM
The above RNAi experiments require microinjection of RNAi constructs and the
maintenance of an extrachromosomal array. This can be very time consuming and poses a
“bottleneck” in analyzing phenotypes. Feeding RNAi is much simpler, however, neuronal RNAi
is resistant to the feeding approach. To achieve neuronal RNAi by feeding, I took advantage of
the SID-1 receptor that is responsible for the systemic RNAi spreading. We used the unc119::sid-1 strain which allows for pan-neuronal sid-1 expression (Calixto et al., 2010). When I
performed feeding RNAi, I was able to achieve axon guidance defects in the PLMs through
bacteria expressing dsRNA for vab-1, and sax-3. We tested this experiment under two touch
neuron reporter lines.
I found that mec-4::gfp may be less sensitive to knockdown than the mec-7::gfp. I
noticed that there was a significant decrease in the vab-1 overgrowth defect when comparing the
mutant verses RNAi knockdown. Also, for sax-3 there was a significant decrease in the
undergrowth phenotype. The mec-7::gfp RNAi resulted in the phenotypes that were similar to
the null alleles (Table 2.0).

4.2.5 mec-4::sid-1 induces undergrowth phenotype
With the proof of concept of tissue specific RNAi through microinjection, I wanted to improve
my technique by adding targeted neuronal RNAi by feeding bacteria that expressed dsRNA. I
introduced RNAi in neurons through feeding by creating a transgenic worm strain carrying mec4::sid-1 DNA array. However the mec-4::sid-1 cause a penetrant PLM undergrowth on its own
(Table 3.0). I did attempt to knockdown GFP in the touch neuron through feeding GFP dsRNA
and I did not observe a reduction in GFP. Given that the mec-4::sid-1 displayed a PLM
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undergrowth phenotype on its own makes it difficult to interpret RNAi results and thus this strain
was not characterized further.
Table 1 Sid-1 Feeding RNAi in PLMs
Wildtype, sax-3 (ky123), and vab-1(dx31) null mutants were compared with bacterial feeding
RNAi. Strains tested had either a mec-4 or mec-7 promoter expressing GFP, and also sid-1
expressed under the pan neuronal unc-119 promoter. The mec-4 promoter appears to be produce
axon guidance phenotypes that are less penetrant than the null mutants. *P< 0.05, ** P< 0.01, ***
P< 0.001 (Student’s t-test) significant change from the null mutants. N= number of PLMs scored

RNAi
Condition

Strain
Background

vector

Wildtype

vector

N

Undergrowth %

P

Overgrowth %

100

3.33 ± 0.83

3.33 ± 1.67

mec-4::gfp;sid-1

50

2.02 ± 2.02

3.95 ± 2.59

vector

mec-7::gfp ;sid-1

50

4.96 ± 2.61

3.00 ± 1.75

vector

sax-3(ky123)

100

42.96 ± 3.33

7.90 ± 5.18

sax-3

mec-4::gfp;sid-1

50

25.04 ± 2.83

sax-3

mec-7::gfp ;sid-1

50

36.04 ± 2.04

5.05 ± 3.64

vector

vab-1(dx31)

100

3.53 ± 0.87

30.01 ± 2.56

vab-1

mec-4::gfp;sid-1

50

4.04 ± 2.02

16.04 ± 7.32

vab-1

mec-7::gfp ;sid-1

50

3.02 ± 3.02

23.59 ± 8.33
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*

P

2.02 ± 2.02

*

Table 2: SID-1 Array only in the touch neurons leads to PLM undergrowth defect
Injection of the sid-1 into the touch neurons appeared to cause a significant undergrowth
phenotype from controls. In addition the mec-4::sid-1 appeared to suppress the vab-1
overgrowth phenotype. *P< 0.05, ** P< 0.01, *** P< 0.001 (Student’s t-test) significant change
from the non-transgenic controls. N= number of PLMs scored.
Injection

Strain Background

N

Overgrowth %

P

Undergrowth %

Control

mec-4::gfp;rde-1

100

3.33 ± 0.83

4.17 ± 2.20

control

mec-4::gfp;rde-1;vab-1

100

26.67 ± 3.00

3.33 ± 0.83

mec-4::sid-1

mec-4::gfp;rde-1

50

3.00 ± 1.75

25.01 ± 7.91

mec-4::sid-1

mec-4::gfp;rde-1;vab-1

50

3.03 ± 3.03
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*

22.16 ± 8.33

P

*
*

4.3 Isolation of two suppressors of the MYR-VAB-1 gain of function phenotype
Our hyperactive MYR::VAB-1 line at the L1 showed ~90% undergrowth phenotype and
100% of the PLM processes never reached past the ALM cell body. Because I had a penetrant
phenotype, I chose to perform an EMS screen to search for mutants that may suppress this short
axon phenotype. The goal was to find potential downstream effectors of the VAB-1 signaling
pathway. Any EMS induced mutants that had PLM that passed the ALM cell body would be a
candidate suppressor. From my EMS mutagenesis screen, I successfully isolated qu38 and qu39
as two potential suppressors of MYR::VAB-1. When I analyzed the PLMs I found that both
candidates were able to fully suppress MYR::VAB-1 undergrowth phenotype to the wildtype
range (Figure 19). In addition, both suppressor mutations were very slow growing and also have
some embryonic lethality.

4.4 rpm-1 can suppress MYR::VAB-1
In addition to an unbiased EMS mutagenesis screen for suppressors, I used a candidate
gene approach. Previously Li et al., 2008 reported that the rpm-1 mutants have a strong PLM
overextension phenotype. Thus I tested whether it would suppress the MYR::VAB-1 phenotype.
When I crossed rpm-1 to our MYR::VAB-1 strain I found that mutation of rpm-1 caused a
significant reduction in overgrowth defects. Also a significant reduction in undergrowth
phenotype was seen in the rpm,-1;MYR::VAB-1 strain compared to our MYR::VAB-1 control
(Figure 20). To confirm the presence of the rpm-1 mutation, I was able to outcross our
MYR::VAB-1 and later isolate the rpm-1 phenotype.

58

4.5 vpr-1 does not affect PLM phenotype
VPR-1 has been shown to be a secreted ligand for VAB-1 in the developing embryo
(Tsuda et al., 2008). To determine whether VPR-1 is signaling to VAB-1 in the PLMs
development, I crossed the vpr-1 mutation, to our touch neuron reporter and analyzed for any
axon guidance defects. From my analysis, I found that the PLMs look similar to wildtype.
Therefore VPR-1 is not likely to play a role with VAB-1 in PLM axon guidance.
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Figure 18: EMS mutagenesis yields two potential suppressors of MYR-VAB-1 PLM
undergrowth
An EMS screen yielded two potential suppressors of the MYR-VAB-1 undergrowth phenotype,
qu38 and qu39. A) Confocal images of the two candidate suppressors, and control MYR::VAB-1
worm displaying PLM processes that extend past the ALM cell body. B) qu38 and qu39 both
reduced undergrowth phenotype to near wild-type levels.
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Figure 19: rpm-1 can suppress MYR::VAB-1
rpm-1(ju41) PLM have ~32% overgrowth PLM phenotype, when MYR::VAB-1 was crossed to
the rpm-1 overgrowth phenotype significantly reduced. Based on the undergrowth phenotype the
rpm-1::MYR::VAB-1 shows a significant undergrowth phenotype compared to the MYR::VAB1.
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4.6 Genetic ablation of PLM neurons
4.6.1 NTR Cell Killing maybe Toxic to C. elegans
The Nitroreductase-Metroniazole based cell ablation technique has been successful in
studying cell function in various organisms such as zebrafish (Pisharath, 2007). When an
organism is exposed to the prodrug Metroniazole, tissue that expresses the NTR gene will trigger
a cytotoxic cell event, and consequently cause cell killing. I wanted to investigate whether the
NTR-Mtz cell ablation might also work on the neurons of C. elegans. From my experiment, I
was able to observe the presence of PLM ablation from our NTR-Mtz at treatment concentrations
of 20 mM and 25 mM for durations of 24 and 28 hours. Any treatment concentration beyond 25
mM would result in toxicity to the worms. In addition treatment times beyond 48 hours in liquid
solution resulted in 100% lethality (Figure 21). I found that worms that underwent the drug
incubation period regardless of carrying the NTR array could not live past 72 hours on a seeded
plate (Table 4.0).
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Figure 20: Mtz- NTR Ablation in PLM
A) Two worms are shown where worm A is non transgenic (no RFP in head neurons) and
acts as an internal control for no NTR. The worm on the Right (Worm B) carries the
NTR array (RFP in head neuron) in the touch neurons and appears to have the absence of
touch neurons.
B) Data representing the percentage of cell ablation in relation to Mtz drug treatment. All
treatments for 72 hours resulted in 100% lethality.
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Table 3 Survival Data post MTZ Treatment
Single worms underwent the MTZ treatment (including NTR positive and NTR negative worms)
were plated and tracked for survival for 72 hrs. Results indicate that the MTZ treatment is lethal
as the dosage increases (concentration in mM).
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24hr treatment

N

24hrs

Survival

48hrs

Survival

%

72hrs

Survival

%

%

control

15

15

100%

15

100%

15

100%

15mM

15

8

53%

8

53%

8

53%

20mM

15

5

33%

5

33%

5

33%

25mM

15

2

13%

0

0%

0

0%

48 hr Treatment

N

24hrs

Survival

48hrs

Survival

%

72hrs

Survival

%

%

control

15

14

93%

14

93%

14

93%

15mM

15

8

53%

7

47%

5

33%

20mM

15

4

27%

4

27%

2

13%

25mM

15

5

33%

0

0%

0

0%

4.6.2 Bluelight treatment in miniSOG expressing worms can ablate the PLMs
A recent report has successfully demonstrated the use of a genetic based cell ablation
technique for cell killing in the neurons of C. elegans (Qi et al., 2012). When blue light is
illuminated on cells expressing mini Singlet Oxygen Generator in the mitochondria, it triggers a
cytoxic event due to oxidative stress (Qi et al., 2012). This technique has been demonstrated in a
number of neurons, and I have demonstrated that it is also applicable in the PLMs. From my
experiment, I was able to successfully ablate PLMs when I exposed L1 and post L1 worms to
30mins of blue light treatment. Worms successfully ablated at L1 still expressed AVM and PVM
since they developed post blue light treatment (Figure 22). I applied both pulsed and non-pulsed
light treatment and found that there was no significant difference in cell ablation. Pulsed light
was applied because the group (Qi et al., 2012) demonstrating the use of miniSOG empirically
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found it to be effective, but under our conditions it does not appear to improve ablation
efficiency. I did however notice that there was a significant difference between L1 and post L1
cell ablation. At L1 I achieved ~45% ablation rate, however this value dropped to about ~22%
for post L1 worms. As of yet we have not been able to show successful ablation of adult worms
using our current methods and ablation treatments (Figure 23a). From our touch response assay
I found that worms that had their mechanosensory neurons fully ablated had a significant
reduction in touch response at both the L1 treatment and post L1 treatment (Figure 23b).
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50μm

Figure 21: miniSOG can ablate Touch Neurons
The Top panel represents an undertreated worm that carries the array for the miniSOG construct.
Presence of yellow represents co-localization of the mCherry RFP co-injection construct and the
mec-4::gfp that is integrated in the worm. The Bottom panel represents a worm that has
successful ablation with the absence of PLM and ALM neurons. This worm was treated at the L1
stage and the presence of the PVM and AVM is present due to the fact that these two cells
develop post L1.
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Figure 22: Ablation Percentage & Functional Analysis
A) L1 worms are show higher rates PLM ablation regardless of the pulse blue light treatment
condition.
B) Touch assay results indicate that bluelight-miniSOG ablation perturbs mechanosensory
function compared to wildtype and vector worms.
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Chapter 5
Discussion

5.1 Improved PLM scoring
5.1.1 New scoring parameters offers higher sensitivity in axon guidance defects
From my analysis, I demonstrated that that the L1 stage is a more accurate and sensitive
stage for scoring PLM axon guidance defects. The rational for this study was due to the
hypothesis that at L1 worms will have already reached their final target since a study showed that
at 12 hours post hatching 0% of PLMs had growth cones. (Gallegos and Bargmann, 2004). The
axon guidance defects I report on Figure 9 are consistent with results obtained at the young adult
stage by landmark analysis (Mohamed et al., 2012) and when I scored worms at the L1 stage my
results had a higher penetrance of axon guidance phenotypes compared to the worms studied at
young adult.

5.1.2 PLM/Body Lengths Are Standard at L1
One important question to address when using PLM/body length ratios is whether body
lengths of various worms can affect the data. In order to address the issue, I took advantage of
mutants that have known body length phenotypes. I chose to analyze the dumpy and long worms,
and surprisingly found that at L1, the body lengths were not only similar but the PLM/body
length ratios were not significantly different (Figure 12). This indicates that the body length
phenotypes for dpy-22, and lon-2 do not affect the PLM phenotype at L1. By L4 when we
visualize these worms we found that the PLM lengths vary from dyp-22 worms and wildtype.
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For lon-2 worms they have a significantly smaller PLM/body length ratio compared with
wildtype. This indicates that use of the PLM length and PLM/body length ratio can be skewed if
worms have a known mutation to affect the phenotype of the body post L1.
All together this indicates that scoring at the L1 larval stage is more appropriate than L4
if we are to incorporate the new scoring parameters to analyze the PLM axons.

5.1.3 Study of Lethal Genes through tissue specific RNA Interference
The majority of genes I tested appear to bias toward a high level of axon undergrowth
phenotype. As a positive control for PLM overgrowth, I knocked down vab-1 by RNAi and was
able to show a PLM overgrowth phenotype as expected. The tissue specific RNAi is potent as
there was no significant difference in the overgrowth phenotype between the RNAi treated versus
the vab-1 null worms. This indicates that our tissue specific RNAi system does not exclusively
produce undergrowth phenotypes.
All the genes I tested by RNAi had a significant PLM undergrowth phenotype. Since this
is an opposite phenotype to vab-1, it allows me to analyze the epistatic relationship with VAB-1.
By analyzing the double mutant (in this case the double is not in the classical sense of
two mutations, but knocking one gene down by RNAi) and seeing which phenotype is epistatic
we can figure out the gene order. In my work all the genes except arx-2 and wsp-1 appear to be
downstream of vab-1, where vab-1 is inhibiting their functions (Figure 18). In contrast, arx-2 and
wsp-1 appear to be functioning upstream of vab-1, where it may play an inhibitory role.
Interestingly, vab-1 and src-1/sax-3/ptp-3/rho-1/cdc-42/unc-73 seem to mutually suppress each
other.

Although, this apparent reduction in the undergrowth might not be caused by vab-1 but

instead due to the inherent variability in the RNAi treated worms.
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5.1.4 arx-1& arx-2
The arx-1 and arx-2 genes form part of the Arp2/3 complex responsible for actin
nucleation. When I knocked down these two genes specifically in the touch neurons, I saw a high
level of undergrowth phenotype. This result can be explained by the fact that without the full
function of the Arp 2/3 complex, perhaps outgrowth and extension of the PLM is disturbed.
Surprisingly, the vab-1 mutant can partially suppress the undergrowth phenotypes of both arx-1
and arx-2; and therefore vab-1 appears to be epistatic to arx-2.
The Arp2/3 complex has been shown to cause growth and extension based on the variable
amounts of the complex in its environment. A study in vitro when the levels of Arp2/3 are low, it
may promote extension based on the presence of longer tips that cause formation of filopodia
bundle, and higher amounts prevent formation of filopodia bundles (Ideses et al., 2008). From
our genetic results it appears that arx-1 is downstream of vab-1, while as arx-2 upstream. Based
on our previous work, we would predict that the genes for the Arp2/3 are downstream of vab-1
(Mohamed et al., 2012), which means our arx-2 RNAi results are not consistent with previous
models (Mohamed et al. 2012). One possible explanation for this discrepancy may be that the
nature of RNAi is variable in the penetrance and since Arp2/3 at low levels can promote
extension (apparent with the ~20-25% wildtype phenotype in the rde-1 background), then
perhaps limited amounts of Arp2/3 can still promote axon outgrowth.

5.1.5 src-1
When src-1 is knocked down, there is a strong undergrowth phenotype. SRC-1 is known
to act downstream of the UNC-6/Netrin receptors UNC-5 and UNC-40 (Lee, Li and Guan 2005).
There have also been reports showing that both unc-5 and unc-40 mutants have short PLM’s
which is on par with my src-1 RNAi data (Li et al., 2008; Li et al., 2004). When I introduced the
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tissue specific src-1 RNAi into the vab-1 mutant background, the overgrowth phenotype of vab-1
is suppressed, which indicates that src-1 is downstream of vab-1, and acting to promote axon
outgrowth. If we take into consideration the studies on the Netrin receptors it suggests that vab-1
may also be upstream of the Netrins, and indirectly causing inhibition. Possible experiments to
perform are double knockouts of either unc-5 or unc-40 together with vab-1. From this
experiment we would predict a double of Netrin and vab-1 would cause the undergrowth
phenotypes.

5.1.6 cdc-42 & rac-2
These two GTPase molecules all show a high level of undergrowth phenotype when
RNAi is performed. Furthermore, when the vab-1 mutant background is introduced, the majority
of the genes suppress the vab-1 overgrowth phenotype. This indicates that these genes have
strong roles in neuron outgrowth, which corresponds to a report demonstrating Rac and Cdc-42
and its role in neurite outgrowth and the production of both filopodia and lamellae through its
activation of the actin cytoskeleton (Kozma et al., 1997). Furthermore this result suggests that
cdc-42 and rac-2 may be acting downstream of vab-1 as both cdc-42 and rac-2 are epistatic to
vab-1.
5.1.7 unc-73
unc-73 RNAi knockdown produced ~67% undergrowth phenotype in the PLMs and
when the vab-1 background was introduced, there is a significant suppression in the vab-1
overgrowth phenotype. unc-73 has been reported to be an activator of the three Rac genes (ced10, mig-2, and rac-2). Our unc-73 RNAi and our rac-2 RNAi both showed significant
undergrowth, and a study also demonstrated a similar phenotype between unc-73 and rac-2
(Lundquist et al., 2001).
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5.1.8 rho-1
During the embryonic development of mice, it has been found that inhibition of Rho
causes axon outgrowth (Govek et al., 2005). Conversely, inhibition of Rac and Cdc-42 caused
impaired neurite outgrowth (Causeret et al., 2004). From our RNAi experiments rho-1 RNAi did
not show PLM overgrowth, but instead of a high level of axon undergrowth. This observation is
contradictory to the aforementioned study which showed inhibition of Rho caused axon
outgrowth. From the experiment of rho-1 RNAi and vab-1 mutant, we saw a reduction in
undergrowth which led to the presence of mutual suppression but genetically we would place rho1 downstream of vab-1. A previous study from our lab also applied neuronal RNAi for rho-1 in
the PLMs, where it showed the hypothesized overgrowth phenotype (Chin-Sang lab
unpublished). The differences between my approach and that of my predecessor is absence of the
rde-1 mosaic in the PLMs and she chose to use two plasmids one coding the sense and one
coding the antisense for rho-1 to induce RNAi and also I used different regions of the rho-1 to
amplify our gene fragments.
To clarify which result is correct it we should score the previously injected worms at the
L1 stage, and also perhaps test RNAi on rhgf-2 which codes for a Rho-1 activating GEF in C.
elegans (Li et al., 2012).

5.1.9 sax-3
When I performed the sax-3 RNAi experiment there was a high level of undergrowth
defects which replicates data reported by another Li and colleagues who looked at both at the sax3(ky123) null and also an overexpressing sax-3 strain (Li et al., 2008). When sax-3 RNAi is
performed with the vab-1 background, the sax-3 phenotype is epistatic and suggests that vab-1
may play a role in inhibiting sax-3 in the PLMs. This interaction may be explained by a previous
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report in our lab where we demonstrated that VAB-1 and SAX-3 can bind together during
embryogenesis in addition to their independent pathways (Ghenea et al., 2005). So from this
result if vab-1 is perturbed then there is abundant sax-3 to induce growth, but if sax-3 is inhibited
either alone or with vab-1 then there is no axon extension in the PLM’s.
5.1.10 ptp-3
From our ptp-3 RNAi in the rde-1 background, it appears that ptp-3 has undergrowth
phenotype. When I introduced the vab-1 mutant background there was a significant suppression
of the vab-1 overgrowth phenotype normally seen in the vab-1 mutant. This genetically leads us
to suspect that ptp-3 works downstream of vab-1. A recent report in our lab has shown that ptp-3
mutants appear to have overextended axons, and has shown that NCK-1 is epistatic to PTP-3
based on genetic results (Mohamed and Chin-Sang, 2011). Based on my RNAi data and other
work from our lab (Chin-Sang Lab unpublished), when ptp-3 is perturbed it actually produces
undergrowth phenotypes. A possible model is that the phosphatase activity of PTP-3 may
suppress VAB-1, since they are known to be substrates for each other (Chin-Sang Lab
unpublished). This mutual suppression would help explain why there is a partial suppression of
the undergrowth phenotype in the ptp-3 RNAi;vab-1(dx31) experiment.
5.1.11 wsp-1
Our wsp-1 RNAi has shown a high level of undergrowth phenotypes. From earlier
genetic studies, I found that the hypomorphic wsp-1 (gm324) allele resulted in an overgrowth
phenotype. One possible reason is that the RNAi is phenocopying the null by degrading all the
transcripts, while the wsp-1(gm324) retains some function. The gm324 allele we scored has
deletions in exons 2 and 3, which acts to limit WSP-1 protein from accumulating but may still
have some weak function (Withee et al., 2004). The Arp2/3 complex is activated by two
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activators wsp-1 and wve-1 (the C. elegans WAVE homolog) (Figure 2.0). Many signaling
molecules can bind wsp-1 or wve-1 to affect the actin machinery which will consequently cause
growth or inhibition (Bernadskaya et al., 2012). One potential model is that VAB-1 may activate
WSP-1 while simultaneously inhibiting WVE-1. One recent report suggests a model of how
WVE-1 can regulate actin polymerization during embryonic development. This group suggests
that the Netrin receptor UNC-40 and the Slit receptor SAX-3 can recruit Rac, which in turn can
signal the WAVE complex to activate Arp2/3 for actin polymerization. The report also mentions
that VAB-1/Ephrin may also inhibit Rac which as a result inactivates WVE-1 (Bernadskaya et al.,
2012). Based on the above model, to explain our wsp-1 RNAi and vab-1(dx31) results, we would
expect to see activation of WVE-1 and increased F-actin polymerization causing shortened axons.
This leads to the assumption that VAB-1 may be inhibiting some other pathway that is rescuing
the undergrowth phenotype that we saw.

5.1.12 New role for genes in PLM axon guidance
Genes that are important for development are often difficult to study because knockout or
knockdown studies can cause lethal phenotypes. From a list of candidate genes, I have
demonstrated their role in PLM axon outgrowth through tissue specific RNAi. In addition
through the use of RNAi performed in a vab-1 background I was able to test for gene epitasis. To
this regard, I have provided insight on how these candidates work with VAB-1 to regulate PLM
outgrowth. My experiment also demonstrate the possibility of mutual suppression occurring for
src-1, sax-3, rho-1, ptp-3,cdc-42 and unc-73 since there was a decrease in undergrowth PLM
phenotype in the vab-1 background. In summary the majority of the genes when knocked down
showed short PLM axons which demonstrate that they have roles in axon out growth. In the
pseudo double knockout/down study only arx-2 and wsp-1 appear to act upstream of vab-1.
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Where as, arx-1, unc-73, src-1, cdc-42, rho-1, rac-2, sax-3 and ptp-3 are downstream of vab-1.
These candidates now are potential new players in the vab-1 signaling pathway.
To confirm function of our vab-1 downstream candidates, we will need to perform a
complementary approach of over expressing these genes in the PLM. I predict that
overexpression may cause a PLM overgrowth phenotype and may suppress the MYR-VAB-1
gain of function phenotypes. These experiments will also clarify the ambiguous results that we
obtained from the arx-2, wsp-1 epistasis experiment, and also clarify how true our RNAi
experiments are since it is known that RNAi has variable levels of penetrance.
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Figure 23 Regulation of Branched Actin
This is an extension of a model by Bernadskaya et al., 2012. The group demonstrated that Rac can regulate
actin cytoskeleton. They propose a model where UNC-40 can transport inactive Rac to endosomes for
activation. Once activated Rac is recruited by SAX-3 allows for the assembly of WAVE/SCAR.
Consequently through interaction of WAVE with ARP2/3 actin polymerization is promoted. In addition
Bernadskaya and colleagues report that VAB-1 can inhibit activated RAC thereby modulating actin
branching. In our addition Mohammed et al., 2012 has demonstrated WSP-1’s role in promoting ARP2/3
activation. Not shown is NCK-1/WSP-1 and VAB-1 complex. From our RNAi experiment in the vab-1
maybe inhibiting another pathway that acts on WSP-1 for actin polymerization which is represented by a
question mark since the generated data conflicts with Mohammed et al 2012.
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5.1.13 SID-1 RNAi in PLM
As an extension of our tissue specific RNAi, I wanted to develop a faster means of
performing tissue specific RNAi. The above experiments require microinjection of plasmids and
the establishment of lines which can take a lot of time. Feeding the worms RNAi to knock down
gene expression in a tissue specific fashion would be ideal for high throughput screens. Although
neurons do not normally express sid-1, as a proof of concept study, I have found that pan neural
expression of sid-1 allowed us to observe PLM axon guidance when worms were fed with
bacteria expressing dsRNA for known axon guidance genes. The results I obtained are on par
with null mutants but I did notice one discrepancy. The level of RNAi knockdown is variable
depending on which reporter is used. The mec-7 promoter had more penetrant phenotypes than
mec-4. One would expect the results should be the same since both reporters code for
components of the touch neurons, however one explanation maybe that when these strains were
integrated the location of the integration caused some background effect to the axon guidance
mechanism in the touch neurons. Ultimately, RNAi is a knock down mechanism and is
dependent on the exposure of dsRNA for transcript degradation. In general, feeding RNAi is less
potent than injection which is also present from our results.
With regards to our attempt at tissue specific feeding RNAi in C. elegans, it is much to
our dismay that I did not produce positive results, and in fact surprisingly found that introduction
of the mec-4::sid-1 construct led to ~25% undergrowth defects in the PLMs in our rde-1 and rde1;vab-1 mutant worms. Though we did not formally score the ALMs, phenotypically they
appeared to only affect the PLMs. It is possible the use of the mec-4 promoter delivers many
copies of the SID-1 array causing the PLMs to be more sensitive versus when sid-1 is expressed
throughout the nervous system.
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One potential modification to obtain neuronal tissue specific RNAi by feeding may be to
first express sid-1 in a pan-neuronal promoter such as unc-119 promoter used in the original
methods paper, but then to also incorporate the rde-1 background, and lastly use mec-4::rde-1
specifically in the touch neurons (Calixto et al., 2010).

5.2 EMS Mutagenesis & Candidate Genes
5.2.1 Candidate Mutants Strongly suppress MYR::VAB-1
From our EMS mutagenesis work I have isolated two potential suppressors for our
MYR::VAB-1. MYR::VAB-1 worms had a 95% undergrowth phenotype with 0% of the PLMs
extending past the ALM cell body. Our two suppressors, qu38 and qu39, both showed less than
~9% undergrowth phenotype with 100% of the PLM processes passing the ALM cell body.
Based on the high level of PLM suppression and also observation of a delayed growth and
presence of arrested embryos it is possible that these two candidates are positive effectors of the
VAB-1 RTK signaling. One of the classical phenotypes of the vab-1 mutants is the high
proportion of lethal embryos so it will be very interesting to investigate what type of downstream
genes are regulated by VAB-1 signaling. The current and future work will be to test the validity
of this potential suppressor by defining its genetic location through mapping. When we have
isolated the suppressor to several candidate genes, we can then perform rescue experiments in the
suppressors by creating transgenic worms for the candidates genes and seeing whether we can
rescue the short axon guidance defect produced by the MYR::VAB-1. In addition should these
suppressors themselves have a phenotype, we can also inject candidate gene to see whether we
can rescue the phenotype.

5.2.2 rpm-1
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When I tested the effects of the rpm-1 mutation in wildtype worms I found that PLMs in
general had an overextension phenotype of ~32%. When the mutation was introduced to the
MYR::VAB-1 I found an undergrowth phenotype that was reduced to 69%. Thus rpm-1
mutations suppress hyperactive VAB-1 signaling and is consistent with rpm-1 being a
downstream positive effector of the VAB-1 signaling. RPM-1 has been found to interact with
two parallel pathways one involving GLO-4 which has roles in the regulation of vesicular
trafficking and the F-box protein FSN-1, which has roles in RPM-1 ubiquitin ligase activity (Grill
et al., 2007). RPM-1 is suggested to act in the GLO-4 pathway in the nervous system, where it is
negative regulates the axon guidance receptors SAX-3/ROBO and UNC-5 in their role for axon
outgrowth. The proposed model shows that RPM-1 may respond to signals that on one hand
promote synaptogenesis but on the other negatively regulate SAX-3 and UNC-5 by controlling
vesicular trafficking through GLO-4 (Li et al., 2008).
From our data we know that sax-3 mutants show presence of undergrowth phenotypes, so
absence of RPM-1 may induce axon outgrowth through SAX-3 and UNC-5 to act antagonistically
with the stop cues of MYR::VAB-1 in the developing PLMs (Figure 24). This result is also
consistent with our tissue specific RNAi for sax-3 where addition of the vab-1 mutant background
does not seem to rescue the undergrowth seen in the single sax-3 RNAi in PLMs.

5.2.3 vpr-1
vpr-1 became of interest to our study as it was found that a population of people suffering
from ALS also have a mutation for VAPB (VAMP-associated membrane protein B) which is
located in the endoplasmic reticulum (Tsuda et al., 2008). The group proposed a model which
suggests that VAPB is able to activate Eph receptors as a secreted form through the cleavage of
its MSP domain. This would allow for it to bind onto the Eph receptor (Tsuda et al., 2008).
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While most of this study was done in the Drosophila, they confirmed that this model applies to
the C. elegans ortholog vpr-1. One question which has yet to be shown from this study is both
the location of where the cleavage of the VAP fragments occurs and also the location where the
VAP fragment binds to the Eph receptor. With the knowledge that VAB-1 is located on the PLMs
we wanted to know whether VPR-1 might be signaling to the PLMs. Our study shows that vpr-1
mutants did not affect PLM axon guidance and thus did not activate VAB-1 on the PLMs.

5.3 Cell specific function through Cell Ablation
Similar to mosaic analysis where the purpose is to isolate the function of a gene in
specific tissues through tissue specific knock down or tissue specific overexpression studies, cell
ablation is developmental tool to understand how tissues communicate or network. With regards
to the C. elegans nervous system our main goal was to provide proof of concept that we can apply
a genetic approach to ablate PLM neurons. In addition, since our focus was on PLMs our future
work will be to employ this technique to other known neurons that may make a connection to or
from the PLM. One example would be the connection of the PVC neurons. The PLMs are
known to form gap junctions onto the PVC interneuron for forward movement and the AVA and
AVD for backward movement (Driscoll and Kaplan, 1997; Goodman, 2006). Though ablation of
these neurons may cause mobility issues, it may provide understanding of potential guidance
molecules that maybe interacting on these interneuron connections.
5.3.1 Mtz treatment are lethal in C. elegans
Our use of the Nitroreductase- Metroniazole System for PLM ablation was discontinued
due to the low ablation yield and the main fact that worms treated with the drug could not recover
after treatments. This system has been extremely useful in studies utilizing the D. rerio model
system but it does not appear to be successful in C. elegans. One reason may be that
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Metroniazole is an antibiotic used in both animals and humans to treat various bacterial based
infections. Recently there have been a number of C. elegans based methods papers that have
introduced new ways for selecting transgenic animals through use of antibiotic resistance. These
papers have demonstrated that use of the antibiotics such as puromycin and neomycin (GiordanoSantini and Dupuy, 2011; Giordano-Santini et al. 2011) and their corresponding resistance gene
worm researchers can now easily select for transgenic worms. From our results it appears that the
Mtz acts as a toxin and causes lethality in C. elegans.

5.3.2 miniSOG PLM Ablation effective at L1
Use of the genetically encoded photosensitizer miniSOG has shown promise in the ablation of
the mechanosensory neurons. I exposed transgenic worms to blue light treatment at a wavelength
of ~475nm for 30 minutes treatments with pulsed or continuous light. I was able to achieve a
higher level of ablation at L1 compared to older developmental stages, and that use of pulsed
light did not improve ablation of PLMs. The use of pulsed light was reported to show a stronger
cell ablation phenotype when ablation the DA, DB, VA, VB motor neuron in C. elegans (Qi et
al., 2012). The group only discovered this improved result through empirical use and postulated
that miniSOG may act on a light dose-dependent action and that mito-miniSOG may be graded.
Our empirical data does not seem to show this relationship in the PLM’s. One distinguishing
quality of the mechanosensory neurons is that they contain a 15-protofilament rather than the 11protofilament microtubule (Chalfie and Thomson, 1982). So perhaps since PLMs have a larger
microtubule content it masks the effects of the benefit of the pulsed effect. Ablation young
worms is easily obtained, but to date I have not been able to achieve ablation in adult worms. A
possible explanation maybe that since the majority of the touch neurons develop at the embryo
stage, the mec-4 promoter transcribes those genes early in development and therefore mec-4
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driven proteins slowly decline as the worm develops. If this is indeed the situation, one method
to circumvent this would be to design a method to induce miniSOG expression temporally. One
way to employ this in C. elegans is through the use the MEC-8 splicing machinery. Calixto and
colleagues found that MEC-8 is required for the removal of the ninth intron of mec-2 in order to
have proper mRNA formation (Calixto et al., 2010). The group took advantage of this and
demonstrated conditional gene activation through the inclusion of the mec-2 intron 9 fragment in
a gene of interest in the mec-8(u218ts) temperature sensitive mutant worms (Calixto et al., 2010).
For our purposes, we would want to include the mec-2 intron 9 region within our tissue specific
miniSOG plasmid. We would inject this plasmid in mec-8(u218ts) worms and transfer the worms
to the permissive temperature only when we want to trigger expression of miniSOG only in the
tissue of choice.

5.4 Conclusion
The PLM were used exclusively in this thesis as a model for studying axon guidance. The
simple structure of the PLMs and use of GFP allows for the clear visualization of these neurons.
I have been able to show that by measuring the PLM length and PLM/body length ratio, we can
create a scoring method that can accurately detect PLM overgrowth and undergrowth phenotypes.
I determined that at the L1 stage, strains known to have body length phenotypes develop axons
similar to wildtype. Members of the Chin-Sang lab now routinely use my scoring method to
study PLMs.
I have shown that we can study lethal genes and those synthetic lethal with vab-1 through
the use of tissue specific RNAi technique. Several candidate genes have been shown to promote
axon growth in the vab-1 signaling pathway. To bring this technique one step further I showed
that feeding RNAi on to worms expressing sid-1 shows axon guidance defects.
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From my L1 analysis I found that 100% MYR::VAB-1 PLMs never reach the ALM cell
body, this allowed me to perform an EMS mutagenesis screen where I isolated two potential
suppressors. In a candidate approach I showed that rpm-1 can also suppress our MYR::VAB-1
undergrowth. One of our goals is to test whether certain neurons may influence PLM
development. Through the use of the miniSOG blue light cell killing I showed ablation of PLMs.
This proof of concept will now let us ablate other neurons and see how it may affect the PLMs.
In summary, my thesis has demonstrated an overview of techniques, and introduced
many possible avenues study. Ultimately through the use of the L1 larval stage and the PLM as a
model for axon guidance, I have used RNAi, genetic crosses and mutagenesis to introduce new
players in the vab-1 pathway (Figure 24 & 25).
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Figure 24 Model for PLM axon growth and inhibition from Tissue Specific RNAi
Model of axon guidance proteins involved in axon extension (VAB-1 signaling inactive)
and axon termination (VAB-1 signaling active). Please note that proteins are all within the
developing neuron. A & B) From tissue specific RNAi RHO-1, CDC-42, RAC-2, SRC-1,
UNC-73, PTP-3, and SAX-3, ARX-1, ARX-2 and WSP-1 have roles for axon growth.
When VAB-1 is active a inhibitory signal is sent to RHO-1, CDC-42, RAC-2, SRC-1,
UNC-73, PTP-3, and SAX-3. Based on conflicting data VAB-1 appears to suppress ARX1, but not WSP-1, and ARX-2. Due to conflicting results of the components of Arp2/3 and
WSP-1 we need to clarify where they in the VAB-1 pathway indicated by the question
mark.
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Figure 25 Identification of new effectors of VAB-1 signaling during PLM axon termination
Model of axon guidance proteins for axon extension (VAB-1 signaling inactive) and axon
termination (VAB-1 signaling active). All proteins are all within the developing neuron. A & B)
qu38 and qu39 which appear to have a role in axon inhibition, and appear to be activated by VAB1 signaling. We found that RPM-1 is a suppressor of MYR::VAB-1 and appears to be activated by
VAB-1 (take out the question mark in front of the RPM-1 or mention why it is there--- your work
suggest tat VAB-1 is an activator of RPM-1). From Li et al., 2008 they found that RPM-1 can
activate the GLO-4 protein to promote vesicular trafficking. GLO-4 indirectly can negatively
regulate the SAX-3 and UNC-5 receptor. From our RNAi we also demonstrate that VAB-1 may
suppress SAX-3. Other activating protein of RPM-1 in PLM is currently unknown. We also need
to further investigate what ligands are activating the VAB-1 pathway. We have shown that VPR-1
is not the candidate in the PLM, it is possible that WRK-1 maybe a candidate as it is shown to bind
to VAB-1 (Boulin et al., 2006b) .
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Appendix

Table 4. List of Primers used in the Tissue Specific RNAi Plasmid targeting Touch neurons
Primer Name (oIC)

Oligo sequence 5’ 3’

849

taatgctagcCGGCCCATCAACTACCGGCATGTGTG

850

ataaggtaccCTTCGCTCGTTGGCTTCTCTGGAATTC

851

taatgctagcGCAAGGGCGAAAGGTGATTGTCGTTG

852

ataaggtaccCCTTCGTAAACAGGACAGATGTGGGTAAAC

1099

taatgctagc ATG CAG ACG ATC AAG TGC GTC GT

1100

ataaggtaccGTG GTG GGT CGA GAG CGG CC

1101

taatgctagc AAG TTG GTG ATC GTC GGC GAC G

1102

ataaggtacc GCCGCCTGTGTCGCCTTCTC

1105

taatgctagc GAA TTC AGG CGC TCG TCG ATA TGG

1106

ataaggtacc GCTCCGGGCAGCCACGTGG

1109

taatgctagc GCC ACC AGC TCC GAA GAG TTC TG

1110

ataaggtacc GCAACGGCGGTGGTGGAGTGT

1159

taatgctagc GCA GTA GTG GAT CAT GGT TCC GGA AAG

1160

ataaggtacc GGTGGAGGAGCGGCAGGTGTG

1161

taatgctagc GCC CGT AGT GTC TCA GTG CGA TC

1162

ataaggtacc GAC GTC GAC TGC CTC GTT GCC

1163

taatgctagc GCA CCA ACT AAC GAG ACA GCC GC

1164

ataaggtacc GTG CGT CCG GCT CCA GAG CA

1165

taatgctagc GCTTCTCCGTGGTTGCTCCAGC

1166

taatgctagc GCG GAG AAC ACC ACC GAA TAA GAC T

1167

ataaggtacc CGGCACTGCTCAACGATTCCG

1186

taatgctagc GGA CGA ATC AGA AGG TGA TCA GCG

1187

ataaggtacc GAGCGATGGCATCGGAGCAG
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Table 5 Primers used for Gateway and Cell ablation Studies
Primer Name (oIC)
750

751
1151
1152

Oligo sequence 5’ 3’
attgctagcatggatatcatttctgtcgccttaaagcg
aattgagctcttacttgtacagctcgtccatgccgcc
GGGG- ACAAGTTTGTACAAAAAAGCAGGCTATGATTCGTGTTTATTTGATAATTTTA
GGGG- ACCACTTTGTACAAGAAAGCTGGGTAGTGGCTGAAAATTTATGCATA

Project
mec-4::NTR
mec-4::NTR
SID-1 Gateway
SID-1 Gateway

Table 6 Plasmids made in the work of this Thesis
Plasmid Name (pIC)
659
660
661
703
752
753
755
756
817
817
819
824
871

Contents
mec-4::mec-4
mec::-4::arx-1::mec-4
mec::-4::arx-2::mec-4
Mec-4::NTR
mec::-4::rac-2::mec-4
mec::-4::src-1::mec-4
mec::-4::rho-1::mec-4
mec::-4::cdc-42::mec-4
mec::-4::wsp-1::mec-4
mec::-4::sax-3::mec-4
mec::-4::unc-73::mec-4
Mec-4::sid-1
mec::-4::vab-1::mec-4
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Comments
None
502bp arx-1 cDNA fragment
507bp arx-2 cDNA fragment
670bp NTR cDNA fragment
460bp rac-2 cDNA fragment
389bp src-1 cDNA fragment
495bp rho-1 cDNA fragment
521bp cdc-42 cDNA fragment
460bp wsp-1 cDNA fragment
511bp sax-3 cDNA fragment
425bp unc-73 cDNA fragment
Full length genomic SID-1
305bp vab-1 cDNA fragment

Table 7: Strains that were made specifically for this thesis
Strain
Name
(IC)
940
948
982
983
984
985
986
987
988
990
1073
1074

Genotype

Notes

mec-4::gfp;rde-1;vab-1
mec-4::gfp;rde-1
mec-4::gfp; rde-1(ne219) ;quEx433
mec-4::gfp; vab-1(dx31); rde-1 (ne219); quEx429
mec-4::gfp; vab-1(dx31) ; rde-1 (ne219); quEx430
mec-4::gfp; vab-1(dx31); rde-1 (ne219); quEx431
mec-4::gfp; rde-1 (ne219); quEx432
mec-4::gfp; vab-1(dx31); rde-1 (ne219) ; quEx434
mec-4::gfp; rde-1 (ne219) V; quEx436
mec-4::gfp; rde-1(ne219) V; quEx435
mec-4::gfp; rde-1 ;quEx356
mec-4::gfp; rde-1; quEx357

Control RNAi
Control RNAi
arx-1 RNAi
arx-1 RNAi
arx-2 RNAi
arx-2 RNAi
arx-2 RNAi
arx-1 RNAi
arx-2 RNAi
arx-1 RNAi
cdc-42 RNAi
cdc-42 RNAi

1075

mec-4::gfp; vab-1(dx31) ; rde-1(ne219) ; quEx358

cdc-42 RNAi

1076
1113
1125
1133
1139
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1224
1225
1226
1234
1235
1236
1237

mec-4::gfp; vab-1(dx31) ; rde-1(ne219) ; quEx359
mec-4::gfp; him-5 (e1490) ; lon-2(e678)
mec-4::gfp; rde-1(ne219) ; quEx388
mec-4::gfp; vab-1(dx31) ; rde-1(ne219) ; quEx392
mec-4::gfp; vab-1(dx31) ; rde-1(ne219) ; quEx396
mec-4::gfp; rde-1(ne219) V ; quEx404
mec-4::gfp; rde-1(ne219); quEx405
mec-4::gfp; vab-1 (dx31) ; rde-1(ne219);quEx406
mec-4::gfp; vab-1 (dx31) ; rde-1(ne219); quEx407
mec-4::gfp; vab-1 (dx31) ; rde-1(ne219); quEx408
mec-4::gfp; vab-1(dx31) ; rde-1(ne219) ; quEx409
mec-4::gfp; rde-1(ne219); quEx450
mec-4::gfp; rde-1(ne219) ; quEx411
mec-4::gfp; rde-1(ne219) ; quEx412
mec-4::gfp; vab-1(dx31) ; rde-1(ne219) ; quEx438
mec-4::gfp;quEx426
mec-4::gfp;quEx427
mec-4::gfp;quEx428
MYR::VAB-1; (qu39)
MYR::VAB-1 (qu38)
mec-4::gfp ; rde-1(ne219) ; quEx445
mec-4::gfp; rde-1(ne219) ; quEx446

cdc-42 RNAi
Long Worms
rho-1 RNAi
unc-73 RNAi
rac-2 RNAi
src-1 RNAi
src-1 RNAi
src-1 RNAi
src-1 RNAi
rho-1 RNAi
rho-1 RNAi
unc-73 RNAi
ptp-3 RNAi
ptp-3 RNAi
rho-1 RNAi
miniSOG
miniSOG
miniSOG
Suppressor
Suppressor
wsp-1 RNAi
wsp-1 RNAi
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1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1252
1253
1254
1255
1272
1273
1279
1280
1281
1282
1283

mec-4::gfp; rde-1(ne219) ; vab-1(dx31) quEx413
mec-4::gfp; rde-1(ne219) ; vab-1(dx31) quEx414
mec-4::gfp ; rde-1(ne219) ; vab-1(dx31) quEx437
mec-4::gfp; rde-1(ne219) ; vab-1(dx31) quEx438
mec-4::gfp; rde-1(ne219) ; vab-1(dx31) quEx439
mec-4::gfp; rde-1(ne219) ; vab-1(dx31); quEx440
mec-4::gfp; rde-1(ne219) ; quEx441
mec-4::gfp; rde-1(ne219) ;quEx442
mec-4::gfp; rde-1(ne219) ; quEx443
mec-4::gfp; rde-1(ne219) ; quEx444
mec-4::gfp;uIs69 [pCFJ90(myo-2p::mCherry) + unc-119p::sid1]
muIs32 (mec-7::Gfp) ;uIs69 [pCFJ90(myo-2p::mCherry) + unc119p::sid-1].
mec-4::gfp;him-5(e1490); dpy-22(sy665)
mec-4::gfp; rpm-1(ju41) him-5(e1490))
rpm-1(ju41) ;quIS5; zdIS5; him-5(e1490)
mec-4::gfp ;vpr-1(tm1411) I/hT2[bli-4(e937) let-?(q782)
qIs48 FP]
mec-4::gfp; quEx470
mec-4::gfp; quEx472
mec-4::gfp; rde-1(ne219) V ; quEx456
mec-4::gfp; rde-1(ne219) V ; quEx457
mec-4::gfp; rde-1(ne219) V ; quEx451
mec-4::gfp; vab-1 (dx31) ; rde-1(ne219) ; quEx451
mec-4::gfp ;vab-1 (dx31) ; rde-1(ne219); quEs455
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wsp-1 RNAi
wsp-1 RNAi
sax-3 RNAi
sax-3 RNAi
Empty RNAi
Empty RNAi
vab-1 RNAi
vab-1 RNAi
Empty RNAi
Empty RNAi

Homozygous
sterile
sid-1 in PLM
sid-1 in PLM
rac-2 RNAi
rac-2 RNAi
unc-73 RNAi
unc-73 RNAi
ptp-3 RNAi

