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Organisms across phylogeny have neuronal circuits that control everyday 

activities.  The somatosensory network, for example, is specifically utilized to 

sense the external environment and is important to properly inform the animal on 

its surroundings.  The information encoded in this sensory circuit allows an 

animal to distinguish painful strikes from gentle brushes.  Thus, it is clear that the 

proper development of this circuit and the neurons in the network are essential 

for animal survival.   

      My work describes the development of somatosensory neurons in C. 

elegans and establishes C. elegans as a model for studying the generation of 

pain-sensing cells known as nociceptive neurons that typically have large non-

overlapping dendritic arrays that innervate the skin. The C. elegans nociceptive 

neuron, PVD, is generated through a dynamic error-correction mechanism.  This 

work describes the transcriptional profile of the PVD neuron and identifies 

multiple transcription factors that are required for the mature dendritic array.   



I further identify a transcription factor cascade that is required to generate 

the proper balance of somatosensory neuronal types in C. elegans. We show 

that MEC-3, AHR-1, and ZAG-1 define a transcriptional code that generates 

specific somatosensory neurons to ensure the animal can distinguish different 

environmental stimuli.  Together these proteins define the modality and dendritic 

architecture of somatosensory neurons.  

    Lastly, I show that the non-overlapping array of PVD is generated through 

a mechanism known as self-avoidance. I demonstrate that self-avoidance 

requires a contact-induced retraction event that requires UNC-6/Netrin signaling 

and actin polymerization.  Interestingly, the UNC-6/Netrin pathway is also utilized 

earlier in development to generate the PVD asymmetric dendritic array.  The two 

functions of UNC-6/Netrin, however, are temporally and modularly different.  

Together my work provides foundation for studying nociceptive neuron 

development.   
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CHAPTER I 

 

INTRODUCTION 

 

Neurons display polarized structure with dendrites and axons 

The nervous system allows animals to respond to a myriad of 

environmental stimuli and directs simple everyday activities such as breathing 

and walking.  Glia and neurons are the two basic cell-types that populate the 

nervous system.  Neurons are the fundamental feature of neuronal circuits.  

Neurons send and receive sensory information from the environment to motivate 

different motor movements of the animal. In the brain, neurons have multiple 

functions including mediating learning and memory. Glial cells provide support for 

neurons and play an important role in regulating neuronal development and 

function.  Both glia and neurons are required for the proper function of the 

nervous system and defects in either cell type can result in disease.   My work 

has primarily focused on the development of neurons and thus will be the focus 

of this introduction.    

Neurons are capable of both sending and receiving signals.  Each of these 

activities depends on the demarcation of discrete neuronal domains (Figure 1.1) 

[1].  This polarity is a fundamental characteristic of neurons across phylogeny [1]. 

The axon functions as the presynaptic apparatus or the area of the neuron that is 

used to send neuronal signals.  Neurons usually display a single axonal branch 

that must navigate through the extracellular space to connect with their 

1



 
 
Figure 1.1 Neurons have two distinct domains.  A typical neuron has a dendritic domain (red) 
that receives information.  Dendrites can either be stimulated by the external environment 
(sensory neurons) or by other neurons (central nervous system).  The cell body (blue) contains 
the cell nucleus where genetic material is maintained.  The axon (black) represents the part of the 
cell that sends signals.  Most neurons do not have multiple axons but have a single axon that can 
branch at the area distal from the cell in order to connect with other neurons (central nervous 
system) or muscle (neuromuscular junction).    
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postsynaptic partners [2].  In contrast, the neuronal compartment that receives 

neuronal signals or the postsynaptic dendrite may be morphologically complex 

with multiple dendritic branches emanating from the cell (Figure 1.1)[1].  

Outgrowing branches must navigate in the extracellular space to form synapses 

with axons of other neurons or in the case of sensory neurons, to fill a given 

receptive field to maximize detecting environmental stimuli [3].  Because axons 

normally adopt a simple morphology the mechanisms that govern process 

outgrowth and guidance are much better known for axons than for dendrites [4].  

The proper development of both of these neuronal domains, nonetheless, is 

essential for the function of neuronal circuits [4].   

An extensive body of literature describes mechanisms governing the 

establishment of neuronal polarity (see review [1, 3, 5]).  My thesis focuses on 

the stages in dendritic development that occur after the neuron is initially 

polarized.  My review will therefore feature literature that describes the 

mechanisms of dendritic and axonal morphogenesis that are initiated after 

polarized neuronal domains are established.  Neuronal polarity is clearly an 

important aspect of dendritic morphogenesis and readers can learn more about 

the earlier events in neuronal morphogenesis by consulting these excellent 

reviews [1, 5].  

 

The diverse nature of dendritic trees 

Neurons are defined by their morphological and functional characteristics.  

Each neuronal sub-type can display a unique morphology which suggests that 

3



thousands of distinct types of dendritic arbors are likely found in the vertebrate 

nervous system (Figure 1.2) [6].  The diversity of dendritic arbors can be seen in 

Ramon y Cajal’s early tracings of neurons and neuronal circuits [7] (Ramon y 

Cajal, 1899-1904) (Figure 1.2).  This diversity is particularly well characterized in 

the mammalian retina where subtypes of neurons are easily visible and can be 

readily classified on the basis of their distinctive dendritic arbors [8].  For 

example, retinal ganglion cells display large dendritic arbors that are easily 

distinguishable from amacrine cells (Figure 1.2) [8].  This diversity can also be 

seen in the mammalian brain. For example, Purkinje neurons show highly 

elaborate branching patterns that are different than cerebellar granule neurons 

[6]. Because of the diverse nature of dendritic arbors in the vertebrate nervous 

system, invertebrate model organisms with simpler, better-defined nervous 

systems are now widely used to identify the molecular underpinning of dendritic 

arbor diversity [3, 5, 6].   

 

Drosophila and nematode sensory neurons adopt distinctive dendritic 

arrays 

Neurons in the Drosophila peripheral nervous system display dendritic 

trees of varying complexity [9, 10].  Each abdominal segment contains 44 

sensory neurons.  These are classified according to morphology, which range 

from sensory neurons with unbranched unipolar neurons to dendritic arbors 

rivaling the size and complexity of vertebrate nervous system [6]. Class I 

dendritic arborization (da) neurons display simple unbranched arbors (Figure 

4



 
 
Figure 1.2.  Dendritic diversity in the nervous system.  Tracings of neurons throughout 
animalia that show the diversity of dendritic arrays in the nervous system. A. A retinal ganglion 
cell in vertebrates.  B.  amacrine cell in vertebrates.  C.  A cerebellum granule neuron in the 
mammalian brain.  D.  C. elegans light touch neuron.  E.  Purkinje Cell in the mammalian brain.  
F.  Cortical pyramidal neuron of vertebrates.  G.  A C. elegans nociceptive neuron.  Images A-C, 
E,F are adapted from Gao et. al. 2007.    
 
 

5



1.3).  In contrast, Class IV neurons display large non-overlapping arrays that 

cover a wide receptive area (Figure 1.3) [9, 10].   Neurons with different 

morphological features are also observed in the C. elegans nervous system.  

Although a majority of these neurons show a relatively simple bipolar, 

unbranched morphology, recent studies revealed two types of sensory neurons, 

PVD and FLP, display large dendritic arrays that mirror dendritic trees observed 

in the Drosophila and the mammalian peripheral nervous system [11, 12] (Figure 

1.2).   As a result of this conservation, recent studies using C. elegans and 

Drosophila as a model for generating diverse dendritic arbors have begun to 

reveal molecular pathways that specify different arbor types.  

 

Transcription Factors Involved in Dendritic Morphogenesis 

Studies of transcription factor mutants have emphasized the key role of 

intrinsic genetic programs in the specification of dendritic morphology. The 

transcriptional programs that govern sensory neuron morphogenesis in the 

Drosophila PNS neurons are the best understood [3].  In a genome-wide RNAi 

screen of transcription factors, over 70 proteins were shown to influence dendritic 

morphogenesis in Drosophila sensory neurons [13].  This screen demonstrates 

the importance of transcription factors to diversify dendritic arrays.    

Multiple transcription factors have been described to limit dendritic 

branching.  Hamlet, a zinc-finger transcription factor, is expressed in both 

precursors and in post-mitotic sensory neurons.  The loss of Hamlet causes class 

I dendritic arbors to adopt a more highly branched dendritic arbor resembling that 

6



 
 
Figure 1.3  A genetic code defines Drosophila sensory neurons.  Figure was published in 
Corty et. al. 2009.  Class 1 (A), II (B), III (C) and IV (D) neurons display varying levels of dendritic 
complexity.  Class I neurons are the least elaborate whereas class IV neurons display large 
complex arrays.  Below are transcription factors that are expressed in each class type that 
controls a specific dendritic morphology.  Expression in a given class type is represented by the 
green bars.  The levels of Cut protein, at low concentration in class II and higher concentrations in 
Class IV differentially control dendritic complexity.  Spineless is expressed in all md neurons but 
has different roles depending on the complexity of the neuron.   
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of class II neurons [14] (Figure 1.3).  Abrupt also limits dendritic arbor complexity 

and is selectively expressed in class I neurons [15].  Abrupt is sufficient to reduce 

dendritic branching when expressed in class IV neurons(Figure 1.3). Abrupt and 

Hamlet represent transcription factors that limit dendritic outgrowth and when 

absent can switch unbranched arbors into highly branched trees. 

Knot is also expressed exclusively in Class IV neurons where it functions 

to induce dendritic branching (Figure 1.3).  Interestingly, ectopic expression of 

Knot is sufficient to induce branching in normally unbranched sensory neurons 

[16-18].  Knot is thought to promote branching by regulating Spastin, a 

microtubule severing protein that can induce higher order branches [18]. 

Together, Hamlet, Abrupt and Knot are examples of transcription factors that 

diversify dendritic arbor morphology by being exclusively expressed in one type 

of neuron.   

Other transcription factors that regulate dendritic morphology in 

Drosophila are expressed in multiple types of sensory neurons.  For example, 

Cut is expressed in most dendritic arborization (da) neurons in Drosophila but at 

different concentrations (Figure 1.3) [19, 20].  The level of Cut expression is 

correlated with the complexity of the dendritic arbor.  For instance, class II 

neurons express low levels of Cut and display simple dendritic trees.  Class IV 

neurons, however, express a high level of Cut and adopt elaborate dendritic 

arrays.  These observations led to the hypothesis that Cut regulates threshold-

dependent pathways that promote dendritic branching [20, 21].  Interestingly, the 

Cut homolog in vertebrates, Cux, also controls dendritic complexity [22].  These 

8



results support the hypothesis that Cut could be an ancient transcriptional 

program that controls dendritic morphology. 

Spineless was also identified in Drosophila to regulate dendritic branching 

[23] (Figure 1.3).  Spineless is a member of the basic loop helix transcription 

factor family that closely resembles the mammalian aryl hydrocarbon dioxin 

receptor AHR. Spineless is expressed in multiple types of sensory neurons that 

display varying dendritic arrays. Spineless has different effects on branching 

depending on the arbor complexity of affected neurons.  In unbranched neurons 

such as class I neurons, spineless mutants display class I neurons that resemble 

more branched dendritic arbors.  Interestingly, class IV neurons in spineless 

mutants display dendritic arbors with reduced branching [23].  How Spineless 

has differential effects on dendritic arbors is not known but it likely interacts with 

other transcription factors.  For example, Class IV neurons express high levels of 

Cut, Spineless and Knot [4].  In contrast, class I neurons express low levels of 

Cut, Spineless and Abrupt.  In these contexts, Knot could affect a different set of 

Spineless targets in class IV neurons than in class I neurons (Figure 1.3).  These 

transcription factors might also have task-specific roles in dendritic 

morphogenesis.  Cut, for example, may induce actin-containing filopodia-like 

branches whereas Knot may regulate microtubule-dependent dendritic branches 

[4].  Studies that define the interaction of transcription factors in sensory neurons 

will be an interesting direction for the future. 

 Transcription factors are thought to regulate dendritic morphology by 

controlling specific targets.  For example, Cut has been shown to drive 
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expression of Turtle, a transmembrane protein that regulates dendritic 

morphology [24].  Interestingly, Cut can also regulates levels of abrupt.  Knot, as 

mentioned above, regulates Spastin to promote dendritic branching [18].  Knot 

also controls Pickpocket, an ion channel that is essential for Class IV neuron 

function [16-18, 25]. Thus, these transcription factors have dual roles: 1. Diversify 

dendritic morphology and 2. Define different sensory modalities.  Identification of 

targets of these transcription factors would certainly strengthen this hypothesis.  

It is worth noting that despite the extensive identification of transcription factors 

that influence dendritic morphology the targets of these proteins are largely 

unknown and thus remain an outstanding question in neuronal development.   

 

Mammalian Transcription Factors in Dendritic Development 

Transcription factors that are expressed in multiple cell types and effect 

dendritic morphogenesis have also been described in mammalian development.  

For example, NeuroD and CREST are widely expressed in the nervous system 

and are thought to promote dendritic branching [26, 27].  How NeuroD and 

CREST promote dendritic branching is not understood but they may drive 

general dendrite branching factors in all cell types since reduced levels have 

similar effects in multiple neuronal types.     
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EXTRACELLULAR CUES THAT REGULATE NEURONAL BRANCH 

MORPHOLOGY 

 

Axon guidance molecules 

Ramon y Cajal predicted that neurotropic factors must exist to pattern the 

nervous system and guide axons to their targets  (Cajal, 1899-1904).  Scientists 

over the years have sought to identify these potential neurotropic factors.  To 

date, four main signaling pathways have been identified to function in axon 

guidance (Figure 1.4) [2].  These signaling pathways represent an ancient 

mechanism that can be seen across phylogeny.  Two main mechanisms exist for 

axon guidance, either signaling molecules function at a distance from their 

source (e.g. long-range guidance) or they function as a contact-dependent 

component (e.g. short-range signaling) (Figure 1.4) [2].  

Slit, Netrin and Semaphorin represent proteins that have the potential to 

participate in long-range guidance mechanism (Figure 1.4).  Slit was first 

identified to direct axon guidance of the Drosophila nerve cord [28-30].  In this 

setting, Slit functions as a repulsive cue to limit commissural axons from crossing 

back over the nerve cord.  Slits also function in longitudinal axon guidance to 

prevent growth cone attraction to other axon guidance molecules [31, 32].  The 

role of Slit as a repulsive axon guidance cue is conserved from nematodes to 

mammals [33, 34].  Slit signaling is mediated through the transmembrane 

receptor, Robo, which is also conserved across phylogeny (Figure 1.4) [28, 32, 

35].  In flies and mammals there are multiple isoforms of Robo that are 
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Figure 1.4  Axon guidance molecules steer growth cones.  Long range-cues, Slit (red), Netrin 
(green) and Semaphorin (purple), steer axons by rearranging the actin (red) or microtubule 
(green) cytoskeleton.  Slit functions as a repulsive long-range cue whereas Netrin and 
semaphorin function in repulsion and attraction.  Netrin (green) and Semaphorin (purple) can also 
function at short-range.  Ephrin (black star) is a short-range repulsive molecule.  Table 
summarizes axon guidance molecules.  Bottom depicts molecular signaling complexes within 
inset.  Attraction utilizes DCC to polymerize actin.  Ena aids in actin polymerization and can be 
localized to the membrane by lamellipodin.  Ena also interacts with trio, rac and profilin.  Rac can 
also activate WASP and Arp2/3 to generate branched actin.  Repulsion utilizes UNC-5 or UNC-
5/UNC-40 heterodimeric receptors and requires src, lamellipodin and ena.  The mechanism of 
UNC-5 repulsion, however, is poorly understood. Growth cone retraction is hypothesized to be 
mediated by depolymerization or retrograde flow. 
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expressed at different times in development to control commissural axons.  

Interestingly, a specific isoform of Robo can inhibit other Robo molecules to 

properly pattern axons [35].  The Robo receptor has also been shown to repress 

other axon guidance receptors including the Netrin receptor, DCC which prevents 

the commissural axons from re-entering the midline where Netrin is secreted 

[36].  

Netrin and semaphorins are known to function at a distance from their 

source but also have the ability to act as short-range guidance molecules.  The 

semaphorin protein class includes both secretable and transmembrane forms 

(Figure 1.4) [37].  Semaphorins were first identified in the grasshopper as 

determinants of sensory axon guidance [38].  In these roles, Semaphorins 

function as repulsive molecules [39]. In the mammalian nervous system 

Semaphorins also function as a repulsive guidance cues to steer motor and 

sensory axon outgrowth (Figure 1.4) [40].  The Semaphorin receptors are Plexins 

and Neuropilins (Figure 1.4) [41]. Interestingly, Semaphorins also have the 

capability of functioning as an attractant (Figure 1.4) [2].  This dual attractive and 

repulsive potential is also seen in Netrins. 

Netrin was first identified in C. elegans and then rediscovered in 

vertebrates to function as either an attractive or a repulsive cue (Figure 1.4) [42-

45].  The C. elegans Netrin homolog, UNC-6, is expressed on the ventral side 

where it can function as a repulsive cue to direct outgrowth of motor neuron 

commissures to the dorsal nerve cord. Ventrally derived UNC-6 may also 

function as an attractive signal for axonal processes that grow toward the ventral 
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side [42, 43].  These dual roles are also observed in Drosophila where Netrin can 

either attract axons to the ventral nerve cord where it is expressed or function as 

a repulsive molecule to guide axons away from the midline region (Figure 1.4) 

[46, 47].  Ventral midline expression of Netrins in the axial nerve cord is 

conserved in vertebrates where Netrin can also mediate both attraction and 

repulsion [44, 45](Figure 1.4).  Attractive and repulsive responses to Netrin are 

mediated by different receptors.  In attraction, the DCC receptor (Frazzled-

Drosophila, UNC-40-C. elegans) activates downstream components that 

rearrange the actin cytoskeleton (Figure 1.4) [48-50].  In contrast, repulsion 

utilizes the UNC-5 receptor or the DCC/UNC-5 heterodimer [51-54].  The 

understanding of UNC-5 downstream signaling, however, is much less known 

than the downstream signaling of DCC (Figure 1.4).   

Netrin can also function as a short-range molecule, but unlike 

Semaphorins, the canonical Netrin molecule does not possess a transmembrane 

form (Figure 1.4) [54-56].  In some cases, it is not clear how Netrin is maintained 

at the surface of a cell in order to function as a short-range contact-dependent 

molecule.  For example, in Drosophila axon guidance, Netrin appears to signal 

through UNC-5 to mediate repulsion.  Netrin however, does not need to be 

secreted in this case since repulsion involves contact with Netrin expressing 

cells.  This model was confirmed by an experiment in which the repulsive 

guidance function for Netrin could be provided by a cell-surface-tethered chimeric 

Netrin protein fixed to a transmembrane-spanning domain [54, 55]. A similar 

strategy was used to show that Netrin can function as a short-range attractive 
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molecule through UNC-40 to guide dendrites and in synaptogenesis in C. 

elegans [57, 58].  In both of these scenarios, the Netrin molecule functions as a 

short-range cue on the cell in which it is expressed.  In vivo mechanisms that 

limit Netrin to this location are not understood but could involve interactions with 

a local receptor that limits Netrin diffusion.  For example, a recent study showed 

that a secreted form of Netrin could be captured at a distant location from its 

source to serve a short-range guidance cue [59].  In this case, Netrin is captured 

on a distant cell by its receptor Frazzled/DCC.  Frazzled/DCC, however, does not 

appear to function as a signaling molecule but rather as a “catcher’s mitt” to 

localize Netrin.  Axons then use this localized Netrin as a guidance cue.  

Interestingly, the signaling receptor that responds to the distal Netrin cue is not 

known in this case [59].  These studies represent examples of the diverse roles 

that Netrin may adopt to pattern axon guidance and connectivity in the nervous 

system.  

Lastly, Ephrins and their receptors Eph, guide axons exclusively as short-

range molecules [60] (Figure 1.4).  Ephrins function in vertebrates to guide retinal 

ganglion cells [2, 61].  Peripheral and central nervous system axons also utilize 

Ephrin during outgrowth.  As with Netrin and Semaphorin, Ephrins also have the 

ability to function as either attractive or repulsive cues [2]. Interestingly, the 

Ephrin signaling pathway appears to be more complex than originally 

hypothesized.  The Ephrin ligand can also function as a receptor in a mechanism 

known as “reverse” signaling [62].    Ephrins also function in dendritic 

morphogenesis and synaptogenesis suggesting that axon guidance molecules 
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may adopt diverse roles in neuronal development beyond the experimentally 

discovered functions [2, 63].  This hypothesis is an emerging concept in neuronal 

development.               

 

Extrinsic factors that control dendritic development 

 Dendrites must navigate similar extracellular space as axons and thus are 

likely to utilize common sets of signaling molecules (Figure 1.4).  Because of the 

complex nature of dendritic arrays it has been difficult to identify the impact of 

these molecules in dendritic development.  However, recent evidence suggests 

that axon guidance molecules also function in dendritic development (Figure 1.4) 

[3, 4, 6]. 

Semaphorin was first shown to have a role in dendritic development in the 

mammalian brain where it patterns apical dendrites of cortical pyramidal neurons 

[64].  A role of Semaphorin in dendritic development was also observed in 

Drosophila where Semaphorin controls initial targeting of dendrites [65].  

Interestingly, Semaphorin appears to function as a receptor in the pathway that 

controls dendritic morphogenesis. This suggests that the signaling pathway in 

dendritic development may be distinct from what is utilized to guide axons.  

Nonetheless, the discovery of this evident function for Semaphorin in dendritic 

development supports the hypothesis that axon guidance molecules can be used 

to pattern dendrites. 

Slit and Netrin have also been shown to function in dendritic development.  

In Drosophila, Slit functions as a repulsive cue for dendrites.  Netrin functions in a 
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similar way to repel dendrites from the nerve cord source [66].  In both cases, 

these axon guidance signals appear to function as long-range cues for dendritic 

outgrowth.  The long-range role of Netrin in dendritic guidance is also conserved 

in vertebrates.  In Zebrafish, dendrites are attracted toward a Netrin source 

through DCC [67].  Lastly, in C. elegans, UNC-6/Netrin functions as a short-

range cue to guide dendritic outgrowth [57].  It is worth noting that the list of 

known roles of Netrin signaling in dendritic morphogenesis is very limited in 

comparison to the extensive knowledge of Netrin signaling pathways in axon 

guidance. As mentioned above, this disparity can be attributed to the challenge 

of studying outgrowth of complex dendritic arbors as opposed to guidance of 

single unbranched axons.  Advanced imaging techniques should facilitate the 

study of dendritic morphogenesis. This problem can also be addressed by 

studying neurons with dendritic arbors that are readily accessible to imaging 

studies.  In the future it will be important to fill in the gap of knowledge about the 

role of guidance molecules in dendritic morphogenesis.     

 

Downstream Signaling of Extracellular Ligands 

There is an extensive body of literature that discusses the downstream 

effectors that are activated by axon guidance molecules; however I will only 

discuss those that are relevant to my studies.  An overarching theme of these 

components is their ability to control the cytoskeleton in the growth cone (Figure 

1.4) [68].  For example, in attraction Netrin activates downstream components 

that are thought to polymerize actin at the tip of the growing axon [68-70](Figure 
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1.4). UNC-34/Ena functions downstream of Netrin and interacts with actin 

capping proteins to enhance actin filament growth (Figure 1.4)[69-71].  UNC-

34/Ena interacts with Trio, which has a specific domain that controls Rac activity 

in the cell [72](Figure 1.4).  Rac, Rho and CDC42 are all small GTPase 

molecules that are tightly controlled during axon guidance to indirectly regulate 

the cytoskeleton[73, 74].  UNC-34/Ena also directly interacts with MIG-

10/Lamellipodin (Lpd) and its localization in some contexts is dependent on MIG-

10/Lpd [75, 76].  Interestingly, MIG-10/Lpd contains domains that allow it to 

interact with the membrane and thus has been proposed to localize actin-

polymerizing components at sites of receptor activation [75-78].    Disruption of 

MIG-10 causes defects in lamellipodia advancement of growth cones[77].  MIG-

10/Lpd and UNC-34/Ena are also thought to have independent functions 

because animals harboring mutations in each gene do not directly phenocopy 

each other [75, 77].  Fak and Src, cytosolic kinases, are thought to phosphorylate 

the receptors and potential downstream components.  It has been proposed that 

FAK and SRC may promote key interactions between receptors and downstream 

proteins [79](Figure 1.4).   Fak also interacts with N-WASP which can rearrange 

the branched cytoskeletal network in the growth cone [80](Figure 1.4).  Thus, 

receptors control two populations of actin filaments in the growth cone during 

attraction: 1. Unbranched actin filaments via molecules such as UNC-34/Ena and 

2.  Branched actin networks comprised of Arp2/3 and N-WASP-like proteins 

(Figure 1.4).     
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Src also functions downstream of the repulsive Netrin receptor UNC-5 

(Figure 1.4)[81].  UNC-34/Ena and MIG-10/Lpd are also required for axonal 

repulsion[75]. However, the mechanism of how actin-polymerizing components 

UNC-34/Ena and MIG-10/Lpd promote repulsion is not understood because 

repulsion was thought to be driven by actin depolymerization [82](Figure 1.4).  

Retrograde flow is also utilized to mediate axonal repulsion [83](Figure 1.4).  

Myosin proteins such as non-muscle myosin II have been shown to function in 

retrograde flow to induce axonal repulsion (Figure 1.4)[84, 85].  It is worth noting 

that despite the extensive body of literature that describes axonal attraction very 

little is known about the downstream components of repulsion and many 

outstanding questions remain.  Moreover, though many proteins have been 

identified to be required for axon guidance, their direct link to the receptors and 

the cytoskeleton is not clear.  A comprehensive understanding of how a receptor 

activates a downstream signaling pathway that directly interacts with the 

cytoskeleton will be important for the future.   

Calcium (Ca++) signaling has also been implicated in Netrin signaling[79].  

Increased cytosolic Ca++ is correlated with Netrin-mediated attraction whereas 

decreased Ca++ is visualized in repulsion [86].  Cytosolic Ca++ increase is thought 

to activate downstream components such as Calcium/Calmodulin Kinase II, 

CamKII, which through an unknown mechanism controls the cytoskeleton [87].  

However, since CamKII can regulate tubulin it has been proposed that Netrin 

signaling through CaMKII could control the growth cone via tubulin [88].      
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Neuronal Activity Regulates Dendritic Morphogenesis 

Neuronal activity can also influence dendritic array morphology [89-92].  In 

mammals, neuronal activity may refine the overall architecture of the dendritic 

tree and shape specialized protrusions from the dendrites known as dendritic 

spines [4].  For example, activity is sufficient to induce dendritic spine formation 

in the vertebrate brain [93].  The affect of neuronal activity on dendritic 

morphogenesis is thought to depend on calcium influx that accompanies 

neuronal depolarization [93].  In Drosophila, neuronal activity also functions to 

shape dendritic arrays.  This hypothesis is underscored by the analysis that 

mutants in Drosophila that increase neuronal excitability of motor neurons 

causes increased arbor size [89, 90].   The affect of neuronal activity on 

somatosensory neurons in the skin is not clear and will not be a significant focus 

of my thesis.      

 

DENDRITIC SPACING 

As discussed above, dendritic arbors can be shaped by diffusible cues 

that are derived from distant sources.  Recent evidence suggests that local cues 

can also influence dendritic overlap. In the best-studied examples, these short-

range cues are utilized to limit dendritic growth.  The ability for sister dendrites 

from the same cell to avoid overlap is known as self-avoidance (Figure 1.5).  In a 

related mechanism known as tiling, neurons that exercise similar sensory 

functions also avoid overlap.  These dual mechanisms of self-avoidance and 
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Figure 1.5.  Dendrites non-redundantly cover the receptive area.  A.  Self-avoidance is 
defined as a phenomenon that ensures that sister dendrites (branches from the same cell) do not 
overlap.  A neuron has multiple dendritic branches that extend from the cell soma (black circle) 
but do not overlap.  For example, red dendrites do not overlap black dendrites.  Arrows 
demarcate neurons that display self-avoidance (isoneuronal recognition) B.  Tiling refers to a 
phenomenon in which dendrites from two neurons do not overlap.  Tiling is typically observed for 
neurons that share common sensory modalities.  As visualized, the red dendrites from the red 
neuron do not overlap with the black dendrites.  Arrows denote points of avoidance between the 
two different neurons. 
 
 

21



tiling are widely observed and thought to ensure that sensory neurons occupy 

unique receptive fields (Figure 1.5) [4].  

 

Self-avoidance prevents dendrite overlap 

Self-avoidance is a universally observed phenomenon but most of what 

we know about this process has been learned from studies in Drosophila sensory 

neurons [9, 21, 94-97].  It is important to note, however, that many other types of 

neurons display self-avoidance behavior.  For example, early drawings of Ramon 

y Cajal illustrate complex dendritic trees from the vertebrate brain that display 

limited branch overlap (Figure 1.5) [7, 98].  Although the functional significance of 

dendritic avoidance has not been directly demonstrated, the observation of this 

phenomenon across phylogeny suggests it is important for proper function of the 

nervous system.   

Down Syndrome Cell Adhesion Molecule (Dscam) was the first molecule 

shown to exercise a role in self-avoidance [99, 100].  Dscam is a membrane-

bound Immunoglobin domain containing cell-adhesion molecule that exhibits 

homophilic binding activity [101]. In Drosophila, the genomic region of Dscam1 

can express over 38,000 unique spliceforms through differential splicing [102].  

Experiments that limit the number of potential spliceforms result in self-avoidance 

defects thereby suggesting that the diversity of Dscam spliceforms in the 

Drosophila nervous system is essential for dendrite organization [103]. Because 

the Dscam genomic region in Drosophila codes many various spliceforms of the 

protein it was thought that the Dscam protein could provide a simple model for 
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self-avoidance [99, 100, 103].  With potentially thousands of available Dscam 

isoforms for use, each neuron could distinguish itself from other neighboring cells 

with a unique combination of Dscam markers.  Although this mechanism may be 

sufficient to explain self-avoidance in Drosophila, mammalian Dscam does not 

have multiple isoforms and thus could not provide a general solution for 

vertebrate self-avoidance [104].  In addition, Dscam mutants in mice do not seem 

to have self-avoidance errors like those observed in fly [104].  It is also worth 

noting that the Dscam protein is not present in some invertebrates that display 

self-avoidance.  This therefore suggests that additional molecules must be 

utilized to achieve self-avoidance.     

Another cell-surface Ig-domain-containing protein, Turtle has also been 

shown to mediate self-avoidance in flies [105].  Turtle functions independently of 

Dscam and therefore represents an independent signaling pathway for self-

avoidance.  Although the intracellular domain of Turtle is required for self-

avoidance, cytoplasmic components for mediating a downstream signaling 

pathway that prevents sister dendrite overgrowth have not been identified [105]. 

Because of its role in the fly, the vertebrate homolog of Turtle is a good candidate 

for a vertebrate self-avoidance molecule. Interestingly, Turtle does not have 

multiple spliceforms like the Dscam molecule.  How Turtle might mark the identity 

of sister dendrites to distinguish it from neighboring cells is an intriguing question.  

Flamingo, a transmembrane protein with a cadherin domain, is also 

required to repress dendritic crossing in Drosophila sensory neurons.  Flamingo 

functions in the planar cell polarity pathway (PCP).  Components of the PCP 
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pathway (e.g.. Van Gogh, Furry, Tricorned) show genetic interactions with 

Flamingo in self-avoidance and are thus hypothesized to function with Flamingo 

in self-avoidance.  In addition, the cytoplasmic domain of Flamingo interacts with 

Espinas, which is also essential for self-avoidance.  However, the mechanism 

whereby these components regulate the rearrangement of the cytoskeleton to 

drive self-avoidance are not known [106]. 

It is worth noting that the crossing of dendrites in Drosophila was thought 

to occur in a two-dimensional space.  However, recent evidence suggests that 

developing dendrites are not restricted to a two-dimensional plane but rather 

grow in three dimensions [107, 108].  Dendrites can be enclosed in membranes 

of the epidermis or can be located in a plane between the extracellular matrix 

and the epidermis.  In this arrangement, not all dendrites that overlap actually 

contact each other.  In fact, the Dscam mutant animal display overlapping 

branches that do not physically contact each other because they are enclosed in 

different epidermal plans suggesting Dscam may function in other aspects of 

dendritic development to ensure that dendrites grow in a restricted two-

dimensional plane [108].  Interestingly, Integrins function in sensory neurons to 

prevent overlap by minimizing the occurrence of epidermal enclosures [107, 

108].  Laminins derived from the epidermis are also thought to mediate 

attachment of dendrites to the extracellular matrix [107].  These studies 

underscore the importance of surrounding tissues to dendritic morphogenesis.  In 

the future it will be important to understand the role of the epidermis in sensory 

neuron morphogenesis.     
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Turtle, Integrins and Flamingo do not have multiple spliceforms and thus 

are unlikely to be sufficient to drive self-avoidance in all neurons.  As noted 

above, the multiple distinct isoforms produced from the Dscam locus could be 

sufficient for a neuron specific code in the nervous system but would not explain 

self-avoidance in the vertebrate brain, where there is a limited set of alternatively 

spliced Dscam proteins.  Protocadherins that are expressed in multiple forms in 

the mammalian nervous system have been proposed to fulfill this role but this 

idea remains to be substantiated experimentally [109].   

The mechanisms whereby these transmembrane receptors (i.e. Dscam, 

Turtle, Flamingo) rearrange the dendritic branch to prevent overlap are also 

poorly understood.  The cytoplasmic domains of both Dscam and Turtle are 

required for self-avoidance suggesting they activate some downstream effectors 

[99, 105].  However, the downstream components in these pathways have 

remained a mystery.  Recently, the cytoplasmic proteins, Tricorned and Furry 

have been identified to function in self-avoidance; however they may function 

more to ensure dendritic attachment to the epidermis [107, 110, 111].  It will be 

important to identify cytosolic proteins that function with self-avoidance receptors 

in order to understand the mechanisms of self-avoidance. 

 

Tiling prevents overlapping cells  

Both tiling and self-avoidance are utilized to limit dendritic branch overlap 

[4]. Dscam and Turtle are dispensable for tiling [99, 105]. The seven-

transmembrane-pass Cadherin protein Flamingo, however, has been shown to 
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restrict growth of dendritic arrays in both tiling and self-avoidance [9, 10, 112, 

113]. In late stages Flamingo functions to prevent heteroneuronal dendritic 

overlap [10, 113, 114].  Tropomyosin, a protein that genetically interacts with 

flamingo, also shows overlap phenotypes [115].  The role of Flamingo may be 

conserved in mammals as overlap can be seen in cultured rat neurons when the 

seven-transmembrane-pass protein Cadherins, Celsr2 and Celsr3, are reduced. 

Celsr2 binds homophilically to induce Ca++ influx [116].  However, the 

downstream signaling that is activated by the Ca++ transient has not been 

identified.  

In Drosophila, Tricornered and Furry are also required for tiling [110, 111].  

This role is conserved in nematodes as mutations in sax-1/trc or sax-2/fry also 

cause overlapping neuronal branches in C. elegans [117].  Interestingly in 

Drosophila, Hippo, a Ste20 family kinase protein that functions in tissue growth 

size has been shown to function in tiling.  Mutants of Hippo genetically interact 

with Tricornered suggesting that Tricornered may function downstream of Hippo 

signaling to prevent overlap [111]. The dual role of these cytosolic proteins in 

tiling and self-avoidance may indicate that downstream signaling could be similar 

in heterodendritic and homodendritic repulsion and that the difference between 

recognizing self from non-self may require specific receptors.  
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HOW THE ANIMAL SENSES ITS ENVIRONMENT 

 

C. elegans mechanosensitive circuit 

In C. elegans, light touch evokes a behavioral response; contact with the 

tip of an eyelash evokes rapid movement away from the stimulus [118-120].  This 

observation led to the hypothesis that C. elegans must possess a 

mechanosensitive network that controls motor movement.  This light touch 

behavior is mediated by six mechanosensitive touch neurons (Figure 1.2, 

1.6)[118, 120].  Four of these sensory neurons are generated embryonically 

(PLMR, PLML, ALMR, ALML) and two develop later during larval development 

(AVM and PVM) [119].  All six light touch neurons display simple unbranched 

neuronal morphologies [121].  Light touch mechanosensation requires a specific 

DEG/ENac channel that is thought to be activated when the animal is touched 

[118, 122].   

It was also observed that C. elegans responds differently to light touch 

with an eyelash vs. harsh touch with a metal prod.  Two pairs of sensory 

neurons, FLP and PVD, mediate this harsh touch response in C. elegans (Figure 

1.6, 1.7) [123, 124].  The FLP neurons are located in the head and produce 

dendritic branches that envelop the animal on the left and right side (Figure 1.2, 

1.7) [125]. PVD displays dendrites that cover the animal from the tail to the 

posterior border of the head [11, 125-127]. Both PVD and FLP are polymodal.  

For example, PVD responds to harsh touch, cold temperature and 

hyperosmolarity (see Chapter 2).  FLP responds to harsh touch and robust 
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increases in temperature [124]. Thus, although they have similar dendritic 

patterns the harsh touch neurons have different polymodal characteristics.   

Because the C. elegans nervous system has been reconstructed by 

electron microscopy it has been possible to identify the synaptic partners of these 

mechanosenstive neurons (Figure 1.6) [121].  This has provided researchers with 

invaluable information to understand the entire touch circuit from the stimulation 

of the sensory neuron to the eventual control of muscle cells by excitatory or 

inhibitory neurons and thus allows researcher to determine the consequence of 

disrupting a particular portion of mechanosensation to animal behavior (Figure 

1.6).  For example, PVD synapses with two interneurons, AVA that mediates 

forward movement and PVC, which mediates backward movement.  Stimulation 

of PVD normally forces the animal to move forward; however when PVC is 

ablated the nematodes behavioral response changes to backward movement 

[128].   

 

Drosophila touch-sensing neurons 

As discussed above each abdominal segment of Drosophila includes 44 

sensory neurons with varying levels of dendritic complexity and function.  Flies 

respond to touch through specialized sensory bristles that cover the cuticle [129, 

130].  Each sensory bristle contains a ciliated sensory neuron (type I neuron) that 

responds to displacement of the bristle.  These type I sensory neurons resemble 

ciliated neurons that are present in the C. elegans head and the vertebrate ear 

[129].  Type I neurons are also thought to function as proprioceptors [131].   
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Figure 1.6  Sensory circuits are similar across phylogeny.  A, The C. elegans sensory circuit.  
Nociceptive neurons sense stimulus on the skin.  Information travels from the nociceptive neuron 
through the interneuron to the motor neuron.  The motor neuron then activates the body muscle 
which drive movement.  B, A similar circuit is observed in vertebrates.  Dorsal root ganglion 
neurons sense stimulus in the skin and send information into the nerve cord in the central 
nervous system.  Interneurons send information to the brain or directly to motor neuron in the 
spinal cord which stimulates the muscle at the neuromuscular junction.  In each case, the 
neuronal signal travels from the skin to the muscle through a series of neurons. 
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Drosophila also have unciliated sensory neurons (type II neurons) that 

display naked dendritic arrays (i.e. unmyelinated).  These respond to a myriad of 

sensory stimuli (Figure 1.3, 1.7) [9, 10, 132].  Drosophila sensory neurons 

innervate the area just below the cuticle [9, 10].  For example class IV neurons, 

which display complex dendritic trees reminiscent of the C. elegans PVD and 

FLP neuron, function as polymodal nociceptors that respond to noxious heat and 

harsh mechanical force [133-135].  This function requires Pickpocket, a 

Deg/ENac channel [133].  The specific sensory modality of other Drosophila 

sensory neurons is not well understood. It seems likely that future studies will 

reveal the modalities that correspond to the different dendritic patterns.   

 

Vertebrate sensory cells 

Vertebrate animals, such as zebrafish respond to mechanical stimulus as 

early as 21 hours post fertilization [136, 137]. Rohon Beard neurons are utilized 

early in development of zebrafish and Xenopus to respond to external stimulus 

[138].  These neurons display morphological characteristics that resemble 

Drosophila and C. elegans sensory dendritic arrays (Figure 1.7) [96, 139, 140].  

Rohon Beard neurons have also been described in humans [141, 142].  

Interestingly, Rohon Beard cells undergo programmed cell death during 

development and are replaced by cells of the mature somatosensory network 

[143, 144].   

The cell bodies of somatosensory neurons in mature vertebrates are 

located in the dorsal root ganglion [145].  The cell bodies display bipolar 
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Figure 1.7.  Sensory neurons across phylogeny adopt similar morphologies.  A.  Tracings of 
a vertebrate trigeminal sensory neuron (adapted from Sagasti et. al. 2005) showing a large 
dendritic array with limited overlap.  B.  Tracing of Drosophila sensory neuron type III md neuron 
(Gao et. al. 2007) also has no overlap.  C.  The C. elegans sensory neuron PVD has a large array 
that non-redundantly covers the receptive area. 
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morphology with one axon that targets the periphery to innervate the skin and 

another axon that travels toward the spinal cord and connects with the central 

nervous system (Figure 1.6).  The axon that innervates the skin receives signals 

from the environment and sends an electrical signal through the cell body to the 

axon that connects with the central nervous system (Figure 1.6)[146].  Thus, the 

peripheral sensory neuron process in the skin functions similar to a dendrite in 

that it receives signal.   

The vertebrate somatosensory system possesses a remarkable ability to 

distinguish multiple different environmental stimuli. Lanceolate endings, 

Meissner’s corpuscles, pacinian corpuscles and Merkel cell-neurite complexes 

are all specialized sensory organs that detect specific modalities.  For example 

Lanceolate endings sense hair movement whereas Meisnner’s corpuscles react 

to vibration to classify textural information [131].  Each of these sensory organs 

are closely associated with a specific nerve fibre, (e.g. sensory afferent) that 

sends sensory information to the central nervous system.   

Afferent fibers are classified in three groups by the speed of their action 

potential propagation, which is determined by myelin thickness.  Aβ afferents 

have the thickest myelin sheath and have low mechanical thresholds.  These Aβ 

neurons likely represent light touch neurons.  Aδ neurons are thinly myelinated 

and function as nociceptors.  Lastly, C-fibers are unmyelinated nociceptors.   

Both Aδ and C fibers respond to high mechanical thresholds.  The nociceptive 

fibers display large dendritic arrays that have free endings (e.g. unmyelinated 

endings) in the skin [147](Figure 1.6).  The morphology of these single dendritic 
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arrays is difficult to visualize because of the lack of techniques to label single 

vertebrate cells.  However, recent studies using a mosaic technique to mark 

single zebrafish somatosensory neurons shows that these free ending fibers 

have many attributes similar to those seen in less complex organisms [96, 139].  

In zebrafish, these neurons occupy distinct spatial domains and thus do not 

overlap.  Both heteroneuronal and isoneuronal repulsion can be observed in 

developing neurons (Figure 1.5) [96]. The conservation of these phenomena 

across phylogeny is significant and provides strong rationale for using simple 

organisms like C. elegans and Drosophila for studies of somatosensory dendritic 

development.  

 

Thus sensory circuits across phylogeny share key conserved attributes:  

1.  Specialized neurons for specific modalities  

2.  Neurons with complex dendritic arrays that innervate the skin.  

3.  Somatosensory neurons that control animal behavior  

 

Though sensory circuits share common attributes, the development and 

maturation of these circuits is largely unknown.  My thesis addresses these 

conserved concepts in C. elegans.  The C. elegans nociceptor, PVD, displays 

many characteristics typical of sensory neurons in vertebrates.  Chapter 2 

defines the morphological characteristics of PVD that are shared with sensory 

neurons across phylogeny and also describes the first detailed characterization 

of the development of its complex dendritic array that innervates the skin.  
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Chapter 2 provides a foundation for future work utilizing PVD to study dendritic 

development.  Chapter 3 discusses a novel transcriptional program that is utilized 

to generate diversity in the somatosensory circuit so the animal can respond with 

the appropriate behavior to environmental stimuli.   Lastly, Chapters 4-6 address 

the extrinsic signaling factors that pattern the PVD dendritic array.  These 

Chapters discuss the surprising finding that a diffusible molecule controls a 

contact-dependent event and addresses how an axon guidance molecule can 

function in different aspects of dendritic development by initiating distinctive 

downstream pathways.  Together, my work identifies a combination of intrinsic 

transcriptional codes as well as extrinsic signaling pathways that are utilized to 

generate a specific nociceptive neuron.  
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CHAPTER II 

 

TIME-LAPSE IMAGING AND CELL-SPECIFIC EXPRESSION PROFILING 

IDENTIFY DYNAMIC PROCESSES AND MOLECULAR DETERMINANTS OF 

A MULTI-DENDRITIC NOCICEPTER IN C. ELEGANS 

 

INTRODUCTION 

 

Somatosensory neurons detect external stimuli such as touch and 

temperature. The nociceptor class of somatosensory neurons responds to 

noxious stimuli to trigger the sensation of pain and to evoke aversive behavior. 

Nociceptors typically display a complex, highly branched arbor of dendritic 

processes directly beneath the skin. As discussed in the Introduction, this feature 

of nociceptor architecture has been widely observed in both vertebrate and 

invertebrate organisms and thus is likely to reflect fundamental, conserved 

mechanisms of development and function [134, 148, 149].   

Different classes of sensory neurons are distinguished by the size and 

branching complexity of their dendritic arbors. Recent studies have shown that 

these differences in dendritic architecture are subject to transcriptional control 

[13, 14, 16, 18, 20]. The general importance of transcriptional control in dendritic 

morphogenesis is underscored by a recent study in which a genome-wide RNAi 

screen identified > 75 transcription factors with roles in somatosensory neuron 

architecture [13]. It is noteworthy that homologs of many of these transcription 
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factors are expressed in vertebrate neurons [6, 150]. Moreover, studies of 

mammalian neurons in culture have shown that different classes of neurons 

maintain their distinctive morphologies in vitro suggesting in some cases 

dendritic morphology is driven strictly by cell intrinsic determinants and not 

dependent on extrinsic signaling components[151, 152].  Together these findings 

are indicative of evolutionarily conserved genetic programs that drive intrinsic 

pathways of neuronal differentiation [153].  

Studies in the nematode C. elegans have identified specific nociceptive 

neurons that mediate avoidance responses to mechanical force, temperature or 

noxious molecules[122, 154, 155]. Although this repertoire of sensory modalities 

parallels that of vertebrate nociceptors, C. elegans nociceptive neurons typically 

adopt a much simpler architecture with little or no dendritic branching [121]. A 

striking exception to this difference was described in recent reports showing that 

the C. elegans PVD neuron displays a large and highly branched dendritic arbor 

directly beneath the hypodermal “skin” that envelops the worm [11, 125-127]. 

The occurrence of this elaborate subdermal array of PVD dendritic branches is 

also consistent with an earlier finding that PVD mediates an avoidance response 

to the application of harsh mechanical force to the external surface of the animal 

[123]. Here we use live imaging studies with a bright PVD-expressed GFP 

reporter gene to provide a comprehensive description of PVD anatomy. We 

suggest a simple classification scheme for PVD dendritic branches and use time-

lapse imaging to describe their emergent morphology and the developmental 

timing of each branching decision. We find that subsets of PVD branches 
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fasciculate with an underlying network of peripheral nerve cords, which are likely 

sources of local guidance cues. Time-lapse imaging also revealed that PVD 

dendritic morphology is sculpted by striking examples of self-avoidance. To 

identify genes with potential roles in PVD differentiation or function, we utilized a 

cell specific microarray profiling strategy to catalog PVD genes [156, 157]. This 

approach revealed > 2,000 highly expressed genes encoding a wide array of 

proteins of different molecular classes. To illustrate the utility of this data set, we 

used RNAi knockdown or genetic mutants of 86 transcription factors from this list 

and identified eleven genes that control PVD dendritic architecture. Thus, this 

report firmly establishes the PVD neuron as a useful model for nociceptor 

development and provides a detailed anatomical and molecular foundation for 

future studies of nociceptor morphogenesis and function that exploit the simplicity 

and genetic utility of C. elegans biology. 

 

METHODS 

 

Nematode Strains and Genetics 

The wild-type C. elegans Bristol strain N2 was used for all experiments 

and cultured as previously described [158].  Also used in this study were 

mutants: CZ2485 ahr-1 (ju145), FX00321 ceh-38 (tm321), FX00237 ceh-48 

(tm237), MT2246 egl-43 (n1079), MT2247 egl-44 (n1080), MT2243 egl-46 

(n1076), GR1373 eri-1 (mg366), VC349 lim-9 (gk210), CB1338 mec-3 (e1338), 

CB845 unc-30 (e191), CB1416 unc-86 (e1416), RB774 zfp-1 (ok554), VH4 zag-1 
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(rh315); rhIs4.  The following transgenic strains were used: NC1733 (otIs173, 

F25B3.3::dsred; wdIs52, F49H12.4::gfp + unc-119),  NC1686 (wdIs51, 

F49H12.4::GFP + unc119), NC1687 (wdIs52, F49H12.4::gfp + unc119), NC1841 

(wdIs52, F49H12.4::gfp; rwIs1, pmec-7::RFP), NC1908 (wdEx240, myo-

3::dsRed; wdIs52, F49H12.4::gfp) 

GFP reporter strains for transcripts enriched in the PVD/OLL data set 

were obtained from the British Columbia C. elegans Gene Expression 

Consortium and are listed in Table 2.2. Some of the nematode strains were 

provided by the Caenorhabditis Genetics Center, which is funded by the NIH 

National Center for Research Resources (NCRR).  All studies in this work used 

C. elegans hermaphrodites. 

 

Confocal Microscopy 

Nematodes were immobilized with 15 mM levamisole on a 2% agarose 

pad in M9 buffer.  Images were obtained in a Leica TCS SP5 confocal 

microscope. Z-stacks were collected with either 40X (1 um/step) or 63X (0.75 

um/step) objectives; single plane projections were generated with Leica 

Application Suite Advanced Fluorescence software.  

 

Time-Lapse Imaging 

Nematodes were immobilized with a 15 mM levamisole/0.05% tricaine mix 

on a 2% agarose pad, all of which was diluted with M9 buffer.  Slides were 

sealed with 1:1 vasoline/paraplast tissue embedding medium [159]. For each 
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time point, the 40X or 63X objective was used to collect a Z-stack (0.75 um/step) 

spanning the focal depth of the PVD neuron and its dendritic branches. Dendritic 

branch outgrowth at each time point was evaluated from a Z-projection. Larval 

stages were identified from morphological features: L2 (postdeirid) [119]; L3, L4, 

and young adult (vulval development) [160]. In some cases, gut autofluorescence 

was removed through subtraction of background autofluorescence.  The 488 nm 

laser was used to excite the sample.  Signal was collected both in the GFP range 

(500 nm-552 nm) and from 568 nm-667 nm.  Leica Application Suite Advanced 

Fluorescence software was used to subtract out the gut autofluorescence 

(collected from 568 nm-667 nm) from the GFP channel.  

At least three independent movies verified each example of dynamic dendritic 

growth described in this report.   

 

PVD expression profiling 

The 1.6 kb ser-2prom3B promoter fragment was amplified from genomic 

DNA using the primers: ser-2prom3-sal-1 (5’- 

CGAAACGCTGTCGACTTCAACTGTAGGCG-3’) and ser-2prom3-p2b (5’- 

GGTACCGTTGTGATGTCACAAAAATATGCC-3’) adding a KpnI site to the 3’ 

end [11]. The resultant PCR product was cloned into pCR2.1-TOPO to generate 

the plasmid pWCS5 (Invitrogen). pWCS5 and the 3X::FLAG::PAB-1 plasmid 

pSV15 were digested with BamHI and KpnI and ligated to generate the ser-

2prom3B::3XFLAG::PAB-1 mRNA-tagging construct pWCS8 [161]. The 

transgenic line, NC221, was obtained by co-bombardment of pWCS8 with the co-
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selectable marker unc-119(+) minigene plasmid (MM051) [162]. PVD and OLL 

expression of 3X FLAG was confirmed by immunostaining. PVD transcripts were 

obtained from synchronized L3-L4 larvae by the mRNA tagging strategy [157]. A 

reference RNA sample was obtained from total L3-L4 larval cells. Samples were 

prepared in triplicate and RNA (25ng) amplified by the WT-Pico method [163], 

labeled and hybridized to the Affymetrix Gene Chip array. Data sets were 

normalized by RMA and transcripts showing relative PVD enrichment (> 1.5 X) vs 

the reference sample were identified by SAM analysis (False Discovery Rate, 

FDR < 1%) as described [164]. Expressed Genes (EGs) were estimated as 

previously described [157]. 

 

RNAi screen for PVD morphological defects 

eri-1 (mg366); wdIs52 animals were used for RNAi transcription factor 

screening.  Bacterial clones from an RNAi library [165] were grown overnight at 

37C.  200 ul of overnight culture was seeded to beta-lactose NGM-lite plates 

[166]. The plates were incubated at room temperature for 3 days for induction of 

dsRNA expression.  L4 larval stage hermaphrodites were picked to the RNAi 

plates and grown at 21C until the F1 progeny were at the L4 larval stage. F1 

progeny at the L4 larval stage were mounted on slides as above and viewed in a 

Zeiss Axiovert 200M microscope. >20 hermaphrodites were screened for each 

RNAi clone.  A clone that disrupted PVD morphology in > 1 animal in each of 

three independent screenings was considered a positive hit.  RNAi clones with 

effects on PVD morphology were confirmed by DNA sequencing. Mutants for 
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specific transcription factors were crossed into the PVD::GFP strain NC1687 and 

examined as adults for PVD defects (Table 2.2). Mutant alleles of dpl-1 (sterile), 

aft-2, and thoc-2 (sterile/lethal) were not examined. 

 

Distance measurements.   

Measurements were taken from a collapsed z-stack.  ImageJ was used to 

draw a line and pixel distance of this line was measured.  In each case, a 15 um 

scale was used to convert pixel distance to um.  The distance between two 

adjacent 2O branches was taken at the base of the branch where it connected 

with the 1O branch.  Similarly, 4O branch distance was determined at the base at 

the point of intersection with the 3O branch. 

 

Hypergeometric calculation for data files published in Smith and Watson et. 

al 2010.  

The hypergeometric test was used to test for overrepresentation of 

nociceptor genes in the PVD enriched gene data set 

(http://elegans.uky.edu/MA/progs/overlap_stats.html).   
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RESULTS 

 

PVD displays a net-like array of dendritic branches that envelops the 

animal 

C. elegans contains two PVD neurons (PVDL and PVDR), one on each 

side of the adult animal.  Both PVD neurons are generated post-embryonically 

during the L2 larval stage from an ectodermal precursor cell (V5). The PVD cell 

body is located in a posterior-lateral sensory organ (postdeirid) that also includes 

other V5-derived cells [119]. Reconstruction of the C. elegans nervous system 

from electron micrographs (EM) of serial sections suggested a relatively simple 

PVD architecture comprised of elongated, unbranched lateral processes 

projecting from anterior and posterior sides of each PVD soma and a single axon 

that grows downward to enter the ventral nerve cord [121]. However, images of 

PVD obtained in the light microscope after immunostaining for a PVD-expressed 

membrane receptor [126, 127, 167] or with a PVD-specific GFP reporter revealed 

a much more elaborate morphology with many additional dendritic 

branches[168]. Here we have used a bright PVD::GFP marker 

(F49H12.4::GFP)[163] (Figure 2.1) to reveal that PVD architecture is defined by a 

complex but well-ordered array of non-overlapping sister dendrites and that the 

creation of this structure involves a stereotypical series of branching decisions. 

The single PVD axon projects downward from the PVD cell body to join the 

ventral nerve cord. Dendritic branching, however, is much more elaborate.  A 1O 

dendritic branch extends from the PVD cell soma along the anterior/posterior 
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Figure 2.1.  PVD displays an elaborate dendritic arbor that envelops the animal in a net-like 
array. (A).  Confocal image of an adult worm (anterior to left, ventral to bottom) showing the 
PVD::GFP marker (arrows denotes other neurons in head and tail that express GFP). Insets 
show more highly magnified image (B) and schematic tracing (C) of region surrounding PVD 
soma. Note dendritic branches (1O, 2O, 3O, and 4O) and single ventrally projecting axon 
(arrowhead denotes location of ventral nerve cord). Scale bar is 15 um.  
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(A/P) axis at the location of the lateral nerve fascicle (Figure 2.1B,C). Orthogonal 

arrays of 2O, 3O, and 4O dendritic branches envelop the animal along the 

dorsal/ventral (D/V) and anterior/posterior (A/P) axes to produce a network of 

sensory processes. A single 2O branch can be seen as the “stem” for a 

“menorah-like” collection of 3O (“base”) and 4O (“candles”) branches (Figure 

2.1B,C).  A mature PVD (adult stage, see below) exhibits ~38 menorah-like 

structures (Table 2.1). This web-like dendritic architecture is stereotypic of a wild-

type PVD neuron.  

 

FLP sensory neurons in the head adopt a dendritic morphology similar to 

PVD 

We first characterized the posterior and anterior reach of the PVD 

dendritic array.  PVD processes extend posteriorly into the tail.  In the head 

region, however, PVD terminates near the base of the pharynx (Figure 2.1A).  

We have established that this location corresponds to the posterior reach of two 

bilaterally symmetric sensory neurons, FLP (L + R)[121].  Interestingly, FLP 

neurons show a dendritic architecture that is strikingly similar to that of PVD with 

prominent menorah-like structures located along the sub-lateral nerve cords 

(Figure 2.2B). By examining animals co-expressing dsRed (FLP) and GFP (PVD) 

markers, we established that FLP and PVD dendritic branches rarely overlap 

(Figure 2.2C, inset).  This “tiling” effect is characteristic of functionally related 

sensory neurons in other species and ensures efficient coverage of the receptive 

field [169]. The similar dendritic branching patterns and distinct receptive fields 
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Figure 2.2.  PVD dendrites tile with FLP dendritic branches in the anterior and the PVD 
axon has specific synaptic connectivity.  Lateral view of adult from left side (anterior to left, 
ventral to bottom). PVD::GFP (A) with FLP neuron marker, pmec-7::RFP, (B) and merged image 
(C) demonstrate that PVD dendritic branches (green) do not overlap with FLP (red) in the anterior 
(inset).  Schematic showing that PVD and FLP envelop the animal with similar dendritic branching 
patterns (D).  Scale bar is 15 um in A-C.  Lateral view of adult from left side, PVD::RAB-
3::mcherry (F) and merged with PVD::GFP (F) show PVD synapses only in axonal region in 
ventral nerve cord.  Arrows indicate RAB-3 puncta in the PVD axon.  (G-J) GRASP mec-
3::spGFP1-10 and flp-18::spGFP11 constructs show reconstitution of GFP (green signal) across 
mec-3 expressing cells and AVA in wildtype (G,H), animals that do not have PVD (I) and animals 
that lack touch neurons (J).  Note that GRASP signal is not present when touch neurons are 
ablated (J).  Arrowheads indicate vulva.  Arrows indicate GRASP signal.  (K,L) Summary of 
GRASP data showing mec-3 and flp-18 construct mark specific synapse between AVA and PLM.  
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for each neuron (Figure 2.2D), are consistent with evidence that FLP and PVD 

function as nociceptive neurons [124, 125, 170].  

 

PVD branches innervate the area between the muscle and hypodermis 

Somatosensory neurons across phylogeny innervate the area between the 

muscle and the skin of the animal [140].  To determine if PVD also is located in 

this area we used confocal microscopy to visualize the location of PVD branches 

compared to the muscle cells.  Using PVD::GFP to mark PVD dendrites and 

myo-3::Dsred to mark muscle cells we confirmed that PVD dendrites are located 

between the hypodermis and the muscle (Figure 2.4).  These results were later 

confirmed by our collaborator with electron microscopy [125].  Thus, similar to 

their mammalian counterparts, PVD nociceptive dendrites innervate the area just 

below the skin of the animal.   

 

The synaptic connectivity of PVD and other sensory neurons 

 The EM reconstruction of the C. elegans nervous system showed that the 

PVD axon projected into the ventral nerve cord and forms synaptic connections 

with AVA and PVC. To confirm these observations we first determined where 

synapses were present in PVD.  To characterize the location of PVD synapses 

we visualized the localization of the synaptic protein, RAB-3.  Consistent with the 

EM analysis, RAB-3 synapses were only present in the PVD axon in the ventral 

nerve cord and were not visualized in the dendritic branches (Figure 2.2E,F).  To 

determine the synaptic connectivity of PVD we first visualized the synaptic 
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Table	  2.1	  PVD	  2O	  branches	  fasciculate	  with	  motor	  neuron	  commissures.	  	  A	  higher	  
fraction	  of	  PVDR	  2O	  branches	  fasciulate	  with	  motor	  neuron	  commissures	  than	  PVDL	  2O	  
branches.	  	  The	  average	  numbers	  of	  dorsal	  vs	  ventral	  menorahs	  are	  statistically	  different.	  	  A	  
students	  t-‐test	  was	  used	  to	  detect	  statistically	  significant	  differences.	  	  Motor	  neuron	  
commissures	  were	  visualized	  with	  the	  panneural	  reporter	  (F25B3.3::dsred)	  and	  scored	  for	  
fasciculation	  with	  PVD	  (marked	  with	  PVD::GFP)	  in	  the	  ventral	  nerve	  cord	  between	  the	  
retrovesicular	  ganglion	  (RVG)	  at	  the	  anterior	  end	  and	  the	  preanal	  ganglion	  (PAG)	  at	  the	  
posterior	  end.	  	  n=20	  animals	  
	  

	   PVDL	   PVDR	   PVD	  avg.	  

Dorsal	  2O	  branches	   19.2	  ±	  3.0	   23.1	  ±	  1.9	   21.8	  +	  3.2	  
Ventral	  2O	  branches	   15.8	  ±	  2.9	   19.5	  ±	  2.7	   17.1	  +	  2.9	  
Total	  2O	  branches	   35.0	  ±	  4.7	   42.6	  ±	  2.6	   38.9	  +	  5.4	  
motor	  neuron	  commissures	  (White	  et	  al,	  
1986)	  	   7	   27	   	  

Dorsal	  2O	  branches	  that	  fasciculate	  with	  
commissures:	   15%	   45%	  	   24%	  

Ventral	  2O	  branches	  that	  fasciculate	  with	  
commissures:	   12%	   41%	  	   21%	  

Average	  number	  of	  D/V	  2O	  branches	  that	  
fasciculate	  with	  commissures	   12%	   42%	   23%	  

P	  <	  0.005	  PVDL	  vs	  PVDR	  2O	  branches	  
P	  <	  0.001	  dorsal	  vs.	  ventral	  2O	  branches	  	  
P	  <	  0.001	  PVDL	  vs	  PVDR	  2O	  branch	  fasciculation	  
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connection of PVD and AVA with GPF Reconstitution Across Synaptic Partners 

(GRASP).  To do this, we expressed spGFP1-10 with the PVD promoter 

F49H12.4 and spGFP11 in AVA with the flp-18 promoter.  Unfortunately, we did 

not visualize specific puncta in the PVD axonal region in this strain (data not 

shown).   Next, Clay Spencer generated a line that expressed spGFP1-10 in 

PVD, PVC and FLP with the des-2 promoter and spGFP11 in AVA with the flp-18 

promoter.  The combination of these two constructs generated specific GFP 

intensity along the entire ventral nerve cord.  Intensity increased around the PVD 

axonal region suggesting PVD connected with AVA (data not shown). Lastly we 

generated a line that expressed spGFP1-10 with the mec-3 promoter to label 

mechanosensitive neuron synpases (PVD, FLP, PLML/R, ALML/R, PVM, AVM) 

and spGFP11 in AVA with flp-18.  This line displayed specific GFP intensity in a 

small region of the PVD axonal domain just posterior to the vulva (Figure 

2.2G,H,K).  However, this region also corresponded with the synaptic region of 

PLML/R and AVA.  To rule out that the GFP intensity was specific to the 

PVD/AVA synapse we selectively ablated PVD using a transgene that drove 

expression of a dominant ion channel specifically in PVD and still visualized GFP 

intensity (Figure 2.2I).  We confirmed that the GFP intensity was specific to the 

PLML/R-AVA synapse by specifically ablating sensory neurons with a mec-4 

dominant mutant; GFP intensity was lost in the mec-4 dominant background 

(Figure 2.2J,L).   These experiments, however, should be analyzed with caution 

since non-specific GFP intensity was visualized throughout the entire cell in 

which it was being expressed.  Non-specific GFP intensity appears to be a 
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caveat of these experiments since others have also observed non-specific 

fluorescent signals in other spGFP strains (see Rachel Skelton dissertation)  

 

PVD dendrites fasciculate with pre-existing neuronal tracks 

The predictable architecture of PVD processes is suggestive of distinct 

landmarks that determine the location of dendritic branches.  To test this idea, we 

used a panneural reporter to mark neurons (CAN, ALA) in the lateral nerve cord. 

Dual color imaging of the DsRed panneural and PVD::GFP markers confirmed 

that PVD 10 branches are closely apposed to the lateral nerve cord as previously 

observed by EM reconstruction (Figure 2.3D,H,L) [121].   

The panneural reporter also revealed that some PVD 2O branches 

fasciculate with motor neuron commissures (Figure 2.3A-L)[12].  Motor neuron 

commissures extend around the circumference from the ventral to dorsal sides.  

These commissural processes are located directly beneath the hypodermis and 

course over the top of body muscle quadrants on dorsal and ventral sides (Figure 

2.3E-H)[121].  Confocal imaging indicates that PVD 2O branches are also located 

in this subdermal region and that a significant fraction of PVD 2O branches 

fasciculate with motor neuron commissures (Figure 2.3A-C, 2.3E-G, 2.3I-K) 

(Table 2.1). The left and right sides contain unequal numbers of motor neuron 

commissures with 7 on the left and 27 on the right [121]. This asymmetry is also 

reflected in the fraction of PVD secondary branches that fasciculate with motor 

neuron commissures which is greater on the right (43%) than on the left (14%)  

(Table 2.1). This result shows that the frequency of 2O branch fasciculation is 
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Figure 2.3. PVD branches fasciculate with motor neuron commissures and sub-lateral 
nerve cords Confocal images of PVD::GFP marker (A-D,P), panneural::dsRed (E-H,P) and 
merged reporters (I-L,O,P) show PVD dendritic branches, motor neuron commissures (arrow 
head) and sub-lateral nerve cords (arrow).  PVD secondary branches lie in the same plane as 
motor neuron commissures as shown in rotated Z-stack from PVDR [(B,F,J)(rotated 55O on the X-
axis and 45O on the y-axis)].  Rotated Z-stack of left side (ventral up) shows circumferential 4O 
branches [(C,G,K (rotated 80O on X-axis and 90O on Y-axis)].  PVD 3O branches fasciculate with 
dorsal and ventral sublateral nerve cords (D,H,L,O)(anterior left, ventral down).  Schematic 
transverse section (M) shows PVD (L+R) (black) and fasciculation of some 2O branches (left) but 
not others (right) with motor neuron commissures (red).  Lateral view of PVDR (N,O) showing 3O 
branches fasciculated with sub-lateral nerve chords (arrow). PVDR fasciculates with processes in 
the sub-lateral nerve cords (P, arrow) but does not contact the touch neuron, PVMR (P, 
arrowhead). Scale bars are 10um (A-C,E-G,I-K,O) or 15 um (D,H,L,P).  See supplemental movie 
2.1. 
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correlated with the number of available motor neuron commissures on each side. 

In both cases, however, the majority of PVD secondary branches do not 

fasciculate with motor neuron commissures which suggests that 2O branch 

outgrowth may depend on separate mechanisms that either rely on the existing 

motor neuron commissure or extend independently. The occurrence of more 

PVD secondary branches on the right side vs the left is consistent with a model 

in which fasciculation with motor neuron commissures stabilizes  2O  branches 

(Table 2.1).  This aspect of the PVD dendritic array will be discussed more 

thoroughly below. We also note the both PVDL and PVDR show a greater 

number of dorsally projecting 2O branches than ventral 2O branches (Table 2.1).  

In chapter VI, I describe a signaling pathway that is required for dendritic 

asymmetry of PVD.  

PVD 3O branches are consistently positioned adjacent to sublateral nerve 

cords on both dorsal and ventral sides and fasciculation is extensive along the 

A/P axis in these locations (Figure 2.3D, 2.3H, 2.3L, 2.3M-O). The dorsal and 

ventral sub-lateral nerve cords are composed of processes contributed by a 

small number (2-5) of neurons.  These co-linear nerve cords are discontinuous 

with specific processes exiting and new ones joining the sublaterals in the vulval 

region [121].  In the posterior, PVD 3O branches on the dorsal side fasciculate 

with posterior-dorsal sub-lateral neurons, presumably ALN and SDQ (Figure 2.3P 

dorsal arrow). 3O branches on the ventral side fasciculate with the posterior-

ventral sub-lateral nerve cord, likely comprised of PLN (Figure 2.3P ventral 

arrow), but do not fasciculate with the more dorsally located sub-lateral neuronal 
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process of the touch neuron PLM (Figure 2.3P arrowhead).  PVD 3O branches 

anterior to the vulva also fasciculate with specific sub-lateral processes. In this 

anterior region, 3O branches on the ventral side fasciculate with ventral sub-

lateral nerve cord neurons, likely SIAV, SIBV, SMBC, SMDV, and PLN (Figure 

2.3L).  On the dorsal side, 3O branches fasciculate with the anterior-dorsal sub-

lateral neuronal processes of SDQ, SIAD, SIBD, SMBD and SMDD.  PVD 3O 

branches located on the dorsal side do not fasciculate with the dorsal sub-lateral 

process of the touch neuron ALM, which is located more ventrally than the dorsal 

sub-lateral nerve cord (Figure 2.3D, 2.3H, 2.3L, 2.4).  In summary, PVD 3O 

branches fasciculate with either the dorsal or ventral sublateral nerve cords but 

different individual neurons contribute to each of these process bundles in 

anterior vs posterior regions. Fasciculation of PVD 3O branches with the 

discontinuous sublateral nerve cords could be indicative of a local signal from 

surrounding tissues that guides independent outgrowth of both sublateral nerve 

processes and PVD 3O branches in this location. For example, the PVD 3O 

branches and sublateral nerve cords are positioned along the medial edges of 

the body muscle quadrants which are thus potential sources of a morphogenic 

cue. In an alternative model, PVD 3O branches could respond directly to 

fasciculation signals provided by both anterior and posterior sub-lateral 

processes. 

PVD 4O branches are also located directly beneath the hypodermis but 

fasciculation with motor neuron commissures is rarely observed (Figure 2.3A-L).   

PVD 4O processes originate from 3O branches located at medial edge of the 
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Figure 2.4 PVD branches extend between muscle and the hypodermis and fasciculate with 
the sublateral nerve cord. A) Cartoon (oblique lateral view) shows the relative positions of the 
lateral PVD cell body (green sphere), the 1o process, 2o processes, 3o processes at the lateral 
margin of dorsal or ventral muscle quadrants (red), and many fine branches (4o processes, PVD 
cell body and branches are in green) passing between the body-wall muscle (red) and the outer 
hypodermis (pale brown, most hypodermis has been cut away to view beneath it). The tiling of 
consecutive fine branches while crossing the muscle quadrant is shown, and occasional fusions 
of their terminal ends with neighboring fine branches indicated by arrowheads. Gonad, blue; 
Intestine, pale pink; Cuticle, grey. The cartoon is a schematic, showing PVD’s fine processes 
rather longer for clarity. Boxes indicate position of TEM images B, C, and D relative to muscle. (B) 
Transverse TEM image shows a presumptive 3o PVD branch (3), embedded in the lateral 
hypodermis (H) at the lateral edge of a dorsal body-wall muscle (M), and a much smaller 
presumptive 4o branch (arrowhead) seen in 28 cross-section before moving beneath the muscle 
(animal N501C from the Hall archive). Scale bar indicates 200 nm for panels B, C. (C) Transverse 
TEM image of a PVD quaternary branch (arrowheads) running laterally across the muscle, and 
then emerging medially, adjacent to the dorsal nerve cord (DC) (animal N2U, MRC archive). Note 
the much larger diameter of the dorsal cord axons, sublateral nerve axons, and tertiary PVD 
process compared to PVD fine branches (D) Transverse TEM image of a PVD 4o branch 
(arrowheads) running laterally across the muscle quadrant near the dorsal sublateral nerve (DSL) 
(animal N501A from the Hall archive). Scale bar, 200 nm. (E-P). 3-D reconstructions and 
projections of PVD in green (F49H12.4:GFP in E H, K, N), muscles in red (myo-3:dsRed2 in F, I, 
L, O and merged images (G, J, M, P). Rotated confocal images (H-M) and schematic tracings (N-
P) show PVD branches (green) extending over the body-wall muscle quadrants (red) and 
beneath the outer hypodermal layer (grey).  Scale bar indicates 25 um (E-G).  Below PVD 
branches (green) do not fasciculate with ALM neuronal process (arrow) but do fasciculate with 
more dorsal sublateral nerves (arrowhead). 
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longitudinal bands of underlying body muscle cells to produce a series of finger-

like projections that extend across the width of each body muscle quadrant 

(Figure 2.4). Although the significance of the close association of PVD dendritic 

branches with body muscle cells is unclear, recent studies showing that PVD 

could function as a proprioceptor suggest the intriguing possibility that this 

arrangement could provide a feedback mechanism of stretch-induced PVD 

activity that controls body posture [125]. 

 

PVD dendritic morphology emerges from a series of orthogonal branching 

decisions 

We used the PVD::GFP marker to visualize PVD dendritic branching 

during development in order to provide a detailed description of each step in PVD 

morphogenesis. The PVD::GFP reporter is initially detected in the mid-L2 larva 

immediately after the PVD cell soma appears in the postdeirid [119]. By the end 

of the L2 stage, the single PVD axon has projected to the ventral nerve cord 

(Figure. 2.5A,B).  During this period, the 1O dendritic branches emerge from the 

PVD cell body to join the lateral nerve cord, one extending toward the anterior 

and the other growing posteriorly (Figure 2.5A,B).  The lateral and sub-lateral 

nerve cords with which adult PVD dendritic branches fasciculate are already in 

place before PVD dendritic outgrowth is initiated (Figure 2.5 C-F).  Beginning in 

the late L2 larva and continuing into the early L3, the 2O branches emerge at 

periodic intervals from both the dorsal and ventral sides of the 1O processes. In 

each case, 2O branches are perpendicular to the established 1O dendritic branch. 
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Figure 2.5.  PVD dendritic architecture is defined by orthogonal branches. Confocal images 
(left) and schematic tracings (right) of PVD in L2 larval stage (A,B), panneural (C,D) and merged 
panels (E,F) demonstrate that both motor neuron commissures (arrowheads) and sub-lateral 
nerve cords (arrow) are established before the majority of PVD dendritic branches emerge.  PVD 
1O branches arise in the L2 stage (B,D) followed by sequential orthogonal branching of 2O and 3O 
branches in L3 larval stage (G,M).  A mature PVD neuron with 4O branches is largely completed 
by late L4 larval stage (I,J).  Scale bar is 15 um.  
 

 
 
 
 
 
 	  

56



3O branches (“base of the menorah-like structure”) appear in the early L3 and 

extend along the sub-lateral nerve cords (Figure 2.5G,H). 3O branch outgrowth 

continues into the early L4 stage when 4O dendrites begin to emerge.  The 

mature PVD dendritic arbor is established by the end of the L4 larval stage when 

it ultimately envelops the animal in a non-overlapping web of sensory processes 

(Figure 2.5I,J). 

 

Time-lapse imaging of PVD dendritic outgrowth reveals dynamic branching 

events. 

As described above, we deduced the order and timing of PVD dendritic 

branching by observing several different animals at successive stages during 

larval development. Our results are suggestive of an orderly progression of 

dendrite outgrowth along alternating orthogonal axes. Time-lapse imaging of 

single animals confirmed the successive outgrowth of dendritic branches but also 

revealed important details of how these branches are generated. 

In the first instance, we noted highly dynamic outgrowth of 2O branches 

throughout the anterior/posterior length of the PVD 1O process. In L2 animals, 2O 

dendrites grow ventrally or dorsally toward sub-lateral nerve cords.  Time-lapse 

imaging revealed that potential 2O branches are frequently initiated and then 

retracted. At periodic intervals, a subset of these projections appears to stabilize 

and reach the sub-lateral nerve cord whereas other nascent 2O branches in 

flanking regions are consistently withdrawn (Figure 2.6 A, C, D [12]). This pattern 

57



 
 
Figure 2.6.  Dynamic initiation of PVD secondary branches is disrupted in mec-3 mutants.  
Confocal images and schematic tracings of PVD::GFP (green/black) and panneural::dsRed 
(red/gray) (anterior left, ventral down) show that sub-lateral nerve cords (arrow) and PVD axon 
(arrowhead) are not altered  in mec-3 mutants (B) in comparison to WT (A).  Images (C) and 
schematics (D) from time-lapse confocal microscopy of wt  L2 larval stage demonstrate dynamic 
PVD 2O branches (1-3) that initiate and retract in vicinity of established 2O branches (*) over 30 
min period.  Images (E) and schematics (F) of mec-3 mutants do not show PVD 2O branch 
initiation during 190 min of observation.  Scale bar is 5 um. 	  
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of dynamic growth is replicated at successive stages with processes alternately 

extending and retracting until the final adult pattern is produced (Figure 2.7).  

 As 2O dendrites approach the sub-lateral nerve cord, they initiate 3O 

branch morphogenesis by turning 90O to project along the A/P axis. In each case, 

the initial 3O process growing in either the anterior or posterior direction is joined 

by a new process that sprouts at the point of turning (Figure. 2.8, arrow) to 

extend in the opposite direction along the A/P axis.  The net result is that each 3O 

branch is composed of an anterior and posterior arm both emanating from a 

single 2O dendrite.   

The development of 4O branches proceeds via a similar mechanism with 

the tip of an outgrowing 3O dendrite eventually making an orthogonal turn (see 

below) to project along the D/V axis (Figure 2.8, arrowhead).  Additional 4O 

branches emerge at intervals along the length of each 3O branch (Figure 2.9, 

arrow). PVD 4O branches demonstrate dynamic growth, with branches initiating 

and retracting throughout the L4 larval stage (Figure 2.9).  This pattern of rapid 

branch initiation and withdrawal is strikingly similar to that seen for 2O branch 

outgrowth during the L2 larval stage (Figure 2.9, asterisk).  4O branches 

terminate as they approach either the dorsal or ventral nerve cords to complete 

the architecture of the menorah-like structures rooted in the PVD 1O dendritic 

process (Figure. 2.1).  
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Figure 2.7. Example of PVD branch outgrowth and retraction. A. Time-lapse series (27.5 - 65 
sec) of PVD branch (green, top panel; black, bottom panel) extension and retraction.  Arrow 
indicates the tip of the growing branch. Pan-neural marker (red, top panel; grey, bottom panel). 
Branch length was measured at 2.5 min intervals to estimate speed of growth (~1.4 um/min) 
(slope of green line) vs. speed of retraction (~0.6 um/min) (slope of red line) (line represents a 
best fit).  
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Figure 2.8.  PVD dendritic branches turn 90O to establish orthogonal pattern.  Time-lapse 
confocal images of L3 larva depict PVDL dendritic outgrowth (anterior left, ventral down). (Top 
panel) PVD 2O branch makes a 90o turn (arrow) to fasciculate with sub-lateral nerve cord where it 
becomes a tertiary branch (inset, 0 min).  A 3O branch with opposite polarity emerges from the 
point of turning (arrow) and grows toward the posterior (60 min). 4O branches are established by 
a similar mechanism (240 min) in which 4O branches at each end of the menorah-like structure 
(arrowheads) are generated by 90O turns. Additional, interstitial 4O branches emerge from the 
outer edge of the 3O branch.  Scale bar is 5 um.   
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Motor neuron commissures stabilize 2O dendrites during outgrowth 

 We established that PVD 2O dendrites fasciculate with motor neuron 

commissures that traverse the animal from the ventral to dorsal side.  We 

hypothesized that growth of 2O dendrites could therefore utilize two different, 

commissure-dependent and commissure-independent, modes of branch 

outgrowth.  To ask if 2O dendritic outgrowth was dependent on commissures we 

used an unc-30 mutant to reduce the number of GABAergic commissures.  All 

but one GABA commissure are located on the right side of the animal.  Thus, this 

approach uses a genetic strategy to answer the question: If commissures aid in 

PVD dendritic growth, what is the consequence of their removal?  In wild-type 

animals, there are significantly more 2O dendrites on the right side compared to 

the left side (Figure 2.10).  In unc-30 mutants, there is a reduction of 2O dendrites 

only on the right side in which the GABA commissures have been eliminated 

(Figure 2.10).  Thus in unc-30 mutants, the number of 2O dendrites on the left 

side is equal to that of the right side.  These data are consistent with the 

hypothesis that a portion of 2O dendrites utilize motor neuron commissures to 

stabilize.   

To further characterize this commissure dependent growth we visualized 

PVD 2O dendrite growth in a transgenic background in which we could 

simultaneously observe motor neuron commissures (panneural::RFP vs 

PVD::GFP).  These movies revealed that 2O dendrites that initiate along 

commissures stabilize at a much higher rate than 2O dendrites that initiate away 

from commissures (Figure 2.10).  This result is consistent with the model that 
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Figure 2.9.  PVD 4O branches exhibit dynamic growth.   Time-lapse confocal images and 
schematic tracings of L4 larval stage (anterior left, ventral down) illustrating dynamic outgrowth of 
4O dendrites from established 3O branches.  Nascent 4O branches (0 min) continue to grow 
throughout the L4 stage until they produce the mature menorah-like structures observed in the 
adult.  Arrow denotes an example of a maturing 4O branch.  Asterisk (*, 0 min) indicates a 
nascent 4O branch that ultimately retracts (60 min).  Scale bar indicates 25 um.  See 
supplemental movie 2.5.     	  
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Figure 2.10  PVD 2O dendrites are stabilized by commissures.  Quantification of the number 
of 2O dendrites in wildtype and unc-30 mutants on the left and right side of the animal.  Wild-type 
animals have more 2O dendrites on the right side than the left side.  In unc-30 mutants, 2O 
dendrites are reduced only on the right side where the majority of motor neuron commissures are 
located.  Right, quantification of below data.  The number of stabilized branches were scored in a 
5 hour movie that either associated with commissures (dark grey bar) or did not contact 
commisssures (light grey bar).  All branches that contacted motor neurons stabilized.  Bottom, 
confocal time-lapse images of panneural::RFP (red) and PVD::GFP (green) during 2O dendrite 
outgrowth.  Arrows indicated 2O dendrites that grew along commissures and became stabilized.  
Other branches that do not contact motor neurons initiated from the 1O dendrite but do not 
stabilize. 
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commissures aid in the stabilization of 2O dendrites.  We conclude that 2O 

dendrites utilize two modes of stabilization, one that is dependent on the 

commissure and a different pathway that is independent of commissures. 

Interestingly, 2O dendrites were not stabilized when they contacted the sub-

lateral nerve cord (Figure 2.10).  This data suggests that although 2O dendrite 

stabilization is influenced by motor neuron commissures the contact of PVD 

dendrites with the sub-lateral nerve cord does not elicit the same dendrite 

stabilization behavior.  

 

Non-overlapping dendritic architecture of PVD is established by contact-

dependent self-avoidance.  

In the mature PVD neuron, 3O branches from adjacent menorah-like 

structures point toward each other but do not touch (Figure 2.1). This feature of 

non-overlapping dendritic processes is a universal characteristic of sensory 

neurons [4, 169] and thus prompted us to consider a mechanism that could 

account for this outcome. Two possibilities seemed likely: either PVD 3O 

processes (1) stop outgrowth upon reaching a fixed, mature location or (2) 

continue growing until contact with the tip of a neighboring 3O branch induces 

withdrawal. We used time-lapse imaging to distinguish between these models. At 

the sub-lateral nerve cords, adjacent 3O branches initially grow toward each other 

along the A/P axis.  In fact, the tips of adjacent 3O branches are frequently 

observed in closer proximity during larval development than in the adult (Figure 

2.11, 0 min). Upon contact, these sister 3O dendrites characteristically stop 
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Figure 2.11.  PVD tertiary branches demonstrate contact-dependent self-avoidance.  Time-
lapse confocal images of L3 larval stage (anterior left, ventral down) PVD 3O branches growing 
toward each other (0-27.5 min, arrow indicates gap between branches), achieving contact (30 
min, arrowhead) and then retracting (32.5-35 min) to leave intervening space (arrow). This 
spacing is preserved in the adult PVD dendritic network.   Scale bar is 5 um. 	  
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outgrowth and withdraw (Figure 2.11, 30 min). Following retraction, 3O dendrites 

remain separate and the gap between them is preserved in the mature PVD 

architecture. Our results are thus consistent with the second mechanism in which 

the final length of each 3O branch is limited by contact with an adjacent sister 

dendrite. In fact, this phenomenon of self-avoidance was also observed for other 

transient dendritic extensions in which filopodia rapidly withdrew upon contact 

with each other or with previously established PVD branches.  We therefore 

conclude that contact-dependent self-avoidance is likely to contribute to overall 

non-overlapping dendritic architecture of PVD.  In chapter IV and V I discuss a 

signaling pathway that is required for PVD dendritic self-avoidance. 

 

A gene expression profile of PVD nociceptive neurons 

Having defined the detailed architecture and development of the PVD 

sensory network, we next generated a gene expression profile of PVD in order to 

identify transcripts with possible roles in PVD morphogenesis and function. For 

this purpose, we employed the mRNA tagging strategy in which an epitope-

tagged poly-A-binding protein (FLAG::PAB-1) is used to co-immunoprecipiate 

cell-specific transcripts [156, 157]. Immunostaining with anti-FLAG confirmed 

specific expression in PVD and in OLL neurons (Figure. 2.12A) as predicted for 

the ser2prom3 promoter used to construct our PVD mRNA tagging line [168]. 

Statistical analysis revealed 2,213 transcripts that are significantly enriched (> 

1.5 X) in the PVD/OLL profile vs all L3/L4 larval cells at a False Discovery Rate 

(FDR) < 1 % (See Methods) (See file sup file in [12] ). We also identified a larger 
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Figure 2.12. Expression profile reveals transcripts for PVD/OLL-enriched gene families. (A) 
Genes (with Wormbase annotation) encoding transcripts with elevated expression (1.5x) in the 
PVD/OLL microarray data set organized according to protein families or functional groups. 
Numbers denote genes in each group. (Table Inset) Enrichment of axon guidance proteins, 
including multiple UNC-6/Netrin pathway transcripts, enriched in the PVD/OLL microarray.   
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group of 4,977 “Expressed Genes” or “EGs” (see Methods) that are reliably 

detected by the PVD/OLL microarray profile but which may also be expressed at 

comparable levels in other cell types [157] (appendix File 2.2). Of genes 

previously described as expressed in PVD, 14/32 (~44%) are included in the 

enriched transcripts and 20/32 (~62%) are EGs. A smaller fraction of known OLL 

genes are detected with 8/43 (19%) enriched and 15/43 (35%) detected as EGs 

(appendix File 2.3). Previously noted PVD genes including the nicotinic 

acetylcholine receptor subunits (nAChRs) deg-3 (18x) and des-2 (17x), p21-

activated kinase/PAK, max-2 (3.1X) and the homeodomain transcription factors, 

mec-3 (4.9x) and unc-86 (2.6x) are especially prominent [123, 126, 171]. As an 

additional test of the specificity of the microarray profile, we scored in vivo 

expression of 18 promoter::GFP fusions for representative genes from the list of 

enriched transcripts (Table 2.2, Figure 2.7). Of the GFP reporters tested, 44% 

(8/18) are detected in PVD and 55% (10/18) are expressed in OLL with a total of 

78% (14/18) expressed in either PVD or OLL (Table 2.2). For example, the 

promoter-GFP fusion for EGL-3, a proprotein convertase that functions to 

process neuropeptide precursors [172], is highly expressed in PVD where it 

outlines the dendritic network with strong GFP staining (Figure 2.13). egl-3::GFP 

is also expressed in the OLL neurons in the head (data not shown). Expression 

of the egl-3 GFP reporter in the intestine and in many additional neurons 

underscores the sensitivity of the microarray analysis to differential expression. 

The broad range of enrichment (1.7x – 9.4X) of the PVD or OLL-expressed GFP 

reporters in this list provides a representative sample of transcripts with differing 
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Table 2.2.  Expression of promoter-GFP reporters for transcripts enriched in 
PVD/OLL data set.  + indicates expression, - indicates lack of expression and ND were 
not determined. GFP reporter genes were provided by the Genome BC C. elegans Gene 
Expression Consortium(Hunt-Newbury et al., 2007).  
 
cosmid GFP 

Strain 
gene Protein Fold 

Change 
PVD OLL 

C51E3.7 BC12649 egl-3 Proprotein convertase 4x + + 
B0034.3 BC11525 casy-1 Calsyntenin 5.3x + + 
F41E6.13 BC13515 atgr-18 Autophagy protein Atg18p 3.6x + + 
C43G2.1 BC10234  Progestin and AdiopoQ Receptor 3.9x + + 
C24A11.8 BC12301 frm-4 FERM domain 1.7x + ND 
H09G03.2 BC13361 frm-8 FERM domain 2.9x + ND 
C01G8.5 BC10874 erm-1 ERM family 1.7x + ND 
C11D9.1 BC15697  TIAM1/CDC24 RhoGEF GTPase 2.6x + ND 
C05D11.4 BC10312 let-756 Fibroblast Growth Factor (FGF) 6x - + 
C24A8.1 BC13771  D2/D3 dopamine receptror 4.1x - + 
F32F2.1 BC11367 uig-1 Cdc42 GEF 4.1x - + 
F59B10.1 BC15924 pqn-47 Prion-like domain 9.4x - + 
Y22F5A.3 BC13241 ric-4 SNAP-25 7.8x - + 
T17H7.1 BC15671  Collagen 4.1x - + 
T07G12.1 BC15622 cal-4 Calmodlin-like 6.9X - - 
F13B10.1 BC11466 tir-1 Toll and interleukin-1 receptor domain 4.5x - - 
ZK337.2 BC15709  Zinc Finger 5.2x - - 
T04C9.6 BC16158 frm-2 FERM domain 2.9x - - 
 
 
 
Hunt-Newbury, R., Viveiros, R., Johnsen, R., Mah, A., Anastas, D., Fang, L., 
Halfnight, E., Lee, D., Lin, J., Lorch, A., et al. (2007). High-throughput in vivo 
analysis of gene expression in Caenorhabditis elegans. PLoS Biol 5, e237. 
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Figure 2.13.  Cell specific microarray identifies transcripts expressed in PVD.  
Promoter::GFP reporter genes for enriched transcripts show expression in PVD.  Arrow indicates 
PVD cell soma.  Scale bars = 5 um. 
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levels of expression. Together, these GFP reporter data validate the prediction 

that a majority of transcripts in this microarray data set are in fact expressed in 

either PVD or OLL neurons in vivo. Although a significant fraction of transcripts in 

this data set may be derived from OLL and not PVD, on the basis of these 

validation experiments we estimate approximately half of the genes in our 

enriched and EG data sets are expressed in PVD. Therefore, this list provides a 

useful compendium of candidate genes to test for potential roles in PVD 

morphogenesis and function. 

 

Gene families enriched in the PVD/OLL profile. 

 Transcripts for a wide range of protein families are enriched in the 

PVD/OLL data set (Figure 2.12B)[12] and may be suggestive of specific 

functions. The coordinate enrichment of genes encoding known components of 

the UNC-6/Netrin axon guidance pathway is particularly striking, for example 

(Figure 2.12B). UNC-6/Netrin functions as an exogenous cue for cell migration, 

axon guidance, neuronal asymmetry and synaptogenesis [42, 56, 173-175]. The 

UNC-6/Netrin receptors, UNC-5 and UNC-40/DCC and several additional 

components with cytoplasmic roles in the UNC-6/Netrin signaling pathway are 

also highly enriched. In chapter IV-VI, I show that mutants for several of these 

components including unc-6/Netrin, unc-5, unc-40/DCC, unc-34/Ena, and mig-

10/lamellopodin show similar defects in PVD morphology that are indicative of 

roles of a canonical UNC-6/Netrin signaling pathway that controls the elaboration 

of the PVD dendritic arbor (discussed in Chapters 4-6) [176, 177].  
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In addition to identifying genes that govern PVD morphogenesis, the 

microarray profile has also detected strong candidates for roles in PVD 

nociceptive function. For example, members of the DEG/ENaC family of cation 

channel subunit proteins have been implicated in pain sensation induced by 

either mechanical stimuli or low pH [122, 178]. The C. elegans genome encodes 

28 predicted DEG/ENaC proteins [179].  Two of these, MEC-4 and MEC-10, are 

expressed in the “light touch” mechanosensory neurons (AVM, PVM, PLML, 

PLMR, ALML, ALMR) where they evoke an aversive response to physical 

contact [122, 180]. mec-10 expression in PVD has been previously reported 

[181] and the mec-10 transcript is enriched in the PVD/OLL profile. Three 

additional DEG/ENaC genes (del-1, asic-1, F25D1.4), but not mec-4, are also 

elevated [12]. Recent work has shown that one of these DEG/ENaC channel 

proteins, F25D1.4/DEGT-1, is required along with MEC-10 to mediate a PVD-

dependent response to strong mechanical stimuli [124].  

 

The MEC-3 homeodomain transcription factor is required for the initiation 

of PVD 2O branch outgrowth 

Extensive genetic studies have documented the key roles of transcription 

factors in sensory neuron morphogenesis [13, 14, 169] [20, 23]. As a first step 

toward identifying specific transcription factors that control PVD morphogenesis, 

we compiled a list of 112 transcription factor-encoding genes that are > 2X 

enriched in the PVD/OLL data set (Table 2.3) [12]. This list includes a diverse 

array of transcription factor families with the largest groups represented by 
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Table 2.3.  Transcription factor families.  112 Transcription factors that are > 2X 
enriched in the PVD/OLL profile versus all larval cells. Transcription factors are grouped 
according to shared homology of function. General transcription refers to factors with 
broad roles in transcription. Other includes sequences with weak homology to 
transcription factor motifs. (Established by BLAST searches at NCBI) 

Family/Domain # in PVD data set 
Nuclear Hormone receptors 27 
Homeobox 16 
General transcription 12 
Basic region leucine zipper transcription factor 10 
Zinc finger 6 
SMAD 4 
HMG 4 
Forkhead 4 
GATA-4/5/6 transcription factors 4 
bHLH 4 
ETS 2 
Aryl-hydrocarbon receptor 1 
Atrophin-like protein 1 
CDK9 kinase-activating protein cyclin T 1 
CREB/ATF 1 
doublesex/MAB-3 domain 1 
E2F-like protein 1 
LIM domain 1 
MADS box 1 
Mlx interactors and related transcription factors 1 
NGF1-A binding protein domain 1 
Nuclear factor erythroid 2-realted factor 2 1 
PAX and HOX domains 1 
TBX2 and related T-box transcription factors 1 
TEAD family 1 
Other 5 
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nuclear hormone receptors and homedomain proteins. One of the most highly 

enriched (~5x) homeodomain proteins, MEC-3, is the only transcription factor in 

our data set that has been previously shown to affect PVD morphology. The 

complex PVD dendritic arbor is largely absent in mec-3 mutants imaged with the 

ser2prom3::GFP reporter gene [11]. We have confirmed this result with our 

PVD::GFP marker which shows that the single PVD axon and 1O dendritic 

process appear normal in mec-3(e1338) but higher order branches (2O, 3O, 4O) 

are missing (Figure 2.6B). To explore the potential origin of the mec-3 PVD 

branching defect, we initially used the pan neural RFP marker to visualize other 

neuronal processes that PVD dendrites contact during outgrowth. These images 

showed that the lateral nerve cord (fasciculates with PVD 1O branch), motor 

neuron commissures (fasciculate with subset of PVD 2O branches) and dorsal 

and ventral sublateral nerve cords (fasciculate with PVD 3O branches) are intact 

in the mec-3(e1338) mutant (Figure 2.6A,B). These results are consistent with a 

cell-autonomous role for mec-3 in promoting PVD dendritic branching. As 

reported above, in wild type animals, branches are actively extended and 

retracted along the length of the 1O dendrite throughout the L2 and L3 larval 

stages. A subset of these nascent 2O branches are stabilized and contact the 

sublateral nerve cords whereas others emerging from nearby regions during this 

time eventually collapse  (Figure 2.6 C, D,). We therefore hypothesized that mec-

3 mutants are either (1) unable to stabilize 2O branches or (2) are defective in 2O 

branch initiation.  We used time lapse imaging to distinguish between these 

alternative models. These experiments showed that the PVD 1O dendritic 
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process is remarkably quiescent in mec-3 mutants with virtually no saltatory 

branching even during extended periods (e.g., 10 hours) of observation (Figure 

2.6E, F).  This result supports the hypothesis that MEC-3 is required for the 

initiation of PVD 2O dendrite outgrowth.  

 

A targeted RNAi screen of transcription factors genes reveals regulators of 

PVD dendritic morphogenesis. 

We used RNAi to test other > 2X enriched transcription factors in our 

microarray data set for roles in PVD morphogenesis [12]. We selected late L4 

larvae (F1 progeny of RNAi-treated parents) for screening with the idea that the 

appearance of the final structure could reveal transcription factors with roles at 

any stage of PVD morphogenesis. RNAi with empty vector served as a negative 

control and consistently resulted in a wildtype PVD dendritic architecture (Figure 

2.14A,B). mec-3 RNAi-treated animals displayed fewer dendritic branches after 

RNAi treatment (Figure 2.14E, F).  As expected, the Mec-3 RNAi phenotype was 

less severe than that of mec-3 mutants in which the 1O process shows virtually 

no branching activity (Figure 2.6B). Of the 86 transcription factors screened via 

RNAi, nine resulted in PVD defects. In most cases, corresponding genetic 

mutants were examined to confirm the RNAi defect. Two additional transcription 

factor determinants of PVD morphology (ahr-1 and egl-46) that did not produce 

RNAi phenotypes were detected in genetic mutants for a total of eleven 

transcription factor genes including mec-3 that regulate some aspect of PVD 

differentiation or morphogenesis (Table 2.4) [12]. 
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Figure 2.14.  Transcription factors enriched in PVD expression profile control dendritic 
morphogenesis.  Confocal images (left) and schematics (right) of RNAi-treated animals 
expressing PVD::GFP marker (anterior left, ventral down). (A,B) Empty vector (EV)-treated 
negative control. Positive control, mec-3 RNAi (E-F), results in reduced 2O and 3O branches.  lin-
39 RNAi-treated animals (C-D)  do not show PVD neurons (open circle indicates location of wt 
PVD cell body, arrow points to tail neuron that also expresses PVD::GFP marker). Mutants egl-
46(gk692) shows fewer 2O branches (G,H) and ahr-1(ju145) displays increased numbers of 2O 
branches (I,J) (Supplemental File 4). Proposed temporal order of transcription factor function 
during PVD morphogenesis (M). (Table 2.5). 
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lin-39, which encodes a conserved member of the HOX family of 

homedomain proteins, appears to have an early role as PVD is either not 

detected or shows an unbranched architecture in lin-39 RNAi-treated animals 

(Figure. 2.14C). The Lin-39 PVD-defective phenotype is consistent with the 

established role of LIN-39 in the specification of cell fates in the mid body region 

of C. elegans [182]. RNAi knock down of unc-86 (POU homeodomain) 

phenocopies the mec-3 mutant with an unbranched 1O dendrite. The unc-86 

mutant, however, is more severely affected; the PVD soma and axonal projection 

to the ventral cord are normal but the 1O dendritic process fails to emerge (data 

not shown). This result indicates that UNC-86 is required for initiating dendritic 

outgrowth and is consistent with an earlier report that unc-86 activates mec-3 

expression in PVD [183] (Table 2.4).  

The ZAG-1 transcription factor (homeodomain) [184] displays a unique 

mutant phenotype in which two apparent PVDL neurons are consistently 

observed on the left side of the animal whereas PVDR on the right side is not 

duplicated. The striking asymmetry of the Zag-1 defect offers an explanation for a 

previous report of incompletely penetrant duplication of PVD in zag-1 mutants 

[185]. The role of ZAG-1 in PVD morphogenesis is described further in Chapter 

3.  Other transcription factors detected in our screen appear to affect successive 

steps in the placement or elaboration of dendritic branches (Figure 2.14 M). To 

determine the developmental role of these transcription factors, we noted the 

larval stage at which the RNAi phenotype initially appeared. Misplacement of the 

1O branch in dpl-1 RNAi-treated animals is observed during the L2 stage, which 
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suggests that DPL-1 (E2F-like protein) functions early in PVD morphogenesis to 

regulate targets that guide initial outgrowth along the lateral nerve cord.  dpl-1 

mutants also lacked 4O dendrites and therefore may have dual roles in PVD 

development. Other transcription factors appear to define the overall number of 

2O branches with unc-30 (Pitx homeodomain)[186] and egl-46 (Zn finger/Nerfin) 

[187] mutants showing fewer 2O branches (Figure 2.14 G,H) (Figure 2.6) and ahr-

1 animals displaying an increased number of 2O dendrites (Figure 2.14 I, J) 

(Figure 2.15). In Chapter 3 I characterize the ahr-1 phenotype further and show 

that the conversion of another cell, AVM, into a PVD-like fate results in more 2O 

dendrites on one side of the animal.  The role of ahr-1 (aryl-hydrocarbon 

receptor) in this case is intriguing because its Drosophila homolog, Spineless 

(SS), also controls the complexity of sensory neuron dendritic branching [23]. 

The importance of transcription to later stages of PVD morphogenesis is 

revealed by 3O branch defects in aft-2 (bZip superfamily) mutant and in thoc-2 

(general transcription) deficient animals. In both cases, 3O branches are 

elongated and frequently overlap (Figure 2.14 K, L). The apparent failure of the 

contact-dependent self-avoidance mechanism indicates that aft-2 and thoc-2 

may control downstream genes that mediate this characteristic feature of 3O 

branch morphogenesis. thoc-2 RNAi-treated animals also frequently show other 

PVD defects including misplaced 1O processes and a general failure to elaborate 

dendritic branches anterior to the PVD soma. Lastly, one of the transcription 

factor mutants detected in our screen, egl-44 (TEAD domain) [187] did not 

demonstrate any obvious PVD dendritic defects during early development but 
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Figure 2.15.  egl-44 normally inhibits excess branching.  Histogram shows ectopic branching 
in egl-44 (n1080) mutant animals (12.7+7, n=18) compared to that of wildtype control (5.3+5, 
n=16).  Image and schematic tracing show ectopic branches radiating from the 1O process (arrow 
head). Ectopic branches are defined as PVD outgrowths that terminate in the region with 
boundaries comprised of 1O branch (medial) and 3O branches (distal).  Young adult animals were 
scored. Students t-test was used to detect significant differences.  *p<0.001 wt vs. mutant.  Scale 
bar = 15 um. 
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showed extensive ectopic branching in the adult stage (Figure 2.15). Thus, egl-

44 must normally act to limit excessive branching at later stages of development. 

We note that many of the ectopic branches observed in egl-44 mutants appear to 

overlap which could mean that egl-44 also regulates target genes that function in 

the self-avoidance mechanism that maintains the discrete sensory field for each 

dendritic branch in the PVD arbor. 

 

DISCUSSION 

 

Nociceptive function depends on elaborate networks of dendritic 

processes adjacent to the skin [188]. The complexity of this architecture and the 

general inaccessibility of sensory neurons to real time studies of morphogenesis 

have hindered the elucidation of cell biological mechanisms that govern dendritic 

branching. Here we describe a model nociceptor, the PVD neuron in C. elegans, 

that displays a complex but highly ordered sensory arbor and show that the 

generation of this network can be readily studied by dynamic imaging methods. 

This approach has revealed the step-wise emergence of PVD branches during 

development and identified external landmarks that correspond to key branch 

points. Our observations suggest that the final pattern of PVD branches also 

depends on an intrinsic mechanism of error correction in which sister dendrites 

avoid contact with each other. To identify genes with potential roles in dendritic 

morphogenesis, we generated a cell-specific expression profile that includes 

>2,000 PVD-enriched transcripts. Selected genes in this list were ablated by 
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RNAi or in mutants to identify eleven transcription factor proteins and 

representative members of other functional protein classes with a range of 

specific roles in PVD morphogenesis. 

 

The PVD dendritic arbor is generated by a series of defined branching 

decisions.  

Our observations show that the PVD dendritic arbor arises from a series of 

ordered branching decisions that correspond to specific stages of larval 

development. Dendritic outgrowth is initiated in late L2 larvae and continues 

throughout the L3 and L4 stages until the mature PVD morphology is achieved in 

the adult. Because PVD and its dendritic arbor are located near the surface, all of 

these branching events are readily observed in a live animal and can be 

catalogued by time-lapse imaging.  A comparison of PVD morphology to the 

structure of the C. elegans nervous system showed that specific PVD dendrites 

are closely apposed to external nerve fascicles. These interactions are extensive 

and involve the 1O PVD processes that extend along the lateral nerve cord, a 

subset of 2O dendrites that fasciculate with motor neuron commissures and 3O 

branches that are in contact with sublateral nerves throughout their length.  

As we show, PVD 2O dendrites develop in two micro-environments, either 

along commissures or not associated with commissures and show different 

stabilization properties depending on these two different growth substrates. The 

hypodermis is closely situated to aid in stabilization of commissure independent 

2O dendrites and therefore it seems likely that a protein expressed in PVD could 
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interact with a hypodermal protein to stabilize dendrites.  Our work also shows 

that it is likely that a different protein localized on the commissures helps to aid in 

stabilization of PVD dendrites.  Identification of proteins that aid in stabilization of 

2O dendrites and their spatial requirement will help to test this hypothesis.  We 

also showed that 2O dendrites are not stabilized by contact with the sub-lateral 

nerve cord.  This data suggests that micro-environment on the commissural 

neuronal processes may be different than that present on the sublateral nerve 

cord neurons.  An understanding of the consequence of ablating the entire sub-

lateral nerve cord to PVD dendrite outgrowth could help to strengthen this 

hypothesis.  

The cell biological mechanisms that drive PVD branching are unknown but 

could involve different components for separate branching events. This idea 

derives from the distinct spatial environments occupied by each of the branches 

and from the characteristic manner in which each arises. 1O branches grow out 

from opposite sides of the PVD soma and project either anteriorly or posteriorly 

along the lateral nerve cord. In contrast, 2O branches emerge at interstitial 

locations along the length of the 1O process and grow in either the dorsal or 

ventral directions. The orthogonal switch in the geometry of these branching 

patterns is suggestive of a temporal change in either the intrinsic polarity of 

dendritic outgrowth and/or the responsiveness to external cues. The potential 

existence of diverse dendritic branching mechanisms is also suggested by the 

observation from time lapse imaging of two distinct modes of 3O branch 

outgrowth. A 3O process is initially generated as a 2O branch that turns at the 
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sublateral nerve to extend in either the anterior or posterior direction. An 

additional branch then sprouts from the point of turning to grow in the opposite 

A/P direction and thus form the other arm of each 3O dendrite (Figure 2.8). 

Although it seems likely that the turning and branching events may be triggered 

by a common signal, perhaps provided by the sublateral nerve cord, these cell 

biological responses are distinct and thus could employ subsets of unique 

components.  

The overall shape and extent of the PVD sensory arbor may also depend 

on negative cues that constrain dendritic growth. We note, for example, that PVD 

processes do not extend into the head region occupied by the FLP neurons. FLP 

and PVD display dendritic arbors with similar branching patterns (Figure 2.2) and 

both mediate nociceptive responses to mechanical force [123, 170] [124]. The 

“tiling” pattern of dendritic arborization that PVD and FLP display in which 

sensory neurons of a given functional class occupy discrete topical domains is 

widely observed and may depend on mutual inhibition by outgrowing dendrites 

from adjacent neurons [4]. In Drosophila, the Ig protein, Turtle mediates 

homophilic interactions that maintain separate sensory fields for neighboring R7 

photoreceptors [189]. An unknown negative cue also mediates this behavior in C. 

elegans and Drosophila in a shared signaling pathway involving the conserved 

components Furry/sax-1 and Tricorner/sax-2 [110, 111, 117]. We note that both 

Furry/sax-1 and Tricorner/sax-2 are enriched in the PVD microarray data set and 

are thus candidates for regulators of PVD dendritic outgrowth.  
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Additional evidence of negative regulation of dendritic outgrowth derives 

from our time lapse imaging results showing that PVD dendritic branches are 

actively repelled by contact with each other (Figure 2.11, Figure 2.7). This 

phenomenon of self-avoidance is commonly employed by sensory neurons and 

serves to prevent overlapping coverage of a given receptive field by sister 

dendrites from the same neuron [95, 190]. Studies in Drosophila have shown that 

the cell surface Ig superfamily proteins, Dscam and Turtle, mediate dendritic self-

avoidance [100] [105]. Dscam is not encoded by the C. elegans genome and 

Turtle homolog does not appear to function in self-avoidance (see chapter 4), 

however, and thus alternative repulsive cues are likely utilized in PVD. These 

effectors of PVD dendritic self-avoidance could be potentially detected by genetic 

or RNAi ablation of candidate cell surface receptors (Figure 2.12) that are 

enriched in the PVD microarray data set [12]. In chapter 4 I identify that PVD 

transcripts of the UNC-6/Netrin signaling pathway are required for self-

avoidance. 

Having considered patterning mechanisms that involve extracellular cues 

or contact-dependent interactions among sister dendrites, we also suggest the 

possibility of internal cytoplasmic mechanisms for limiting dendritic outgrowth. 

Over half of the 2O branches and most of the 4O branches do not fasciculate with 

external nerve cords and thus are unlikely to follow specific paths defined by 

previously established external structures (Table 2.1). The regular spacing of 2O 

and 4O branches (Figure 2.16) could be indicative, however, of negative signals 

from established PVD processes that prevent the formation of additional stable 

86



 
 
Figure 2.16. The distance between PVD dendrites.  The average distance between adjacent 20 
branches is greater than distances separating adjacent 30 or 40 branches. Distances between 
adjacent 20 branches, between adjacent 30 branches and between adjacent 40 branches were 
measured in five animals. We note a slight but statistically significant bias with greater distances 
separating ventral 20, 30, and 40 branches than dorsal 20, 30, and 40 branches (See table below). 
This dorsal vs ventral bias is correlated with a larger number of 20 branches on the dorsal side 
(see Table 2.1). Students t-test was used to detect significant differences.	  
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branches in flanking regions. Mutual contact-dependent withdrawal of adjacent 

branches that deviate from parallel outgrowth could also contribute to this final 

pattern as seen for the comb cell in the leech [191].  

 

Transcription factors regulate specific steps in PVD dendritic 

morphogenesis.  

RNAi and genetic ablation of transcription factors identified in the PVD 

microarray profile detected eleven genes with roles in PVD dendritic 

morphogenesis (Table 2.4). For two of these transcription factors, UNC-86 (POU 

homeodomain) and MEC-3 (LIM homeodomain), our results confirm earlier 

findings of PVD expression and necessary roles in PVD differentiation and 

function [123]. The PVD phenotypes of unc-86 and mec-3 mutants are consistent 

with a model in which unc-86 acts first to promote 1O branch outgrowth followed 

by mec-3 which then initiates 2O branching. The apparently sequential roles of 

unc-86 and mec-3 in PVD morphogenesis parallel their functions in the 

differentiation of the mechanosensory or touch neurons. In both cell types, unc-

86 is required for mec-3 expression [123]. In the touch neurons, UNC-86 also 

functions with MEC-3 in a heterodimeric complex to co-regulate shared targets 

genes[192, 193].  The roles of unc-86 and mec-3 in PVD vs the touch neurons 

are also likely to differ (discussed in chapter 3). Only four of eleven canonical 

“mec” genes that mec-3 regulates in the touch neurons to mediate 

mechanosensitive function [123, 194], mec-3, mec-10, mec-12 and mec-17, are 

detected in the enriched PVD/OLL data set [12] (Table 2.5). Moreover, mec-3 
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Table 2.5. Specific mec-3-regulated genes are enriched in PVD 
 

gene protein mec-3-dependent PVD enriched 
mec-1 Serine proteinase inhibitor x  
mec-2 stomatin x  
mec-3 homeodomain x 4.9 
mec-4 DEG/ENaC x  
mec-6 paraoxonase   
mec-7 tubulin x  
mec-8 RNA binding/splicing factor  4.2 
mec-10 DEG/ENaC x 1.7 
mec-9 EGF/Kunitz repeat x  
mec-12 tubulin x 3.4 
mec-14 Aldo-keto-reductase x  
mec-17 uncharacterized x 5.0 
mec-18 Acyl-CoA synthetase x  
unc-24 stomatin   

 
mec-3-dependent genes were compiled from (Zhang et al., 2002) 
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promotes dendritic branching in PVD [11] but clearly does not activate a 

comparable pathway in the touch neurons which normally adopt a simple, bipolar 

morphology [121]. This difference in the morphogenic roles of mec-3 in distinct 

sets of C. elegans sensory neurons is also observed for the Spineless 

transcription factor in Drosophila which may either promote or inhibit dendritic 

branching in separate sensory neuron types [23]. These disparate outcomes are 

proposed to result from combinatorial interactions with other classes of 

transcription factors [195]. The key role of transcriptional control of dendritic 

branching is strikingly evident from the results of a genome wide RNAi screen in 

Drosophila that uncovered > 75 transcription factors that govern sensory neuron 

morphogenesis [196].  Our more limited RNAi screen revealed eleven 

transcription factors with morphogenic roles in PVD; experiments with mutants 

which typically display more penetrant phenotypes than RNAi knockdown are 

likely to detect additional transcription factors with necessary roles in PVD 

differentiation. The transcription factors that we have uncovered appear to act at 

different stages of PVD morphogenesis. This finding suggests that the generation 

of the PVD dendritic array is tightly regulated by an intricate genetic program and 

thus that the discovery of transcription factor targets in these pathways would 

provide a critical link between the regulation of gene expression and cell 

biological processes that control dendritic morphology. For example, the 

mechanisms that drive dendritic branch initiation are poorly understood. Our 

studies indicate that the MEC-3 transcription factor is required for the initiation of 

PVD branching and thus is likely to control target genes with direct roles in this 
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morphogenic event. The mRNA tagging method is well-suited to this problem and 

could be used to compare PVD microarray profiles of mutant (e.g., mec-3) vs 

wildtype to uncover these key downstream effector genes [157].  

 In addition to sharing morphological similarities with nociceptors in other 

organisms, PVD may also utilize common sets of genes for differentiation and 

function. At least two of the transcription factors uncovered in our RNAi screen 

for PVD morphogenic defects, unc-86/Brn3a/acj6 and ahr-1/Spineless, are also 

known to govern sensory neuron dendritic morphogenesis in other species 

(Figure 2.14) [23, 197, 198]. In addition, a significant fraction of ion channel 

components known to be expressed in mammalian nociceptors are also detected 

in the PVD microarray data set [199]. These shared proteins include members of 

the TRP family of ion channels with established roles in mechanosensation and 

nociception (appendix file 2.5). The striking contact-dependent mechanisms of 

error correction that we have documented for the PVD neuron in C. elegans are 

likely to be universally employed by sensory neurons in other species that 

characteristically establish non-overlapping dendritic fields [21, 95]. Taken 

together, these results indicate that the C. elegans PVD neuron affords an 

attractive model for defining fundamental mechanisms of nociceptor 

differentiation and function. This work provides a detailed structural, 

developmental, and molecular foundation for these studies.  
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CHAPTER III 

 

A GENETIC SWITCH SPECIFIES NOCICEPTOR 

MORPHOLOGY AND FUNCTION 

 

INTRODUCTION 

 

The human sensory system that innervates the skin can detect a variety of 

different stimuli including light skin brushes, robust temperature changes and 

injurious force [131].  The cells within this sensory circuit are thought to have 

specific roles for detecting specific environmental stimuli.  Defects in these 

sensory cells can result in disease states that affect the sensitivity of sensory 

inputs [200, 201]. For example, genetic disorders have been linked to complete 

insensitivity to pain [202].  More commonly, humans experience varying 

sensitivity to touch and pain, which can change in disease states such as cancer 

[200-202].  

In vertebrates, the dorsal root ganglia (DRG) contains a diverse population 

of sensory neurons.  The skin alone can detect over twenty specific sensory 

modalities each of which can activate a particular neuronal subtype [131]. For 

example, c-fibre neurons originate from the DRG and are required for sensation 

of harsh touch.  In contrast, A! fibre low-threshold mechanoreceptor (LTMR) 

neurons sense a variety of non-noxious stimuli such as light mechanical brush 
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[201].  Drosophila and C. elegans also have elaborate sensory neurons that are 

utilized to respond to mechanical stimuli [129] [3][140]. 

The diversity of these sensory neurons can arise from precise control of 

transcription factors that drive cell intrinsic programs [13, 14, 20, 23, 26, 112]. 

Transcription factors can influence neuronal cell fate either by exceeding a 

concentration threshold or by differential presence or absence of expression in a 

particular cell type.  For example, the concentration of Drosophila Cut, a 

homeodomain transcription factor, specifies the fate of sensory neurons.  

Sensory neurons with low Cut levels adopt a simple neuronal morphology while 

those with high Cut level display complex dendritic arbors [18, 20, 196].  In 

contrast, the Drosophila Hamlet transcription factor specifies neuronal fate by 

exclusive expression in specific neurons [14].  These data support the hypothesis 

that by controlling the abundance and the differential expression of transcription 

factors, the animal can generate a complex network of sensory cells with differing 

morphologies and functions.    

Another striking example is the C. elegans MEC-3 transcription factor [11, 

183, 193].  In C. elegans, MEC-3 regulates transcriptional targets that are 

essential for light-touch neuronal fate [123, 183, 193].  Interestingly, MEC-3 also 

controls sensory fate of harsh-touch neurons [11, 12, 183]. It seems plausible 

that MEC-3 could regulate both light-touch and harsh-touch genes but that these 

genes are somehow differentially regulated in the respective cell-type.  However, 

it has been difficult to test this hypothesis because the MEC-3 regulated harsh-

touch genes that specify the elaborate nociceptive dendritic tree have been 
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largely elusive.  In fact, the targets of transcription factors that are employed to 

generate elaborate dendritic arbors typical of sensory neurons are also mostly 

unknown [4].   

Here we use C. elegans to characterize a transcriptional network that 

specifies sensory neuron function and morphology.  We identify two transcription 

factors, AHR-1 and ZAG-1, which ensure that the animal can properly distinguish 

light mechanical stimulus from harsh touch.  We show that AHR-1/Spineless 

does so by preventing light-touch neurons from acquiring a nociceptive sensory 

fate.  For the first time, we identify MEC-3 harsh-touch transcriptional targets and 

show that they are inhibited by AHR-1/Spineless to prevent a nociceptive-like 

fate in light-touch neurons. Moreover, we show that the abundance of MEC-3 can 

further refine sensory cell fate.   We hypothesize that expression of AHR-1 and 

the concentration of MEC-3 are utilized to generate the diverse network of 

mechanosensitive cells in C. elegans.   This work, therefore, defines a 

transcriptional program which is employed to generate a sensory network that 

allows the animal to respond appropriately to their environment. 

 

METHODS 

 

Nematode strains and genetics. 

The wild-type C. elegans Bristol strain N2 was used for all experiments 

and cultured as previously described [158].  Also used in this study were 

mutants: RB584 zag-1 (ok214), SK86 zag-1 (zd86), VH4 zag-1 (rh315), CZ2485 
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ahr-1 (ju145), CB1338 mec-3 (e1338), RB1657 hpo-30 (ok2047), OH7193 

otIs181 (dat-1::mcherry), OH8510 otIs236 (asic-1::GFP), AQ2145 ljEx19 (egl-

46::YC2.6).  

Additional strains that were generated for this study include: NC2440 [ahr-

1 (ju145); wdIs51; wdEx780 (pCJS04, F49H12.4::mcherry)], NC2517 [zag-1 

(rh315); wdIs52; wdEx835 (pCJS04, F49H12.4::mcherry + ceh-22::GFP)].  

 

Visualization of AVM and PVM ectopic branching 

Confocal images spanning the depth of the animal of wdEx835 

(F49H12.4::mcherry); wdIs52 (F49H12.4::GFP) were taken.  Single z-planes 

were used to identify overlap of adjacent neurons.     

 

Tiling of FLP and converted PVD cell 

F49H12.4::mcherry was used to visualize the ectopic PVD-like cell in the 

anterior while usIs22 (mec-3::GFP) was used to visualize FLP branches.  

Simultaneous imaging of both colors with a confocal microscope was used to 

visualize overlap.  Terminal branches of FLP and PVD were identified in a single 

confocal plane.  Overlap was identified as any two branches that overlap in the 

same plane.   

 

Confocal Microscopy 

Nematodes were immobilized with 15 mM levamisole on a 2% agarose 

pad in M9 buffer.  Images were obtained in a Leica TCS SP5 confocal 
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microscope. Z-stacks were collected with either 40X (1 um/step) or 63X (0.75 

um/step) objectives; single plane projections were generated with Leica 

Application Suite Advanced Fluorescence software.  

 

Light-touch assay 

Stationary animals were tapped just posterior of the pharynx with an 

eyelash pick.  A positive response to touch was defined as any animal that 

initiated backward movement upon stimulus.  All light touch assays were done 

blind to the experimenter.  At least 50 animals were tested per strain.   

 

Calcium Imaging and nociceptive modality 

Optical recordings were performed on a Zeiss Axioskop 2 upright 

compound microscope equipped with a Dual View beam splitter and a Uniblitz 

Shutter. Filter-dichroic pairs were excitation, 400–440; excitation dichroic 455; 

CFP emission, 465–495; emission dichroic 505; YFP emission, 520–550. 

Individual adult worms (~24h past L4) were glued with Dermabond 2-Octyl 

Cyanoacrylate glue to pads composed of 2% agarose in extracellular saline (145 

mM NaCl, 5 mM KCl, 1 mM CaCl2, 5 mM MgCl2, 20 mM d-glucose and 10mM 

HEPES buffer, pH 7.2). Worms used for calcium imaging had similar levels of 

cameleon expression in sensory neurons as inferred from initial fluorescence 

intensity.  

Harsh stimuli were delivered using a glass needle with a sharp end (the 

outcome of these experiments was the same if a piece of platinum wire was 
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used), which was driven into the worm ~30 to 50 µm at speed of 2.8 µm s–1. 

Stimulus duration was ~50 ms.  

For thermal stimulation, a rectangular metal stage (Microscope Thermal 

Stage MTS-1, Techne, Proton-Wilten) was fitted with two 100 W peltier elements 

controlled by a National Instruments controller and custom-made Labview 

software. A T-junction thermocoupler located inside the chamber where the worm 

is positioned provides a continuous stream of readings to the temperature 

controller and adjusts the temperature using a feedback system. A worm grown 

at 20 °C was glued on an agar pad (2%) in a buffer-filled chamber with an 

approximate volume of 0.5 ml. Temperature was shifted from 20°C to 15°C. 

For the glycerol experiments Animals were glued on 2% agarose pads 

using Dermabond 2-Octyl Cyanoacrylate glue. The animals were placed under 

the microscope in a perfusion chamber (RC-26GLP,Warner Instruments) under  

constant flow rate (0.4 ml/min) of neuronal buffer using a perfusion pencil 

(AutoMate). Outflow was regulated using a peristaltic pump (Econo Pump, 

Biorad). Repellents were delivered using the perfusion pencil and manually 

controlled valves. Glycerol were dissolved in M13 buffer to a final concentration 

of 1M.  

Images were recorded at 10 Hz using an iXon EM camera (Andor 

Technology) and captured using IQ1.9 software (Andor Technology). Analysis 

was done using a custom written Matlab (Mathworks) programme. A rectangular 

region of interest (ROI) was drawn surrounding the cell body and for every frame 

the ROI was shifted according to the new position of the centre of mass. 
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Fluorescence intensity, F, was computed as the difference between the sum of 

pixel intensities and the faintest 10% pixels (background) within the ROI. 

Fluorescence ratio R=FY/FC of the yellow and cyan channels after correcting for 

bleed through was used for computing ratio change, ΔR. ΔR for calcium traces 

was equal to (R-R0)/ R0*100, where R0 is the average R within the first 3 sec of 

recording. For statistical quantification ΔR was computed as (R1-R0)/ R0*100, 

where R0 and R1 are the average R over 10 sec prior and following nose touch 

stimulation. Where more than one comparison was made, an ANOVA followed 

by Bonferroni t-tests were used instead. 

 
Microarray data analysis 
 

Microarray data were quantile normalized and probe-specific effects were 

reduced by Robust-Multichip Average (RMA), omitting the background 

adjustment step (Irizarry RA, 2003; Bolstad BM, 2003). Differentially expressed 

genes were determined using a linear model and Bayes-moderated t statistic 

(Smyth GK, 2003; Smyth GK, 2004). Transcripts with > 1.5-fold change and < 

1% False Discovery Rate (FDR) were called differentially expressed 

(summarized in Table 3.3). The PVD-specific transcripts isolated from mec-3 

mutant animals were compared to PVD-specific transcripts from wild-type 

animals. To control for potential sample preparation differences and 

transcriptional changes between wild-type and mec-3 mutants at the whole 

animal level, we used the wild-type and mec-3 whole animal RNA samples used 

for immunoprecipitation of PVD-specific transcripts to identify differentially 

expressed transcripts in whole animals. The significantly different whole animal 
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transcripts were filtered from the list of significantly different PVD-specific 

transcripts to produce the final list PVD-specific mec-3 regulated transcripts 

(summarized in Table 3.3). 	  

 

RESULTS 

 

Mechanosensory neurons adopt distinct morphologies and sensory 

modalities  

C. elegans responds to physical stimuli through a diverse array of 

mechanosensory neurons [118, 120]. Light touch to the body (posterior to 

pharynx) is mediated by six “touch neurons” (AVM, PVM, PLML, PLMR, ALMR, 

ALML) whereas a harsh mechanical stimulus to this region is detected by PVDL 

and PVDR (Figure 3.1)[183].  These neurons occupy unique locations and adopt 

distinct branching patterns. The touch neurons display a simple morphology with 

unbranched longitudinal processes emanating from the cell soma. In contrast, 

the “harsh-touch” PVD neurons are highly branched with an elaborate dendritic 

arbor that envelops the animal in a net-like array (Figure 3.1)[11]. FLP neurons in 

the head, which also respond to harsh mechanical force, show a similar PVD-like 

pattern of orthogonal dendritic branches [12]. PVD displays additional sensory 

responses to temperature and hyperosmolarity (see below)[124]. The members 

of this group of mechanosensory neurons are also distinguished by their 

developmental origins. The touch neurons ALMR, ALML, PLMR and PLML are 

generated in the embryo. AVM and PVM are each produced during the first larval 
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Figure 3.1.  The C. elegans mechanosensitive network in the body.  A,B. confocal z-
projections of PVD::GFP and mec-4::mcherry labels the mechanosensitive neurons in the body 
on left (A) and right (B) sides.  The large dendritic array of PVD neuron envelops the entire body.  
Light-touch neurons, ALML, PVM and PLML are located on the left, ALMR, AVM and PLMR on 
the right.  C. Images of post-embryonic neurons PVM and PVD on the left side and PVD and 
AVM on the right.  Note the simple morphology of light-touch neurons.  D. Schematic of the 
mechanosensitive neurons in C. elegans on both the left and right side of the animal. E.  Cell 
lineage of PVD and post-embryonic touch neurons AVM and PVM on the left and right sides. 
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(L1) stage by unique patterns of cell migration and division of Q-cell progenitors 

on the right (AVM) and left (PVM) sides of the body (Figure 3.1C). PVDL and 

PVDR arise from the ectodermal blast cell V5 during the second larval (L2) stage 

(Figure 3.1E)[119]; the highly branched PVD dendritic arbor emerges during later 

larval (L3-L4) development [12].  The proper development of these cells is 

essential for the animal to distinguish dangerous strikes from light mechanical 

brushes and thereby controls behaviors that are important for animal survival.  To 

identify molecules required for the proper balance of this mechanical network we 

identified proteins required for the elaborate PVD branching pattern. 

 

AHR-1/Spineless prevents AVM from adopting a PVD-like fate 

On the basis of a genetic screen for transcription factors that regulate PVD 

morphology, we initially reported that PVD displays extra dendritic branches in an 

ahr-1/spineless mutant [12].  A closer examination of ahr-1(ju145) animals 

revealed, however, that the additional PVD-like branches actually arise from 

another cell soma that expresses the PVD marker, F49H12.4::GFP [163] (Figure 

3.2). In most cases, this ectopic PVD-like cell is located anterior to the vulva 

whereas PVD is positioned in the posterior body (Figure 3.2B,C). In addition to 

mimicking the PVD pattern of dendritic branching, the extra PVD-like cell also 

expressed PVD-specific GFP markers for ser2prom3 and egl-46 (Table 3.1) [12, 

124].  

We hypothesized that the extra PVD-like cell may be generated by a 

lineage duplication of PVD.  To test this we visualized a marker for PDE, a 
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Table	  3.1.	  	  Molecular	  Markers	  for	  mechanosensitive	  cells.	  	  PVD	  markers	  
F49H12.4,	  asci-‐1,	  ser2prom3	  are	  expressed	  in	  PVD	  in	  wild-‐type	  neurons.	  	  In	  ahr-‐1	  
and	  zag-‐1	  mutants,	  PVD	  markers	  are	  expressed	  ectopically	  in	  AVM	  and	  PVM.	  	  An	  
extra	  DAT-‐1	  cell	  is	  not	  present	  in	  ahr-‐1	  and	  zag-‐1	  mutants.	  	  Light-‐touch	  marker	  mec-‐
4	  is	  expressed	  in	  wild-‐type	  AVM	  and	  PVM	  but	  are	  not	  expressed	  in	  AVM	  of	  ahr-‐1	  or	  
PVM	  of	  zag-‐1.	  	  MEC-‐3	  expression	  is	  seen	  in	  all	  mechanosensitive	  cells	  in	  both	  wild-‐
type	  and	  mutants	  backgrounds.	  	  However,	  levels	  of	  MEC-‐3::GFP	  are	  altered	  in	  ahr-‐1	  
mutants	  (see	  figure	  5).	  	  Numbers	  represent	  cells	  with	  marker/total	  number	  
counted.	  	  The	  cAVM	  and	  cPVM	  also	  expressed	  egl-‐46.	  
	  

Molecular	  
marker	  

Genotype	  
wildtype	   ahr-‐1	  (ju145)	   zag-‐1	  (rh315)	  

AVM	   PVM	   PVD	   AVM	   PVM	   PVD	   AVM	   PVM	   PVD	  
F49H12.4	   0/50	   0/50	   50/50	   25/40	   1/40	   40/40	   9/40	   38/40	   40/40	  
asic-‐1	   0/20	   0/20	   20/20	   -‐-‐	   -‐-‐	   -‐-‐	   0/20	   17/20	   20/20	  
ser2prom3	   0/20	   0/20	   20/20	   12/20	   1/20	   20/20	   0/20	   18/20	   20/20	  
mec-‐3	   20/20	   20/20	   20/20	   20/20	   20/20	   20/20	   30/30	   30/30	   30/30	  
dat-‐1	   0/20	   0/20	   0/20	   0/20	   0/20	   0/20	   0/20	   0/20	   0/20	  
mec-‐4	   20/20	   20/20	   0/20	   1/7	   7/7	   0/7	   21/21	   1/21	   0/21	  
	  
	  

103



lineage sister of PVD [119, 203].  However, we did not observe an additional 

PDE neuron in the anterior ruling out that the extra cell is from a lineage 

duplication (Table 3.1). We therefore considered the alternative possibility that 

the extra PVD-like cell could have arisen from a cell-fate conversion.  The extra 

PVD-like neuron is located in an anterior lateral region normally occupied by 

AVM and its lineal sister SDQR (Figure 3.2I).  To test this model we visualized a 

marker of AVM.  We noted that the light touch neuron-specific marker mec-

4::mCherry was expressed in only 5 cells in ahr-1 mutants (86% of 

animals)(Table 3.1) whereas mec-4::mCherry marks 6 light touch neurons in the 

wild-type animals [204].  In a small fraction of cases (5%) an AVM cell of normal 

morphology expresses mec-4::mCherry and SDQR adopts a PVD-like 

morphology in the ahr-1 mutant (data not shown). These results match the 

known expression of AHR-1/spineless in the Q-cell lineage and therefore suggest 

that AVM (and occasionally SDQR) has been converted to a PVD-like cell in the 

absence of ahr-1/spineless [205]. We therefore refer to the ectoptic PVD-like cell 

as “converted AVM” cell or “cAVM.”  

The AVM cell arises in the early L2 larvae animals before PVD is 

generated [119].  We hypothesized that if cAVM generated PVD-like dendritic 

branches we would expect to see dendritic branching in animals before PVD 

arises. To characterize this, we visualized initiated branches in cAVM neurons in 

early L2 larvae animals (Figure 3.2D).  We found that cAVM displayed dendritic 

branching in early L2 Larvae animals.  We therefore conclude that cAVM 

generates dendritic branches similar to PVD in L2 larvae animals.  We 
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Figure 3.2.  AHR-1/Spineless restricts nociceptive fate.  A.  Confocal z-projection of wild-type 
AVM neurons display a simple morphology with a process that enters the ventral nerve cord and 
turns anterior in the nerve ring of the head.  B,C. In ahr-1 (ju145) animals, AVM displays a large 
dendritic tree that contains an axon that enters the ventral nerve cord and navigates posterior.  
The dendritic tree of in cAVM (B, top) is similar to the PVD (B, bottom) array including an axon 
that projects toward the vulva.  D.  cAVM shows PVD-like lateral branches in the L2 stage.  Arrow 
denotes newly generated PVD neuron that has not initiated branching at this stage. E,G. 
Confocal image and schematic showing this dendritic array is maintained in adult animals.  The 
dendritic array of AVM appears to be truncated where PVD intersects it.  F, H. Confocal image 
and schematic of AVM and FLP dendritic branches in ahr-1 (ju145) mutants.  cAVM and FLP 
dendritic branches to not overlap (n=18/20 animals).  I, J. Schematic of wild-type and the ahr-1 
(ju145) mechanosensitive neurons on the right side shows an extra nociceptive cell in ahr-1 
mutants that tile with FLP and PVD.	  
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hypothesized that cAVM neuron maintained these PVD-like branches in the 

adult.  To test this we visualized PVD and cAVM in adult animals.  For 

simultaneous observation of cAVM and PVD, we combined a mosaic 

PVD::mcherry marker with the integrated PVD::GFP label (see methods). We 

visualized the individual morphology of each neuron in randomly occurring 

animals that retain the PVD::mCherry marker in cAVM (mCherry + GFP) but not 

PVD (GFP only). This analysis confirmed that cAVM retains a PVD-like 

branching pattern in the adult (Figure 3.2E,G) in contrast to the normal AVM 

morphology of a single process that exits the cell soma, enters the ventral nerve 

cord and projects anteriorly to the nerve ring (Figure 3.2A). 

The combination of the stable PVD::GFP marker with the mosaic 

PVD::mCherry label also revealed that cAVM branches rarely overlap with the 

PVD dendritic arbor which appeared truncated and failed to enter the region 

occupied by cAVM in ahr-1 mutants (Figure 3.2E). In contrast, in wild-type 

animals, PVD dendrites may touch AVM as they extend anteriorly to envelop the 

entire body region (Figure 3.1A).  This feature is reminiscent of the tiling that is 

normally visualized in PVD and FLP neurons that rarely overlap in head of wild-

type animals [12].  We therefore hypothesized that cAVM adopted the molecular 

identity to tile with nociceptive neurons.  To ask this we simultaneously visualized 

cAVM and FLP by marking FLP with mec-3::GFP and cAVM with PVD::mcherry. 

In ahr-1 mutant animals, the cAVM neuron consistently tiled with FLP (15/16 

animals)(Figure 3.2F,H). Dendritic tiling is characteristic of sensory neurons that 

display similar sensory modalities [9, 95, 206]. Our results are therefore 
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consistent with a model in which the AVM touch neuron in ahr-1 mutant animals 

is converted into a harsh touch mechanosensory neuron resembling PVD and 

FLP.  

We noted an additional feature of cAVM morphology that is also indicative 

of this transformation. In wild-type animals, a single axon projects downward 

from the PVD cell soma to enter the nerve cord and extends anteriorly to 

terminate before reaching the vulval region [12, 121]. (Figure 3.1A,B).  In the wild 

type, the AVM axon shows a similar downward trajectory but enters the ventral 

nerve cord anterior to the vulva and projects into the nerve ring in the head [121]. 

In ahr-1 mutants, the PVD axon appears normal (Figure 3.2B).  We hypothesized 

that if cAVM is converted to a PVD-like cell it may adopt a PVD axon guidance 

path.  To ask this we visualized the axon of cAVM.  In ahr-1 mutants the cAVM 

axon now extends posteriorly in the ventral nerve cord and grows toward the 

region occupied by the PVD axon posterior to the vulva (Figure 3.2B). These 

results suggest that cAVM has adopted an identity that changes its axonal 

guidance program to that of PVD. Furthermore, the convergent outgrowth of the 

cAVM and PVD axons toward a common destination in the ventral nerve cord is 

suggestive of a potential guidance cue originating from this region. Together, our 

results suggest that AHR-1 normally functions in the Q-cell lineage to prevent 

AVM from adopting a PVD-like fate. 

 

 

 

108



cAVM adopts sensory modalities normally displayed by PVD neurons 

In the wild-type animal, AVM mediates a characteristic response to “light 

touch;” application of gentle physical stimulus (e.g., with an eyelash) to the 

anterior body region occupied by AVM evokes a backward locomotory escape 

response [118].   We hypothesized that the extra branches and the change in the 

axonal guidance of the cAVM neuron in ahr-1 mutants would impact the animal’s 

behavior to a light mechanical stimulus.  To test this we induced a light-touch 

behavioral response just posterior to the pharynx (Figure 3.4A).  A majority (97%) 

of wild-type animals crawl backward after light touch to the anterior body (Figure 

3.4B) whereas a significant fraction (~40%, p < 0.05) of ahr-1 mutant animals 

failed to react to this stimulus (Figure 3.4B). To test the idea that cAVM is 

specifically defective in light touch, we used a cameleon marker to visualize 

calcium transients in cAVM. This experiment revealed that cAVM neurons in ahr-

1 mutant animals are less likely to respond to light mechanical stimuli than the 

wild-type AVM neuron (2/5 ahr-1 cAVM responded).  Thus, these data are 

consistent with the defective behavioral response of ahr-1 mutants in the light 

touch assay (Figure 3.4B). Since the cAVM cell strongly resembles PVD in ahr-1 

mutants we next asked if cAVM also adopts PVD-like sensory modalities. We 

first established that harsh-touch elicits a calcium transient in the cAVM cell 

similar to that of PVD neurons in wild type animals and in ahr-1 mutants (Figure 

3.4F).  In wild-type animals the PVD cell responds to cold temperature whereas 

AVM does not.  To ask if cAVM adopted PVD sensory modalities we visualized 

the cAVM response to cold temperature. cAVM displayed a similar cold 
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temperature response as PVD (Figure 3.4D). We also exposed ahr-1 mutants to 

1 M glycerol to confirm that cAVM responds to the newly discovered sensitivity of 

PVD to hyperosmolarity (Figure 3.4E). Thus in ahr-1 mutants the proper AVM 

response to mechanical stimulus is lost.  These data suggest that AHR-

1/spineless not only controls AVM morphology and axon guidance but also 

defines AVM sensory function. We therefore conclude that cAVM cells are 

converted to a PVD-like fate in ahr-1 mutant animals.   

 

ZAG-1 prevents PVM from adopting a PVD-like fate 

We quantified the percentage of animals with extra PVD-like cells in the 

anterior vs posterior regions that correspond to the locations of the two post-

embryonic touch neurons, AVM and PVM. Extra PVD-like cells were never 

observed in wild-type animals (Table 3.2). A majority (63%) of ahr-1 mutant 

animals show an ectopic PVD-like cell in the anterior region normally occupied by 

AVM (Table 3.2).  Interestingly, the PVM cell also converted to a PVD-like 

morphology but at a much lower frequency (Table 3.2).  We therefore considered 

the possibility that AHR-1 functions primarily to specify the AVM cell-fate but also 

exercises a minor parallel role in the PVM progenitor.  This idea is substantiated 

by the finding that a null allele of the AHR-1 cofactor, AHA-1 [205], resulted in a 

similarly biased transformation of AVM vs PVM to a PVD-like fate (Table 3.2).  

Thus, we hypothesized that an additional transcription factor could be primarily 

required for specifying the PVM cell-fate. We have previously reported that a 

mutation in the conserved Zn finger/homeodomain transcription factor, ZAG-1, 
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Table	  3.2.	  	  Genetic	  interaction	  between	  ahr-‐1	  and	  zag-‐1	  mutants.	  	  Extra	  PVD	  
cells	  are	  seen	  in	  the	  location	  of	  AVM	  and	  PVM	  and	  ahr-‐1	  and	  zag-‐1	  mutants.	  	  Double	  
mutants	  of	  ahr-‐1;	  zag-‐1	  have	  both	  cAVM	  and	  cPVM	  suggesting	  they	  function	  in	  
different	  cells	  to	  restrict	  nociceptive	  fate.	  	  
	  
Duplicated	  cell	   Wild-‐type	   ahr-‐1	   aha-‐1	   zag-‐1	   ahr-‐1;	  zag-‐1	  

AVM	  only	  :	   0/50	   23/40	   29/40	   0/40	   2/40	  
PVM	  only	  :	   0/50	   1/40	   0/40	   29/40	   0/40	  

AVM	  and	  PVM:	   0/50	   2/40	   4/40	   9/40	   38/40	  
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results in an extra PVD cell on one side of the body [12](Chapter 2) and therefore 

considered the possibility that ZAG-1 could fulfill this role. 

PVM is located on the left side of the animal and adjacent to the PVD cell 

soma [118, 121](Figure 3.1A,C,D,E).  Mutants of zag-1 (rh315) showed an extra 

PVD-like cell in this location (Figure 3.3A,B).  In addition to displaying the highly 

branched morphology that is characteristic of PVD, the extra PVD-like cell also 

expressed multiple PVD markers (Table 3.1). We considered the possibility that 

this PVD-like cell could have arisen from duplication of the PVD lineage (Figure 

3.1E). However, the absence of an additional dat-1::mcherry-expressing PDE 

neuron in zag-1(rh315) ruled out this model (Table 3.1).  Because the PVD sister 

cell, V5Rpaapp, normally undergoes programmed cell death (Figure 3.1E) we 

considered a model in which this cell survives in the zag-1 mutant and gives rise 

to a duplicate PVD neuron. To test this we visualized zag-1 mutants in 

conjunction with a mutant that blocks apoptosis.  We ruled out this model by 

finding that a mutation in the egl-1 gene that normally blocks V5Rpaapp 

apoptosis results in a third PVD-like cell on the left side in the zag-1; egl-1 double 

mutant (~30% have 3 PVD cells).  We next hypothesized that the extra PVD cell 

may arise from a cell fate conversion.  We visualized PVM with mec-4::mcherry 

to test if the PVM cell could be converted.  Expression of the light-touch neuron 

specific marker, mec-4::mcherry, was not detected in this region therefore 

suggesting that the normal PVM cell is missing in the zag-1 mutant (Table 3.1). 

Based on these results, we conclude that the extra PVD neuron observed in zag-
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Figure 3.3.  ZAG-1 is required to restrict nociceptive fate.  A.  Confocal image of the left side 
of the animal showing an extra PVD-like cell in zag-1 mutants.  B.  Inset image shows cPVM 
neuron with PVD-like branches.  C.  cPVM shows lateral branches in the L2 stage before PVD 
initiates dendritic morphogenesis. D,E,F Confocal images of cPVM and PVD showing that 
dendritic branching is maintained in the adult animals although with less coverage.  G.  
Schematic of the mechanosensitive cells on the left side in wild-type and zag-1 animals.  ZAG-1 
mutants lack the light-touch neuron PVM.  H.  Cell lineage of PVM in wildtype and zag-1 mutants.   
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1 mutants arises from the conversion of PVM into a PVD-like cell.  We refer to 

this converted PVM cell in zag-1 mutants as cPVM.   

We hypothesized that cPVM adopted PVD-like branching. The timing at 

which cPVM initiates lateral branching is consistent with the proposal that PVM is 

converted to a PVD-like fate in zag-1 mutants. PVM normally arises soon after 

hatching in the wild type and cPVM was also initially observed in the first larval 

stage of zag-1 mutant animals. As noted earlier for cAVM, the cPVM cell initiated 

a PVD-like branching pattern in L2 larvae in zag-1 mutants whereas the PVD 

neuron, which first appears in L2 animals, does not display lateral branches until 

later, in the L3 larval stage (Figure 3.3C)[12] We hypothesized that this dendritic 

branching was maintained in adults.  We used transgenic animals expressing the 

mosaic PVD::mCherry marker to distinguish PVD vs cPVM lateral branches in 

later larval stages and in the adult. Random loss of the mCherry marker from 

PVD but not cPVM confirmed that the PVD-like branching pattern of the cPVM 

cell is retained during larval development (Figure 3.3D). This analysis also 

revealed that PVD (marked with PVD::GFP) showed a reduced number of lateral 

branches in the zag-1 mutant and that, in general, PVD and cPVM branches did 

not overlap (Figure 3.3D-F). This observation stands in contrast to wild-type 

animals in which PVD and PVM processes may contact one another (Figure 

3.1D-F). The apparent tiling activity of PVD and cPVM is consistent with a model 

in which ZAG-1 normally functions to prevent PVM from adopting a PVD-like 

mechanosensitive fate.   
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cPVM neurons display PVD-like nociceptive responses 

The transformation of PVM to a PVD-like neuron predicts that sensitivity to 

light touch, which depends in part on PVM, should be impaired by the zag-1 

mutation [118]. As previously noted for ahr-1 mutants, zag-1 animals showed a 

defective response in the light touch assay (Figure 3.4B). These data 

demonstrate that ZAG-1 function is required for a robust light-touch response.  

We hypothesized that like cAVM in ahr-1 mutants, cPVM in zag-1 mutants adopt 

a nociceptive modality.  We used calcium imaging to confirm that cPVM neurons 

display a strong response to cold temperature stimuli that is not visualized in 

wild-type PVM (Figure 3.4D).  cPVM also responded to other nociceptive sensory 

modalities (Figure 3.4D-F).  These calcium transients were comparable to that of 

the PVD cell in zag-1 mutants and to wild-type PVD cells.  Interestingly, we did 

see some variation in the response of both the converted PVM and PVD cells in 

zag-1 mutants (data not shown).  We hypothesize that this is likely from the loss 

of branch coverage in zag-1 mutants. Nonetheless, we conclude that zag-1 

controls the morphology and sensory modality of PVM. 

 

AHR-1 and ZAG-1 function to maintain mechanosensitive balance  

Our results indicate that most PVM neurons are converted into an extra 

PVD-like cell, cPVM, in zag-1 mutants (Table 3.2). Close inspection revealed that 

a small fraction of AVM neurons are also transformed into a PVD-like cell in zag-

1 animals (Table 3.2). Because the ahr-1 mutant shows a reciprocal effect in 

which the AVM adopts a PVD-like fate more frequently than PVM, we 
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Figure 3.4.  AHR-1 and ZAG-1 specify sensory neuron function.  A. Experimental design of 
light-touch assay.  B. Quantification of light-touch assay showing that 97% of wild-type animals 
responded.  A significantly smaller fraction of ahr-1 (59%) and zag-1 (45%) animals are affected.  
C.  Representative traces showing calcium transients in designated neurons. Note the similarity 
between the response.  D.  Quantification of calcium change showing cAVM and cPVM respond 
to cold temperature like PVD. E.  Quantification of cameleon signal showing that hyperosmolarity 
(1 M glycerol) evokes a PVD-like response in cAVM and cPVM. F.  Quantification of harsh touch 
shows that cAVM and cPVM respond to harsh touch.  Numbers of animals examined are noted 
on histograms.   
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hypothesized that AHR-1 and ZAG-1 could function together to define the cell-

fate of both post-embryonic light-touch neurons.  To test this we visualized 

PVD::GFP in zag-1;ahr-1 double mutants.  In zag-1; ahr-1 double mutants, 95% 

of animals showed conversion of both AVM and PVM into a PVD-like cell (Table 

3.2).  These results suggest that that AHR-1 is primarily required in AVM but also 

contributes to the PVM touch neuron fate.  Conversely, ZAG-1 primarily defines 

the PVM fate but also functions with AHR-1 to specify AVM. Because AHR-1 and 

ZAG-1 are required in AVM and PVM to prevent the adoption of the PVD 

nociceptor fate, we next asked if they interact with MEC-3, a protein with dual 

roles in specifying both PVD and touch neuron fate. 

 

AHR-1 functions with MEC-3 to specify light-touch mechanosensory 

neuron fate. 

MEC-3 encodes a conserved LIM homeodomain transcription factor that is 

required for normal development of both PVD and light touch mechanosensory 

neurons [183]. Lateral branches are not generated in mec-3 mutant PVD neurons 

which suggests that MEC-3 activates a transcriptional cascade that promotes 

dendritic branching [11, 12]. Because cAVM adopts a PVD-like morphology in 

ahr-1 mutant animals, we wondered if MEC-3 was also required for this elaborate 

dendritic branching pattern. To test this idea, we generated a double mutant of 

ahr-1; mec-3 and determined that cAVM neurons now resemble the simple, 

unbranched morphology of mec-3 mutant PVD neurons (Figure 3.5H,I).  This 

result confirms that MEC-3 function is necessary for cAVM branching in the ahr-1 

117



mutant. Two potential models are consistent with this result: (1) AHR-1 normally 

limits mec-3 expression in the touch neurons; (2) AHR-1 functions downstream to 

block expression of MEC-3-dependent targets that drive the creation of PVD-like 

branches. To address this question, we first asked if AHR-1 regulates mec-3. 

In wild-type animals, mec-3 is normally expressed in the 6 light touch 

neurons and in the FLP and PVD neurons [123, 207](Figure 3.5B).  We noted 

that a mec-3::GFP reporter was strongly expressed in the touch neurons and in 

FLP but showed a weaker intensity in PVD. In the ahr-1 mutant, mec-3::GFP 

expression was substantially reduced in cAVM in comparison to the wild type 

AVM neuron (Figure 3.5A,B). This finding argued against the idea that AHR-1 

inhibits mec-3 expression and favored the alternative possibility that AHR-1 

actually activates mec-3 to specify touch neuron traits. We tested this idea by 

examining the touch neuron-specific marker mec-4::mcherry which normally 

depends on mec-3 function for expression in AVM [208]. mec-4::mCherry is not 

detected in cAVM neurons in ahr-1 mutants but is restored by over-expression of 

MEC-3 in an ahr-1 mutant (Table 3.1,  Figure 3.5D,E).  It is also important to note 

that over-expression of mec-3 in ahr-1 mutants did not prevent the formation of 

ectopic PVD-like branches or inhibit expression of the PVD-specific marker gene, 

F49H12.4::GFP in cAVM (Figure 3.5E).  These results are consistent with a 

model in which MEC-3 must exceed a high threshold to activate expression of 

light touch neuron genes (e.g., mec-4) but that low levels of MEC-3 are sufficient 

to drive expression of transcripts that specify PVD-like traits (e.g., lateral 

branching). We therefore considered the hypothesis that AHR-1 negatively 

118



 
 
Figure 3.5.  AHR-1 interacts with MEC-3 to control cellular fate.  A.  Quantification of usIs22 
(mec-3::GFP) in AVM in wild-type (wt) and ahr-1.  Black represents strong mec-3::GFP 
expression, PVD-like (red) represents weak mec-3:GFP expression.  B.  Representative image of 
AVM in wild-type and cAVM in ahr-1 mutants.  Note that mec-3::GFP shows strong expression in 
ALM in both wt and ahr-1. D.  PVD::GFP (green), mec-4::mcherry (red) and merge shows loss of 
mec-4 expression in mutants.  E.  Overexpression of mec-3 in cAVM restores mec-4:mcherry 
expression.  F.  Schematic of transcriptional pathway in ahr-1 (F) and ahr-1 with cAVM::MEC-3 
(G).  H,I.  Confocal images reveal that ahr-1 mutants display an extra PVD-like cell in the anterior 
that fails to develop lateral PVD-like branchines in ahr-1; mec-3 double mutants. J.  
Transcriptional code for generation of AVM. 
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regulates PVD-like branching in AVM by inhibiting MEC-3 transcriptional targets 

and set out to identify these downstream genes. 

 

MEC-3 regulated target genes are required for dendritic branching. 

MEC-3 is likely to regulate different sets of transcripts in light touch vs 

PVD neurons because these two classes of mechanosensitive neurons adopt 

distinct morphologies and functions. We hypothesized, for example, that MEC-3-

regulated targets in PVD should include genes that promote branching since 

PVD neurons show a branchless phenotype in mec-3 mutants [11, 12]. To 

identify these genes, we used the mRNA tagging method to isolate PVD-specific 

transcripts from L2 stage larvae during the period in which PVD lateral branching 

is first observed [12]. A comparison of wild-type vs mec-3 mutant PVD profiles 

revealed differentially expressed transcripts (See Methods). We focused on the 

list of 185 genes that were down regulated in the mec-3 sample because MEC-3 

is reported to function as a transcriptional activator [123, 194]. This analysis 

revealed several known MEC-3 regulated genes (acp-2, des-2, deg-3, mec-7, 

mec-10, mec-18) [194, 209]. Novel targets from this list encode a wide array of 

protein types including extracellular matrix proteins, transcription factors and cell-

surface receptors (Table 3.3).  

 

A MEC-3 harsh-touch target, hpo-30, is controlled by AHR-1 

Our microarray revealed that HPO-30/Claudin was a potential MEC-3 

harsh-touch transcriptional target (Table 3.3).  To confirm this result we 
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Table	  3.3.	  	  Summary	  of	  potential	  MEC-‐3	  harsh-‐touch	  targets..	  All	  the	  data	  
represented	  in	  this	  table	  was	  collected	  by	  Tim	  O’Brien.	  	  	  	  
	  
Protein	  Type	   Enriched	  in	  

microarray	   Conserved	   MEC-‐3	  
binding	  site	  

Screened	  for	  
PVD	  defect	   Hits	   Conserved	  

hits	  
Notable	  

Gene	  Names	  
Acetylcholine	  receptor	   2	   2	   1	   1	   0	   0	   	  

Enzyme	   28	   26	   12	   18	   3	   3	   pef-‐1,	  acp-‐2	  
extracellular	  matrix	   13	   13	   2	   9	   2	   2	   col-‐159	  

f-‐box	  protein	   3	   2	   3	   3	   0	   0	   	  
Kinase	   2	   2	   0	   1	   1	   1	   T16G1.5	  
Ligand	   10	   8	   6	   7	   0	   0	   	  

Mechanosensation	   4	   4	   2	   0	   0	   0	   	  
Metal	  Transfer	   4	   3	   1	   2	   0	   0	   	  
Neuropeptide	   3	   2	   2	   1	   0	   0	   	  
Receptor	   7	   7	   2	   4	   2	   2	   fukutin,	  hpo-‐30	  

Secreted	  Molecules	   4	   3	   1	   1	   0	   0	   	  
Transcription	  Factor	   4	   3	   2	   4	   2	   2	   zag-‐1,	  egl-‐46	  

Transporter	   4	   4	   4	   2	   0	   0	   	  
Uncharacterized	  protein	   93	   77	   43	   32	   8	   6	   	  

Total	   181	   156	   81	   85	   18	   16	   	  
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visualized an hpo-30 transcriptional reporter in the mec-3 mutant.  Consistent 

with our hypothesis that MEC-3 activated hpo-30 transcription, hpo-30::GFP 

intensity was reduced in PVD of mec-3 mutants compared to PVD of wild-type 

animals (Figure 3.6G,H).  This result this consistent with the hypothesis that 

MEC-3 positively regulates hpo-30 transcription in PVD. 

Since MEC-3 is required for the elaborate branching and transcriptionally 

controls hpo-30 we hypothesized that hpo-30 may be important for PVD dendritic 

morphogenesis.  To test this we visualized PVD in hpo-30 mutants. This analysis 

showed that hpo-30 is required for the elaborate dendritic pattern of PVD (Figure 

3.6C).  Since HPO-30 is required for branching of PVD, we hypothesized that it 

would also be required for branching of the extra PVD-like cell, cAVM, in ahr-1 

mutants.  To test this hypothesis we generated an ahr-1; hpo-30 mutant.  

Consistent with our hypothesis, ahr-1; hpo-30 mutants had cAVM neurons that 

resembled PVD in hpo-30 mutants (e.g. unbranched neuron)(Figure 3.6A-D).  

Based on these data we hypothesize that the extra branching that is generated in 

ahr-1 mutants is dependent on ectopic hpo-30 expression and thus AHR-1 

normally inhibits hpo-30 expression to prevent nociceptive-like dendritic 

branching in the light-touch neuron AVM (Figure 3.6E).  If AHR-1 does negatively 

regulate hpo-30 in AVM then hpo-30::GFP should be ectopically expressed in 

ahr-1 mutants in AVM.  Consistent with this hypothesis hpo-30::GFP was 

expressed in cAVM in ahr-1 mutants (Figure 3.6F).  In wild-type animals, hpo-

30::GFP was never visualized in AVM (data not shown).  These results therefore 

suggest that AHR-1 blocks a MEC-3 harsh-touch target, HPO-30 in AVM. 
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Figure 3.6  AHR-1 inhibits MEC-3 harsh-touch targets.  A.  Confocal image of PVD::GFP in 
ahr-1 (ju145); hpo-30 (ok2047).  B-D. Schematic of PVD and AVM in ahr-1 (ju145) (B), hpo-30 
(ok2047) (C) and ahr-1 (ju145);hpo-30 (ok2047) (D) that shows PVD (posterior) and cAVM 
(anterior) have reduced branching.  Anterior to the left and ventral down. E.  Model showing 
MEC-3 positively regulates hpo-30 and AHR-1 negatively regulates hpo-30.  F.  Confocal image 
of PVD::mcherry and hpo-30::GFP showing ectopic expression of hpo-30 in cAVM.  G.  Model for 
MEC-3 control of hpo-30 in PVD.  H  Confocal images of hpo-30::GFP and quantification of its 
intensity in wild-type animals (wt) and mec-3 (e1338) mutants.   
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Model of a transcriptional cascade that maintains the mechanosensitive 

network 

 UNC-86 and MEC-3 have been shown to be required for differentiation of 

both light-touch and harsh-touch neurons [192].  However, based on the different 

morphology and function of these two cell types it is apparent that there must be 

a difference in the transcriptional identity that is activated by MEC-3. We propose 

that in light-touch neurons, a harsh-touch inhibitor is expressed (AHR-1 or ZAG-

1) that inhibits MEC-3 targets that specify harsh-touch morphology (e.g. hpo-30) 

and function.  In such a model, only light-touch genes can be activated.  When 

the harsh-touch inhibitor is lost in light-touch cells, MEC-3 harsh-touch targets 

are ectopically activated and transform the cell into a nociceptive modality.  In 

harsh-touch neurons, a mirror model may exist such that MEC-3 activates both 

harsh-touch and light-touch genes but that a light-touch inhibitor prevents 

expression of light-touch genes.  However, we favor a model that elevated MEC-

3 levels in light touch neurons controls light touch transcripts and this threshold is 

not reached in PVD.  

 

DISCUSSION  

 

The nervous system is crowded with neurons that have different morphologies 

and functions [7].  How a neuron specifies its morphology and function is likely 

controlled intrinsically by a transcriptional network and extrinsically by 
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environmental cues [4, 6].  In this study we identify an intrinsic molecular 

pathway that controls the dendritic morphology of two different neuronal types.   

We show that AHR-1/Spineless limits nociceptive fate by inhibiting harsh-touch 

targets.  This prevents light-touch cells from generating large dendritic trees that 

respond to harsh stimuli.  The tight regulation of MEC-3 targets provides the 

animal with the ability to make two distinct cell types with a single transcriptional 

activator.      

 

A conserved role for AHR-1 

Many transcription factors have been shown to be required for dendritic 

morphogenesis [12, 13].  Despite the extensive knowledge known about the 

transcription factors the targets of these proteins have been largely elusive.  For 

example, AHR-1/Spineless is required to specify the complexity of Drosophila 

sensory neurons but does not seem to regulate key components that control 

dendritic branching such as abrut and cut [23].  For the first time, our study 

identifies that AHR-1 does regulate a key component of dendritic branching.   

The AHR-1 transcriptional network we describe demonstrates that the 

AHR-1 requirement in dendritic development is conserved.  In Drosophila, AHR-

1/Spineless shares a common role such that it controls the complexity of sensory 

neurons [23].   The conservation of this role between nematodes and insects 

suggests that AHR-1 is likely to adopt a similar function in vertebrate sensory 

neurons.  Our study also identifies many new aspects of the AHR-1 pathway.  In 

Drosophila, the AHR-1 cofactor was not identified to be required [23].  In 
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contrast, the AHR-1 cofactor, AHA-1, is required to control dendritic 

morphogenesis in C. elegans.   Our studies also demonstrate that loss of AHR-1 

results in a neuron that responds to harsh touch stimuli.  This suggests that AHR-

1 not only controls branching genes but also other aspects of fate such as 

nociceptive mechanosensitive channels.  Lastly, in C. elegans, it is plausible that 

AHR-1 does not control dendritic complexity of harsh touch neurons directly.  

Instead, the loss of branching that is visualized in harsh-touch neurons could be 

from gain of function tiling with newly specified harsh-touch neurons.  We 

therefore hypothesize that AHR-1 also controls “identity” proteins that aid in tiling.  

The identification of such proteins will be important for future studies since 

proteins required for tiling have not been clearly identified. We note that in a 

small percentage of ahr-1 mutants AVM does not appear to be fully converted 

and may retain light-touch sensitivity while also acquiring the ability to respond to 

harsh-touch.  In these cases, AVM may represent a chimeric sensory neuron that 

has both light-touch and harsh-touch sensitivity.  

 

MEC-3 transcription factor specifies multiple fates 

MEC-3 has been shown to be a key determinant of light-touch neurons 

[123, 183].  Similarly, it is required for branching nociceptive neurons [11, 124, 

183].  However, there is a clear difference between the light touch neurons that 

exhibit a simple morphology and the nociceptive neurons that display complex 

dendritic trees.  This begs the question as to how MEC-3 is required to specify 

two distinct neuronal types.  Our model suggests that the MEC-3 can activate 
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both harsh touch and light touch genes.  However, in light touch neurons, AHR-1 

inhibits harsh touch genes and thereby only light-touch genes are expressed.  In 

harsh touch neurons there could be a similar transcription factor that instead 

inhibits light-touch targets.  This idea is supported by work in the other C. 

elegans harsh-touch neurons, FLP. In FLP, EGL-46 and EGL-44 are required to 

prevent MEC-4 expression, a terminal light-touch protein [208].  Thus, EGL-46 

and EGL-44 function as light-touch inhibitors in a harsh-touch neuron.  However, 

we show that high levels of MEC-3 can induce expression of light-touch genes in 

PVD.  These results suggest that as long as MEC-3 levels are low in PVD, light-

touch genes will not be expressed.  Thus it is plausible that controlling 

concentration of MEC-3 in light and harsh touch cells is sufficient to produce two 

different cell-types.  These models provide an elegant solution to explain how 

MEC-3 could function in both harsh and light touch neurons to drive two different 

neural outcomes.  

The finding that mRNAs from light-touch genes are expressed at low 

levels in the harsh-touch neuron FLP is also consistent with this model [207].  In 

other words, since MEC-3 is driving expression of both light-touch and harsh 

touch genes in FLP it seems plausible that light touch mRNAs would be detected 

in FLP.  This detection of light-touch mRNAs could be from an imperfect 

inhibition at the transcriptional level from a light-touch inhibitor, likely EGL-44 and 

EGL-46.  The combination of both a light-touch inhibitor preventing transcription 

and a protein (i.e ALR-1) inhibiting translation from imperfect control of 
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transcription [210] limits FLP neurons from becoming light touch neurons.   This 

therefore provides a two-tier control to tightly regulate FLP neuronal fate.   

ZAG-1 may function similar to AHR-1 but in PLM.  It would intriguing to 

determine the control of MEC-3 harsh-touch targets by ZAG-1.  For example, 

visualizing hpo-30 expression in ZAG-1 mutants would help to resolve the 

hypothesis that ZAG-1 controls MEC-3 harsh-touch targets.  

The results reported in this work reveal an intrinsic transcriptional network 

that specifies neuronal fate.  Through a precise transcription factor code, the 

nervous system can generate a myriad of different neurons with varying 

morphologies and functions.  Interestingly, a switch in a single factor within this 

code can result in an animal that has an imbalance of mechanosensitive cells 

that can alter behavior induced by environmental stimuli. 
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CHAPTER IV 

 

NETRIN (UNC-6) MEDIATES DENDRITIC SELF-AVOIDANCE 

 

INTRODUCTION 

 

Sensory neurons form highly branched networks of dendritic processes. 

Despite the complexity of these structures, dendrites arising from a given neuron 

rarely overlap. This phenomenon of self-avoidance is widely observed and is 

presumptively employed to maximize coverage of the receptive field [4, 206, 

211]. Studies in Drosophila have revealed that the cell surface proteins Dscam, 

turtle and Flamingo can mediate self-avoidance and thus suggest that physical 

contact between sister dendrites is sufficient to trigger mutual repulsion [99, 100, 

105, 106, 212]. Differential expression of the large number of available Dscam 

isoforms offers an elegant solution to the problem of distinguishing self vs non-

self by providing unique combinations of markers for specific neuron types. A 

much smaller array of distinct Dscam isoforms is produced in mammals, 

however, and thus is unlikely to account for the majority of self-avoidance 

decisions in vertebrate neural development [109].  

Overall, the molecular roles of other determinants of dendritic architecture 

are also poorly understood[4]. In contrast, the outgrowth of axons have been 

linked to a wide array of guidance cues and receptors. For example, the 

extracellular protein, UNC-6/Netrin, is secreted from specific donor cells to 
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generate a graded signal that directs axon outgrowth [45, 47, 173]. UNC-6/Netrin 

can also function as a short-range cue on either the membrane of the secreting 

cell or after capture by distal guidepost cells to direct local axon trajectory [54, 

56-59].  The axon guidance function of UNC-6/Netrin is evolutionarily conserved 

and depends on interaction with specific receptor proteins including UNC-

40/DCC and UNC-5 [45, 47, 173].   

Here we exploit the morphological simplicity of the PVD nociceptive 

neuron [11, 12, 124] in the model organism C. elegans and its accessibility to live 

cell imaging to detect a new function for UNC-6/Netrin in dendritic self-avoidance. 

We also show that this mechanism depends on physical contact between sister 

dendrites. Our finding provides the first example of a diffusible cue in this role 

and therefore expands the repertoire of potential self-avoidance components to 

include other established extracellular signaling molecules and the pathways that 

they control. 

 
METHODS 

 
 
 
Nematode Strains and Genetics 

The wild-type C. elegans Bristol strain N2 was used for all experiments 

and cultured as previously described [158].   

 

Mutants used in this study 

unc-6 (ev400); unc-6 (rh46); unc-5 (e152); unc-40 (e271); unc-129 

(ev554); slt-1 (eh15); sax-3 (ky123); vab-2 (ju1); ptp-3 (ok244); madd-2 (ok2266); 

131



nid-1 (cg119). Some strains were provided by the Caenorhabditis Genetics 

Center, which is funded by the NIH National Center for Research Resources 

(NCRR).  All studies in this work used C. elegans hermaphrodites.  

 

Additional strains 

NC1686 [wdIs51 (F49H12.4::GFP + unc-119)][12], NC1687 [wdIs52 

(F49H12.4::GFP + unc-119)][12]; CX6488 [kyIs299, hsp16.2::unc-6::HA + ord-

1::RFP][174], YC149 [unc-6 (ev400); ghIs9 (unc-6::venus + odr-1::RFP)][213]; 

CZ1200 [juIs76 (unc-25::GFP)]; NW1454 [unc-5 (e53); dpy-20 (e1282); evIs105 

(pU5::HA delta ZO-1)]; NW1151 [unc-5 (e53); evIs906 (pU5::HA Ig # 1m + dpy-

20)];  NW1180 [unc-5 (e53); evIs91 (pU5::HA delta BamH1 + dpy-20)]; NW1137 

[unc-5 (e53); evIs886 (pU5::HA + dpy-20)][214] 

 

Transgenic strains generated by microinjection:   

NC2099 [pha-1 (e2123ts); wdEx682 (MVC119 (rig-3::unc-6) + pBx (pha-1) 

+ dat-1::mcherry)]; NC2099 [pha-1 (e2123ts); wdEx682 (MVC119 (rig-3::unc-6) + 

pBx (pha-1) + dat-1::mcherry); NC2182 [pha-1 (e2123ts); wdEx692 (pCJS28, 

F49H12.4::unc-6::HA + pBx, pha-1 + dat-1::mcherry)]; NC1893 [pha-1 (e2132ts); 

wdEx640 (F49H12.4::unc-40::mcherry + pBx (pha-1) + odr-1::mcherry)]; NC2059 

[pha-1 (e2123ts); wdEx662 (pCJS52 (ser2prom3::unc-40::mcherry) + pBx (pha-

1) + dat-1::mcherry)];  NC2098 [pha-1 (e2123ts); wdEx681 (pCJS68 (unc-

25::unc-40::mRFP) + pBx (pha-1) + dat-1::mcherry)]; TV1788 [unc-40 (e271); 

wyIs45; wyEx650 (unc-40 minigene w/ mcherry injected at 20 ng/ul has co-
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selector marker GFP in coelomocytes)]; NC2301 [pha-1 (e2123ts); wdEx746 

(pCJS93, F49H12.4::unc-40::GFP + pBx, pha-1 + pCJS85, dat-1::mcherry)]; 

N2315 [pha-1 (e2123ts); wdEx748 (pCJS98, F49H12.4::unc-

40deltaECTO::mcherry + dat-1::mcherry + pBx, pha-1)]; NC2044 [pha-1 

(e2123ts); wdEx660 (pCJS65 (unc-5::unc-5::CFP) + dat-1::mcherry + pBx (pha-

1))]; NC2247 [pha-1 (e2123); lon-2 (e678); wdEx716 (pCJS72, unc-25::unc-

5::mRFP + dat-1::mcherry + pBx)];  

 

Molecular Biology 

UNC-40, UNC-6 and UNC-5 expression plasmids were constructed using 

conventional cloning and gateway recombinase technology as previously 

described [51, 173-175].   See appendix table 1 for more detailed description. 

 

Confocal Microscopy 

Nematodes were immobilized with 15 mM levamisole on a 2% agarose 

pad in M9 buffer [12].  Images were obtained in a Leica TCS SP5 confocal 

microscope. Z-stacks were collected with either 40X (1 um/step), 63X (0.75 

um/step) or 100x (0.75 um/step) objectives; single plane projections were 

generated with Leica Application Suite Advanced Fluorescence software.  

Brightness and contrast were enhanced using Adobe Photoshop CS5. 
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Time-Lapse Imaging 

Nematodes were imaged as previously described [12]. For each time 

point, the 40X, 63X or 100X objective was used to collect a Z-stack (0.75 

um/step) spanning the focal depth of the PVD neuron and its dendritic branches. 

Dendritic branch outgrowth at each time point was evaluated from a Z-projection. 

Larval stages were identified from morphological features: L2 (postdeirid); L3, L4, 

and young adult (vulval development) [119]. At least three independent movies 

verified each example of dynamic dendritic growth described in this report. 

 

Measuring 3O dendrites length  

Images from L4 larval animals were measured using the vector tool in 

ImageJ.   

 

Scoring self-avoidance defects 

Each genotype was visualized in a PVD::GFP reporter line (wdIs51 or 

wdIs52). At least 20 animals (> 600 of 3O gaps) were visualized for each 

genotype.  Confocal images were collected in a z-stack to span the depth of PVD 

with a step size of 1 um. PVD morphology was scored from Z-stack projections.  

A self-avoidance defect is identified as any two adjacent 3O branches that lack an 

intervening gap between them.  Adjacent 3O branches are defined as physically 

linked to 2O branches that project from flanking locations on the PVD 1O branch. 

The number of self-avoidance errors (i.e., absence of intervening space between 

3O branches of adjacent menorahs) was divided by the total number of potential 
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3O branch gaps per animal (i.e., number of 20 branches – 2]) to provide the 

fraction of overlapping 3O branches per animal.  The average fraction of 

overlapping 3O branches for each genotype was calculated for histograms 

summarizing these results.  An unpaired Student’s t-test was used to calculate 

statistical significance between different strains.   

 

Heat Shock Experiments 

Animals were heat shocked at the appropriate age as previously 

described [174].  All animals were imaged at the late L4 larval stage after PVD 

development is complete. 

 

Temporal requirement for UNC-6/Netrin 

unc-6 (rh46) worms were maintained at the appropriate temperature [215] 

and treated with hypochlorite to release embryos for overnight incubation in M9 

buffer. Synchronized L1s were placed on a bacterial lawn to initiate larval 

development and then shifted to either the permissive (15C) or restrictive (25C) 

temperature at specific larval intervals (L2/L3 larval transition, L3/L4 larval 

transition, end of L4 larval stage) for growth until the late young adult stage for 

imaging.  Animals grown at either the permissive or restrictive temperature 

throughout development were used as controls.  
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RESULTS 
 
 

PVD neurons exhibit dendritic self-avoidance.   

PVD neurons display a highly branched network of sensory processes in 

which a collection of dendritic trees or “menorahs” is rooted in a common 10 

dendrite (Figure 4.1a, b)[12, 125, 216, 217].  This well-ordered and non-

overlapping array of PVD dendrites is generated by a combination of defined 

branching events and an error correction mechanism in which sister dendrites 

are repelled by mutual contact[12, 216]. The patterning role of self-avoidance is 

strikingly evident in the outgrowth of 3O dendrites. In each menorah, paired 3O 

dendrites project along a sublateral nerve cord in either an anterior or posterior 

direction (Figure 4.1a,b). We used time-lapse imaging to establish that growth 

continues until the tip of one 3O dendrite contacts another 3O branch pointing in 

the opposite direction[12].  Touch evokes rapid withdrawal that results in an 

eventual gap between 3O dendrites from adjacent menorahs. This mechanism 

readily accounts for the observation that the inter-tip gap distance is constant 

between flanking 30 dendrites but that adult branch length and termination points 

are highly variable for PVD neurons in different animals (Figure 4.1c).  

As an additional test of a self-avoidance model, we used a mutant of the 

egl-46/Zn finger/Nerfin transcription factor to reduce the overall number of PVD 

menorahs[12]. This genetic background effectively widens the spacing between 

the branch initiation points of adjacent 30 dendrites (Figure 4.1d). Thus, this 

approach uses a genetic strategy to answer the question: If repulsion specifies 

the regular layout of PVD dendrites, what is the consequence of branch ablation? 
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Figure 4.1.  UNC-6/Netrin signaling is required for contact-dependent self-
avoidance. (a) Fluorescent image of PVD neuron labeled with GFP to show the non-
overlapping pattern of PVD dendrites. Arrowheads denote gaps between 30 dendrites of 
adjacent menorahs. The single PVD axon (arrow) marks the location of the ventral nerve 
cord. (b) Tracing of PVD branches to show numbering scheme. (c) Tracings of 3O 
dendrites from dorsal (D) and ventral (V) regions of ten individual PVD neurons are 
denoted with matching colors. Note that 3O dendrites do not terminate at specific 
anatomical regions or exhibit a single length as would be expected if outgrowth were 
governed by external landmarks or limited by an intrinsic mechanism of length 
determination.  (d) egl-46 mutants show fewer 2O branches and longer 3O dendrites 
(arrows). (e) PVD neurons have fewer 2O branches in egl-46 (n1076) mutants (32.3 + 
5.3) than wild type (wt) (38.9 + 5.4). Despite the consequent reduction in the overall 
number of 3O branches in egl-46 mutants, the normal distance between the tips of 
adjacent 3O dendrites is maintained by extending the average outgrowth length of 3O 
dendrites.  
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Our results show that 30 branches are significantly longer in the egl-46 mutant 

but that the inter-tip gap is maintained (Figure 4.1e)[12].  Thus, these 

observations rule out models in which branch length is determined by a fixed 

yardstick or defined by external landmarks but favor the idea that the non-

overlapping PVD dendritic architecture is achieved through a contact-dependent 

mechanism of self-recognition. 

 

UNC-6 signaling is required for dendritic self-avoidance.  

We generated a PVD expression profile[12] and used genetic analysis of 

known axon guidance molecules suggested by this list to test for potential roles 

in dendritic morphogenesis (Table 4.1). We noted that genetic ablation of the 

UNC-6 receptors UNC-40/DCC and UNC-5 altered several aspects of PVD 

morphology (Figure 4.2[12, 217]) including the aberrant occurrence of overlaps 

between flanking menorahs in the adult (Figure 4.3a). We used time-lapse 

imaging to establish that this mutant phenotype arises from a self-avoidance 

defect.  In the wild type, 3O dendrites from adjacent menorahs grow toward each 

other but quickly retract with over > 50% regressing within 3 minutes of contact 

and < 13% still touching at the 10 min mark; ultimately, less than 1% of wild-type 

3O dendrites overlap with each other (Figure 4.4b, d).  In contrast, in unc-40 

(e271) mutants, a majority (76%) of adjacent 3O dendrites failed to withdraw 

within 10 min of contact and almost one third (29%) never regressed (Figure 4.3 

a,c,e) ( Figure 4.4).  Similar defects were captured in time-lapse movies of unc-5 

(e152) (Figure 4.4). Motivated by these results, we examined the mutant unc-6 
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Table 4.1.  Self-avoidance requires specific axon guidance molecules in the UNC-6/Netrin 
signaling pathway. Mutants of known axon guidance molecules were tested for PVD 30 branch 
self-avoidance defects with the PVD::GFP reporter. Transcripts enriched (>1.5X , FDR < 1%) in 
PVD (Smith et al., 2010) are denoted with bold lettering.  Only mutants of the UNC-6/Netrin 
signaling pathway showed self-avoidance defects that were significantly different from wt (+ 
indicates p<0.01, Student’s t-test). N > 20 

	  

Function	   Gene	   Self-‐avoidance	  
defect	  

Ligand	  

unc-‐6/Netrin	   +	  
unc-‐129/TGF	  beta	  

family	   -‐	  

vab-‐1/Ephrin	   -‐	  
slt-‐1/Slit	   -‐	  

Receptor	  
	  

sax-‐3/Robo	   -‐	  
vab-‐2/Eph	   -‐	  
ptp-‐3/Lar	   -‐	  

unc-‐5/Unc-‐5H	   +	  
unc-‐40/DCC	   +	  

madd-‐2/NetrinR	   -‐	  
ECM	  component	   nid-‐1/Nidogen	   -‐	  
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Figure 4.2.  Mutants of unc-40, unc-5 and unc-6 show a range of dendritic 
morphogenesis phenotypes in addition to the self-avoidance defect.  (a) PVD 1O 
processes project along the lateral nerve cord in the wild type but deviate from a strict 
A/P trajectory in >75% of unc-40, unc-5 or unc-6 mutants.  (b) Wild-type (wt) PVD 
neurons show an asymmetric pattern of lateral branching that results in more dorsal than 
ventral menorahs in 100% of cases examined (n > 15) (wild-type distribution). In UNC-
6/Netrin pathway mutants, this asymmetry is disrupted resulting in PVD neurons that 
have more ventral menorahs than dorsal menorahs or an equal number of menorahs on 
each side ~50% of the time (defective distribution), an outcome that is consistent with a 
randomized probability of dorsal vs ventral initiation of 20 branches (CJ Smith and DM 
Miller, manuscript in preparation). (c) The average number of 2O dendrites/PVD neuron 
in unc-6, unc-5 and unc-40 mutants is reduced in comparison to wild-type PVD neurons. 
(d).  Ectopic branching in adults is more frequent in unc-5(e271) than in either wild type 
(wt) or unc-40(e271).  
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Figure 4.3.  UNC-6/Netrin signaling is required for contact-dependent self-
avoidance.  (a) 3O branches from adjacent menorahs overlap in unc-6 (ev400), unc-
5(e152) and unc-40 (e271) mutants more frequently than in wild type (wt)(student’s t-test, 
p<0.01). (b) Schematic showing 3O outgrowth, contact and retraction in wild type (wt). (c) 
3O branches fail to withdraw after contact in an unc-40 mutant. (d) Images captured from 
a time-lapse movie showing contact then rapid withdrawal (< 2.5 min) (arrow) of 3O 
branches in wild type. (e) Successive images showing that 3O branches fail to withdraw 
within 30 min of mutual contact in unc-40(e270) (arrow). 
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(ev400) and detected 3O self-avoidance defects resembling those of unc-40/DCC 

and unc-5 mutants (Figure 4.3a).  

If these genes function in a common pathway, double mutants between 

unc-6 and each of its receptors should fail to enhance the self-avoidance defect 

of either single mutant. This prediction is confirmed for the self-avoidance defect 

arising from the combination of unc-5 and unc-6 which is comparable to that of 

either unc-5 or unc-6 alone (Figure 4.5). However, the unc-40 mutation enhances 

both the Unc-5 and Unc-6 single mutant self-avoidance phenotypes. These 

results are consistent with model in which unc-40 exercises a role in self-

avoidance that is independent of unc-6 signaling through unc-5. In addition, 

because neither unc-5 nor unc-6 enhance the Unc-40 self-avoidance defect 

(Figure 4.5), we conclude that unc-40 also functions in the unc-6- and unc-5-

dependent pathway. Here we describe experiments designed to establish the 

mechanism whereby UNC-6/Netrin and its receptors, UNC-40/DCC and UNC-5, 

mediate dendritic self-avoidance. 

 

Self-avoidance requires UNC-6 but not a graded UNC-6 signal 

UNC-6 is secreted from ventral cells to direct axonal outgrowth and cell 

migration along the D/V body axis [43, 173]. When this ventral source of UNC-6 

is removed in unc-6 (ev400) mutants, 18% of PVD 3O branches overlap per 

animal (Figure 4.6a,d). This defect is complemented by UNC-6 expression with 

the native unc-6 promoter (Figure 4.6d). Transgenic expression of UNC-6 in a 

ventral neuron (AVA) with the rig-3 promoter[218] also improves the self-
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Figure 4.4.  unc-40 and unc-5 mutants show defects in contact-dependent self-
avoidance.  Quantification from movies of self-avoidance events in wild type (wt), unc-5 
(e152) and unc-40 (e271) show that 3O branches in unc-5 (e152) and unc-40 (e271) do 
not retract as quickly as in wild-type animals; a majority (>75%) of 3O branches have 
failed to retract up to 10 minutes after initial contact in unc-40 and unc-5 mutants 
whereas only 13% of 3O dendrites are still overlapping at this time point in wild type.    
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Figure 4.5.  Genetic interactions of unc-40, unc-5 and unc-6.  Single mutants of unc-
5 (e152), unc-40 (e271) and unc-6 (ev400) show comparable self-avoidance defects that 
are not statistically different from each other.  The self-avoidance defect of the double 
mutant unc-5 (e152); unc-6 (ev400) is not significantly different from either unc-5 (e152) 
or unc-6 (ev400) single mutant which suggests that unc-5 and unc-6 function in a 
common pathway. unc-40 (e271); unc-5 (e152) double mutants do not show 
enhancement of the PVD self-avoidance defect vs unc-40 (e271) but do show a more 
severe self avoidance defect than unc-5 (e152) alone (p < 0.01, n= 20, Students t-test). 
unc-40 (e271); unc-6 (ev400) double mutants show enhancement of self-avoidance 
defects compared to unc-6 (ev400) but not to unc-40 (e271) (p=3E-3 vs unc-6 (ev400)).  
These results suggest that unc-40 fulfills an additional unc-5/unc-6-independent role in 
self-avoidance.  
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avoidance response (8% overlapping branches, p=0.02 vs unc-6) and thus 

indicates that UNC-6 expression from ventrally located cells is sufficient to 

mediate PVD 3O branch self-avoidance (Figure 4.6d).  

Although extracellular UNC-6 protein is presumptively distributed in a 

ventral to dorsal gradient, we did not observe a significant difference in the extent 

of self-avoidance errors in ventral vs. dorsal 3O branches in unc-6 (ev400) 

(Figure 4.7). We next used a heat shock promoter (hsp16.2) to drive expression 

of UNC-6 in all cells[174] and thereby directly determine if a ventral to dorsal 

gradient of UNC-6 is required for self-avoidance.  Although global expression of 

UNC-6 is known to disrupt axon guidance along the D/V axis[174], ubiquitous 

UNC-6 expression in a wild-type background during multiple larval stages did not 

perturb PVD 3O branch self-avoidance (Figure 4.6b,d).   

We reasoned that UNC-6/Netrin might function as a permissive cue in this 

case such that a specific source or gradient of UNC-6/Netrin is not necessary 

provided sufficient ligand is available. This idea is substantiated by our finding 

that global expression of UNC-6/Netrin in unc-6 (ev400) with the heat shock 

promoter before the L3 larval stage rescues 3O branch self-avoidance (9% 

overlapping branches, p=0.04 vs unc-6) (Figure 4.6c,d). In addition, we showed 

that expression of UNC-6/Netrin in PVD, with the F49H12.4 promoter[163], also 

rescued unc-6 (ev400)  self-avoidance defects (7% overlapping branches, 

p=0.01 vs unc-6) (Figure 4.6d).   

Based on these results, we conclude that PVD dendritic self-avoidance is 

independent of the UNC-6/Netrin gradient and therefore that UNC-6/Netrin does 
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Figure 4.6.  UNC-6/Netrin functions as a permissive cue to prevent dendritic 
branch overlap during the larval period in which self-avoidance normally occurs.  
(a, d) unc-6(ev400) shows overlapping 3O  PVD branches (arrowheads) (b, d)  
Expression of UNC-6 with a heat shock promoter (global::UNC-6) restores PVD self-
avoidance (arrows) to unc-6 (ev400) but (c, d) does not induce PVD dendritic outgrowth 
defects in a wild-type background. (d) UNC-6 expression with the native unc-6 promoter 
(unc-6::UNC-6), a ventral neuron-specific promoter (ventral::UNC-6) or the PVD 
promoter (PVD::UNC-6) rescues unc-6(ev400) PVD self-avoidance defects (see 
Methods). Expression of UNC-6 fused to the extracellular domain of UNC-40 
(PVD::UNC-6::UNC-40) restores self-avoidance but UNC-6 fused to the membrane 
protein neuroligin (PVD::UNC-6::NLG-1) does not rescue 3O branch self-avoidance 
defects in unc-6(ev400). Genetic backgrounds are wild type (wt) (light grey boxes) or 
unc-6(ev400) (dark gray boxes). (e) Schematic of UNC-40 protein (Ig domain = loops, 
Fibronectin domains = rectangles, intracellular domain and GFP tag = dark rectangle) 
and UNC-6::UNC-40 chimera (UNC-6 contains HA tag). (f) Schematic of PVD 
development showing that 3O branch self-avoidance occurs during the L3 larval stage. 
(g) The temperature sensitive allele unc-6 (rh46) was shifted from restrictive (25C) to 
permissive temperature (15C) at successively later stages (L2/L3, L3/L4, L4/adult 
transitions) during larval development.  Temperature shift from 25C to 15C at the L2/L3 
transition rescues the 3O branch self-avoidance defect (p<0.01) but downshifts at later 
developmental stages do not restore self-avoidance. Continuous growth at 25C (25C 
control) results in a higher fraction of overlapping branches than continuous growth at 
15C (15C control). PVD 3O branch overlap was scored in the adult. 
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not provide a directional signal to repel dendritic outgrowth. We considered an 

alternative model in which the mere availability of UNC-6/Netrin is sufficient to 

trigger repulsion and next asked the question of when this function is required.  

 

UNC-6 is required during the period when dendrites self-avoid 

Time-lapse imaging established that PVD 3O branch self-avoidance occurs 

during the L3 larval stage[12].  If UNC-6 is directly involved in self-avoidance 

then UNC-6 function should be required during this period.  We used a 

conditional unc-6 allele (rh46) to test this idea in temperature shift experiments 

that regulate temporal UNC-6 activity [215]. 

unc-6(rh46) mutants grown at the restrictive temperature (25C) display a 

self-avoidance defect (28% of overlapping 3O branches, Figure 4.6g)  

comparable to that of the unc-6(ev400) null allele (p=0.14 ev400 vs rh46) which 

therefore suggests that the rh46 point mutation results in a dysfunctional UNC-6 

protein at restrictive temperature [215].  The self-avoidance defect is weaker but 

still significant at 15OC (Figure 4.6g, 8% of overlapping 3O branches, p =0.006 vs 

25C control, p=0.047 vs N2) indicating that the rh46 mutant UNC-6 protein is only 

partially active at permissive temperature. We shifted unc-6(rh46) from restrictive 

temperature (25OC) to permissive temperature (15OC) at succeeding 

developmental stages (Figure 4.6f,g). unc-6(rh46) animals downshifted at the 

L2/L3 transition and then maintained at permissive temperature until the adult, 

showed a self-avoidance defect comparable to that of control animals grown 

continuously at 15OC (Figure 4.6g, 10% overlapping branches, p = 0.007 vs 

148



 
Figure 4.7.  UNC-6/Netrin signaling mutants do not show differences in dorsal vs. 
ventral 30 dendrite self-avoidance phenotypes.  The fraction of overlapping 3O 
branches in dorsal vs ventral regions was scored for unc-6(ev400), unc-5(e152) and 
unc-40(e271). N = 20 animals 
	  

149



25OC control). In contrast, downshifts to permissive temperature (i.e., restoration 

of UNC-6 activity) after the L2/L3 transition resulted in a self-avoidance defect as 

severe as unc-6(rh46) animals grown continuously at the restrictive temperature 

(Figure 4.6g, p = 0.42 for L3/L4,  p = 0.86 for L4/YA vs 25OC control). These 

results indicate that self-avoidance does not depend on UNC-6 function during 

embryonic and early larval development but that UNC-6 is required after the 

beginning of the L3 stage. Similar temperature upshift experiments confirmed 

that loss of UNC-6 function during the L3 larval period enhances the rh46 self-

avoidance defect but later shifts to restrictive temperature (i.e., L3/L4 or L4/YA) 

after 30 branch outgrowth is complete do not result in a severe branch overlap 

phenotype (Figure 4.8).  

Thus, our results are consistent with a model in which UNC-6/Netrin 

function is required for self-avoidance during a brief developmental window in the 

L3 larval stage in which 30 dendrites are actively engaged in outgrowth and 

contact-dependent repulsion. This finding is important because it argues against 

the possibility that UNC-6/Netrin signaling fulfills an earlier, indirect role in which 

it primes PVD dendrites for self-avoidance by regulating expression [219], for 

example, of an alternative set of interacting components.  

 

UNC-40/DCC and UNC-5 function cell-autonomously in PVD 

Genetic ablation of UNC-5 and UNC-40 resulted in significant overlap of 

3O dendrites (Figure 4.3a).  Because UNC-5 and UNC-40 have been previously 

shown to function as receptors for UNC-6/Netrin and because UNC-5 and UNC-
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Figure 4.8.  UNC-6/Netrin is required for self-avoidance during the L3 larval stage.  
(a) Schematic of PVD development showing the elaboration of dendritic branches during 
larval development. (b) Experimental design for temperature shifts with the temperature 
sensitive mutant unc-6(rh46) to determine the temporal requirement for UNC-6 in PVD 
30 dendritic branch self-avoidance.  (c) Histogram showing fraction of overlapping 30 
branches resulting from maintenance at either the permissive (15C) (15C control) or 
restrictive (25C) (25C control) temperatures and from upshift experiments (15C>25C) in 
which animals grown at permissive temperature are shifted to growth at the restrictive 
temperature. Note that the extent of overlapping 30 branches after shifting to restrictive 
temperature at the L2/L3 larval transition is not significantly different from the self-
avoidance defect resulting from continuous exposure to 25 C whereas shifts to restrictive 
temperature at later developmental periods (i.e., L3/L4 transition, L4/adult transition) 
result in a significantly lower fraction of overlapping 30 dendritic branches that is not 
significantly different from the PVD self-avoidance defect from 15C control animals. 
These results indicate that UNC-6/Netrin function is required before the L3 larval stage 
for 30 branch self-avoidance but is not necessary in older animals.   
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40 transcripts are enriched in our PVD microarray data set [12], we reasoned that 

UNC-5 and UNC-40 are likely to act in PVD to prevent overlap of 3O dendrites.  

This model predicts that expression of UNC-5 and UNC-40/DCC in PVD should 

be sufficient to restore self-avoidance to the corresponding unc-5 or unc-40 

mutants.   

Expression of UNC-40 with its endogenous promoter in unc-40 (e271) 

reduced the frequency of overlapping branches from 29% to 5% (p = 3E-5 vs unc-

40) (Figure 4.9d).  UNC-40 expression with the PVD promoters, F49H12.4 [163] 

or ser2prom3[12] , also showed significant rescue (8% overlapping 3O branches, 

p=5E-7 vs unc-40) (Figure 4.9c,d). Thus, these results are indicative of the cell-

autonomous function of UNC-40 in PVD.  We have previously noted that a 

significant fraction of PVD 20 branches fasciculate with motor neuron 

commissures that also project from the ventral to dorsal side of the animal [12]. 

To determine if PVD dendritic self-avoidance is indirectly compromised by 

commissural axon guidance defects in unc-40(e271)[48], we restored UNC-40 

expression to ventral cord motor neurons with the unc-25 promoter [220]. Motor 

neuron expression of UNC-40 largely rescued commissural axon outgrowth to 

the dorsal cord, as expected[48] (Fig 4.10) but did not restore PVD self-

avoidance (Figure 4.9d).   

In similar experiments, expression of UNC-5 under its endogenous 

promoter resulted in a significantly reduced fraction of overlapping branches in 

the unc-5 (e152) mutant (Figure 4.11d) (7%, p = 8.56E-5 vs unc-5).  A cell 

autonomous role for UNC-5 in PVD is consistent with our finding that UNC-5 
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Figure 4.9.  UNC-40/DCC functions in PVD to mediate self-avoidance and captures 
exogenous UNC-6/Netrin at the PVD cell surface.  (a) PVD 3O dendrites do not 
overlap in wild-type (wt) adults (arrows). (b, c) Expression of UNC-40 (PVD::UNC-40) in 
unc-40 (e271) rescues (arrows) the Unc-40 self-avoidance defect (arrowheads).  (d) 
Quantification confirms that expression of UNC-40/DCC with the native unc-40 promoter 
(unc-40::UNC-40) and with two different PVD promoters (PVD1::UNC-40, PVD2::UNC-
40) restores PVD dendritic self-avoidance whereas expression with a motor neuron-
specific promoter (MNC::UNC-40) does not. PVD expression of UNC-40/DCC lacking 
either the extracellular UNC-6 binding domain (PVD::UNC-40deltaECTO) or intracellular 
signaling domain (PVD::UNC-40deltaENDO) fails to rescue self-avoidance. Genetic 
backgrounds are wild type (wt) (grey box) or unc-40(e271) (black boxes).  (e) Schematic 
of UNC-40 protein (Ig domain = loops, Fibronectin domains = rectangles, intracellular 
domain and GFP tag = dark rectangle). (f) PVD expression of GFP labeled UNC-40 
(PVD::UNC-40::GFP) results in GFP puncta in PVD processes (arrows) and at tips of 
growing dendrites (arrowheads).  (g) YFP-labeled UNC-6 expressed from its native 
promoter in ventral cells (unc-6::UNC-6::YFP) decorates PVD neurons (arrowheads) 
expressing UNC-40::mCherry.  Arrow denotes UNC-6::YFP labeling of ventral nerve 
cord. (h) UNC-6::YFP (UNC-6, green) labeling of PVD expressing UNC-40::mCherry 
(UNC-40, red). Merged image showing co-localization of UNC-6::YFP and UNC-
40::mCherry puncta (arrows). 
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Figure 4.10.  Expression of UNC-40/DCC in ventral cord motor neurons rescues 
motor axon guidance defects.  (a) Histogram showing that 100% of unc-25::GFP-
labeled GABAergic motor neurons extend circumferential commissures (MNCs) to the 
dorsal cord whereas only ~45% of MNCs reach the dorsal nerve cord in unc-40 (e271) 
(n = 20). MNC guidance defects are largely rescued by expression of UNC-40 in ventral 
cord motor neurons with the unc-25 promoter (MNC::UNC-40). (b) Representative 
confocal images of wild type (wt), unc-40 (e271) and unc-40 (e271); MNC::UNC-40 
adults.  Arrows point to MNCs that fail to reach the dorsal nerve cord in unc-40(e271). 
Axon guidance defects are not rescued in the PDE neuron that is labeled by a co-
injected marker (dat-1::mcherry) in which expression of UNC-40 is not restored (arrow in 
MNC::UNC-40)  
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expression with the F49H12.4 promoter also rescues the Unc-5 self-avoidance 

defect (Figure 4.11b,d, p = 1.8E-4 vs unc-5).  Restoration of UNC-5 expression in 

motor neurons did not complement unc-5 (e152) PVD self-avoidance errors 

(Figure 4.11d) but does repair the uncoordinated phenotype that arises from 

misguided motor axon outgrowth (data not shown)[51, 214].  The results of these 

cell-specific rescue experiments show that UNC-5 function is required in the PVD 

dendrites to prevent overlap of 3O branches. 

  

UNC-40/DCC localizes UNC-6/Netrin to PVD dendrites  

Consistent with the hypothesis that UNC-40/DCC function is required in 

PVD dendrites, PVD expression of a functional GFP-tagged UNC-40 protein 

(UNC-40::GFP)[174] resulted in distinct GFP puncta in PVD processes (Figure 

4.9f). Moreover, UNC-40::GFP puncta can be readily seen at the tips of 3O 

dendrites where contact-dependent self-avoidance occurs (Figure 4.9f,h).  

We considered the possibility that UNC-6 functions as a contact-

dependent repellent and tested this idea with an experiment designed to detect 

UNC-6 at the surface of PVD dendrites.  We used the endogenous UNC-6 

promoter to drive expression of UNC-6::YFP[213]. Although this transgenic line 

rescues Unc-6 axon guidance defects and therefore must secrete a functional 

UNC-6::YFP protein, UNC-6::YFP is too diffuse to detect in a wild-type animal 

outside of the ventral cells in which it is expressed (Figure 4.12)[213]. To 

enhance the sensitivity of this assay, we expressed mCherry-labeled-UNC-

40/DCC in PVD. In this background, UNC-6::YFP is strikingly evident as YFP 
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Figure 4.11.  UNC-5 is required in PVD and utilizes UNC-40-independent signaling 
to mediate self-avoidance.  (a, d) unc-5(e152) shows PVD self-avoidance defects 
(arrowheads) (b) Expression of UNC-5 with the PVD promoter (PVD::UNC-5) prevents 
3O branch overlap in unc-5 (e152) but (c) UNC-5 lacking the Z-D domain does not 
rescue. (d) Expression of UNC-5 with the native unc-5 promoter (unc-5::UNC-5) or with 
the PVD promoter (PVD::UNC-5) restores PVD self-avoidance but expression of the 
UNC-5 with the motor neuron promoter (MNC::UNC-5) does not. Expression of UNC-5 
proteins lacking either an UNC-40-independent cytoplasmic signaling domain (unc-
5::UNC-5deltaZD) or UNC-6-binding domain (unc-5::UNC-5deltaIg) fails to rescue self-
avoidance in unc-5 (e152) mutants whereas expression of an UNC-5 protein lacking an 
UNC-40-dependent signaling domain (unc-5::UNC-5deltaZU-5) prevents 3O branch 
overlap. Genetic backgrounds are wild type (wt) (grey box) or unc-5(e151) (black boxes).  
(e) Schematic of UNC-5 protein showing functional regions (Ig domain = loops, 
Thrombospondin domain (Tsp) = square, TM = transmembrane domain, and ZU-5, Z-D, 
Death domain (DD) intracellular domains and C-terminal HA tag).   
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Figure 4.12. Expression of UNC-6::YFP in ventral motor neurons labels the ventral 
nerve cord but is not detected at the wild-type PVD neuron. (a,b) In a wild-type 
animal, YFP-labeled UNC-6 (UNC-6::YFP) is detected in the cell body of ventral cord 
motor neurons (double-headed arrowheads) where it is expressed (unc-6 promoter) and 
in the adjoining ventral nerve cord (arrow) but is not detectable in posterior lateral region 
in which the wild-type PVD neuron (arrowhead) and it dendritic arbor reside. (c) 
Schematic representation of UNC-6::YFP localization. 
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puncta that overlap with mCherry::UNC-40 (Figure 4.9g,h).  In contrast, 

expression of UNC-5 in PVD rescued the Unc-5 self-avoidance defect (Figure 

4.11d) but did not result in detectable localization of UNC-6::YFP on PVD (data 

not shown). These results are consistent with a model in which UNC-40/DCC, 

but not the UNC-5 receptor, captures UNC-6 from the extracellular space at the 

surface of PVD dendrites. This idea is supported by our finding that PVD 

expression of a truncated UNC-40 protein lacking the UNC-6-binding 

extracellular domain (PVD::UNC-40deltaECTO) fails to restore 3O branch self-

avoidance in unc-40 (e271) (20% overlapping dendrites, p=0.23 vs unc-40) 

whereas PVD expression of intact UNC-40/DCC protein is sufficient (Figure 4.9 

d). To rule out the possibility of a dominant negative effect, we determined that 

the PVD::UNC-40deltaECTO protein does not disrupt self-avoidance in a wild-

type background (data not shown).  

 

UNC-6 bound to UNC-40 functions as a short-range cue 

Our results show that UNC-6/Netrin secreted from a ventral source can be 

captured by UNC-40/DCC at the surface of PVD dendrites. Because PVD sister 

dendritic repulsion depends on direct contact, we wondered if UNC-6 bound to 

UNC-40 at the tips of touching 30 dendrites could trigger this response. In this 

model, UNC-40/DCC might adopt a role in which it positions UNC-6/Netrin at this 

critical location to activate withdrawal of an apposing dendrite. This idea mirrors 

the observation that Drosophila UNC-40/Fra/DCC can sequester exogenous 

NetrinB at the surface of guidepost cells to steer local axon outgrowth in a 
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contact-dependent mechanism[59]. This model predicts that UNC-6/Netrin 

protein tethered to the UNC-40/DCC receptor can function as a short-range cue. 

To test this idea, we used a chimeric protein in which UNC-6 is fused to the 

extracellular region of UNC-40 and expressed it in PVD.  This membrane bound 

form of UNC-6/Netrin (PVD::UNC-6::UNC-40) rescued the dendritic self-

avoidance defects of unc-6 (ev400) (8% overlapping 3O branches, p=0.02 vs 

unc-6) (Figure 4.6 d).  Expression in AVA interneurons in the ventral nerve cord 

with the rig-3 promoter [218] (ventral::UNC-6::UNC-40), however, fails to restore 

self-avoidance to unc-6(ev400) and therefore confirms that the UNC-6::UNC-40 

fusion protein is not released from the cell surface (Figure 4.13). Thus, our 

results are consistent with a model in which UNC-40/DCC localizes exogenous 

UNC-6/Netrin to the surface of PVD dendrites where it functions as a short-range 

cue to trigger self-avoidance. This configuration may be specifically required 

because PVD expression of UNC-6 fused to the N-terminus of a different 

transmembrane protein, NLG-1/Neuroligin (PVD::UNC-6::NLG-1),[58] did not 

rescue self-avoidance in unc-6 (ev400) (Figure 4.6d). The next problem to 

consider was how apposing PVD dendrites might detect this local UNC-40-

bound, UNC-6/Netrin ligand. Because of the well-established role of UNC-5 in 

mediating repulsive responses to UNC-6/Netrin[51, 52, 54], and our finding that 

UNC-5 expression in PVD is necessary for self-avoidance, we imagined that 

UNC-5 could provide this function  
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Figure 4.13.  Expression of the UNC-6::UNC-40 chimeric protein in ventral neurons 
does not rescue the Unc-6 PVD self-avoidance defect.   Expression of ventral::UNC-
6::UNC-40 in unc-6 (ev400) does not restore self-avoidance (unc-6 vs ventral::UNC-
6::UNC-40) whereas expression of a secreted form of UNC-6 in ventral neurons 
(ventral::UNC-6) or membrane-tethered UNC-6 in PVD (PVD:UNC-6::UNC-40) does 
rescue the Unc-6 self-avoidance defect. We note that expression of UNC-6::UNC-40 in 
ventral neurons enhances the PVD self avoidance defect of unc-6(ev400); the 
mechanism of this effect is unclear. For histogram, genetic backgrounds are wild type 
(wt) (light grey box) or unc-6(ev400) (dark grey boxes).   
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Self-avoidance is mediated by UNC-5 signaling  

A mutation in the UNC-5 extracellular Ig domain that disrupts UNC-

6/Netrin binding fails to rescue self-avoidance when expressed in unc-5 (e152) 

(Figure 4.11d, 20% overlapping branches, p=0.83 vs unc-5).  This finding is 

consistent with genetic results (Figure 4.5) showing that unc-5 and unc-6 function 

in a common pathway to mediate self-avoidance and with the proposal that UNC-

6 binding to UNC-5 is necessary for this interaction. Genetic analysis in C. 

elegans has shown that UNC-5 can mediate UNC-6-mediated repulsion either in 

concert with UNC-40 or independently[214].  These UNC-5 functions depend on 

specific conserved cytoplasmic domains; the Z-D sequence is necessary for 

UNC-40-independent signaling whereas the ZU-5 region is required for UNC-40-

dependent activity[214]. To distinguish between these models, we tested mutant 

versions of the UNC-5 protein that lack either the ZU-D region (UNC-40-

independent signaling) or the ZU-5 domain (UNC-40-dependent signaling). 

Previous work has shown that UNC-5 localization is not disrupted by these 

mutations[214]. Transgenic expression of the UNC-5 protein lacking the Z-D 

domain (UNC-5deltaZD) did not restore self-avoidance to an unc-5 (e152) mutant 

(Figure 4.11c,d 22% overlapping branches, p=0.79 vs unc-5).  In contrast, 

deletion of the ZU-5 region (UNC-5deltaZU-5) that is required for UNC-40-

dependent signaling significantly improved the frequency of self-avoidance in 

comparison to the unc-5 (e152) mutant alone (Figure 4.11d, 9% overlapping 

branches, p=3E-4).  These results are consistent with a model in which UNC-5-

mediated repulsion does not depend on interactions in cis with the UNC-40 
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protein but that UNC-40 function is required for localizing UNC-6/Netrin for 

binding in trans to UNC-5 at the apposing tip of the adjacent 30 dendrite.   

 

UNC-40/DCC signaling is required for self-avoidance.  

Although the UNC-6::UNC-40 fusion protein rescues the unc-6 mutant 

(Figure 4.6d) and therefore likely functions as a membrane-bound cue to trigger 

dendrite repulsion, UNC-6:UNC-40 does not restore self-avoidance to unc-

40(e271)(Figure 4.9d). One explanation for this result is that unc-40 signaling is 

not active in the UNC-6::UNC-40 fusion protein and that this UNC-40 function is 

necessary for self-avoidance. We tested this idea with a modified UNC-40 protein 

that lacks the intracellular domain (ICD) that mediates UNC-40/DCC downstream 

signaling[221]. Interestingly, PVD expression of this truncated UNC-40/DCC 

protein (PVD::UNC-40deltaENDO) in unc-40(e271) fails to rescue dendrite 

repulsion (Figure 4.9d). Thus, our results indicate that UNC-40 provides the dual 

roles of capturing UNC-6 at the PVD cell surface for interaction with UNC-5 as 

well as activating a downstream pathway to mediate self-avoidance.   

 

DISCUSSION 

 

Dendrites from a single neuron may be highly branched but rarely touch 

one another[109, 206]. The absence of overlap arises from a mechanism in 

which sister dendrites are mutually repelled by transient encounters during 

outgrowth. The necessity of physical contact for self-avoidance is indicative of 
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interaction between surface markers that trigger repulsion[206]. This model is 

substantiated by the recent discovery that membrane proteins can mediate self-

avoidance in Drosophila sensory neurons[99, 100, 105, 106]. Here we describe a 

novel mechanism in the nematode, C. elegans, in which this self-recognition 

function is provided by a diffusible cue (Figure 4.14).  

Our results show that UNC-6/Netrin is secreted from ventral cells to 

modulate self-avoidance of PVD sensory neuron dendrites in distal, lateral 

locations (Fig 4.14). We propose that UNC-6/Netrin is sequestered at the surface 

of PVD dendritic branches by the canonical receptor UNC-40/DCC where it is 

positioned to trigger a repulsive response upon contact with UNC-5 on the 

apposing dendrite. PVD self-avoidance also depends on UNC-40/DCC function 

in a separate pathway that does not require unc-5 and unc-6 (Fig 4.14).  

In some respects, our model parallels an earlier finding in Drosophila in 

which UNC-40/Frazzled/DCC functions in guidepost cells to capture Netrin to 

provide a local guidance cue for nearby axons[59, 222, 223]. In this setting, 

however, the Netrin receptor in the responding cells is unknown and this 

signaling event occurs between separate cells. In the model that we have 

proposed, UNC-5 mediates a negative response to UNC-6 between spatially 

distinct membrane regions of the same cell. Netrin has also been shown to 

function as a short-range signal for axonal and dendritic guidance in other 

contexts and for defining the placement of synapses between specific 

neurons[54, 56-58]. The phenomenon of self-avoidance that we have detected 

includes additional features that point to a complex mechanism. In addition to the 
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Figure 4.14.  Model: UNC-40/DCC captures UNC-6/Netrin at the tips of growing 
dendrites to mediate UNC-5-dependent mutual repulsion.  (a) UNC-6/Netrin 
functions with UNC-40 and UNC-5 through downstream effectors to reorganize the actin 
cytoskeleton for self-avoidance. UNC-40 also signals through an UNC-6/Netrin-
independent pathway (b) Schematic showing distribution of UNC-6/Netrin expressed 
from ventral cells and focal UNC-6/Netrin localization to PVD dendritic branches. Inset 
depicts the tips of adjacent sister dendrites where UNC-40/DCC captures UNC-6/Netrin 
for contact with UNC-5 and mutual repulsion.  
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proposed role for UNC-40/DCC of sequestering UNC-6/Netrin for interaction with 

UNC-5, our genetic evidence (Fig 4.5) indicates that UNC-40/DCC also functions 

in a parallel self-avoidance pathway that does not involve unc-5 and unc-6. UNC-

6-independent signaling by UNC-40/DCC has been previously observed[48, 219, 

224] and is suggestive of additional UNC-40/DCC activating ligands. Previous 

work has shown that UNC-5 and UNC-40 can signal independently of each other 

to mediate repulsion to UNC-6/Netrin[48, 54, 225, 226] but our findings include 

the additional observation that this activity requires physical contact between 

apposing dendrites.  

In addition to expanding the repertoire of self-avoidance proteins, our 

discovery that UNC-40/DCC and UNC-5 are involved suggests that other 

established UNC-6/Netrin signaling proteins could also be utilized to trigger 

repulsion[12]. The significance of this possibility is underscored by the fact that 

little is known of the downstream mechanisms that reorganize the dendritic 

cytoskeleton to effect mutual repulsion [206].  For example, the intracellular 

proteins tricornered (trc) and furry (fry) are required for dendritic self-avoidance in 

a subset of Drosophila sensory neuron but mechanisms that activate these 

components are poorly defined[106, 111]. In addition, the cytoplasmic domain of 

Dscam is necessary for self-avoidance but no downstream effectors have been 

identified [100].   

We have established that UNC-6/Netrin is required for self-avoidance of 

PVD dendrites. However, our results also point to additional mechanisms for 

regulating iso-neuronal repulsion. We note that most (~ 65%) of PVD 30 
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dendrites undergo normal self-avoidance in strong loss-of-function alleles of 

UNC-6/Netrin pathway genes (Figure 4.3). This result parallels the observation 

that mutants in self-avoidance genes in Drosophila (e.g., Dscam, Turtle) and C. 

elegans (e.g., eff-1) are also incompletely penetrant[100, 105, 216]. 

Although our results reveal a new role for UNC-6/Netrin signaling in 

dendritic self-avoidance, the model that we have proposed involving a single cue 

and its receptors is unlikely to provide a general solution to the problem that 

individual neurons face of distinguishing self from non-self. The cell surface 

markers Dscam and protocadherins which can be expressed in many different 

alternative forms, are proposed to fulfill this role by providing unique 

combinations of labels for marking single neuron types in complex neural 

environments[109]. However, our discovery of a mechanism whereby an 

exogenous cue can be utilized to pattern dendritic self-avoidance suggests that 

other extracellular signals and their receptors could be similarly employed.  This 

possibility significantly expands the potential utility of this self-avoidance strategy. 
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CHAPTER V 

 

ACTIN POLYMERIZING PROTEINS TRIGGER  

RETRACTION IN DENDRITIC SELF-AVOIDANCE 

 

INTRODUCTION 

 

The precise control of neuronal process outgrowth drives the formation 

and maintenance of functional circuits. Mechanisms that control neuronal 

morphogenesis require both attractive and repulsive cues which are thought to 

control the cytoskeleton of developing neurons [2].    

Actin polymerization regulates cell motility and axon guidance [227].  In 

axonal growth cones actin-based protrusions respond to attractive signals with 

striking precision. Repellents can also guide axons to their proper targets [2].  

Interestingly, repulsive cues can induce instantaneous switches from growing to 

retractive states [228-231].  It is not clear how this switch is generated but has 

been proposed to require retrograde flow [83] and actin depolymerization [227].  

Interestingly, many molecules that are required for attraction also appear 

to function in repulsion.  For example, UNC-34/Enabled is thought to promote 

actin-polymerization at the tip of the growth cone in growing axons [232-235] but 

is also required for axonal repulsion [234, 236, 237].  Similarly, the F-actin 

promoting component MIG-10/Lamellipodin has been reported to function in both 

attractive and repulsive events [75, 76, 78]. Because repulsion has been 
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proposed to depend on actin disassembly it has been difficult to explain the role 

of UNC-34/Ena and MIG-10/Lpd in this process.  In fact, the molecular 

understanding of how neuronal branches retract is poorly understood compared 

to how branches grow.   

Active extension and retraction of neuronal processes is also a 

characteristic of dendritic morphogenesis.  One particular example of branch 

retraction is activated to prevent overlap of sister dendrites [95, 96, 206, 238].  

This phenomenon is known as self-avoidance and is widely observed during the 

development of sensory circuits. Cell surface receptors (i.e. Dscam, Turtle, 

Flamingo) have been shown to mediate self-avoidance [105, 106, 239, 240].  

Although the cytoplasmic domains of these membrane proteins are required for 

self-avoidance, the intracellular mechanisms that rearrange the cytoskeleton to 

drive dendrite retract have remained a mystery [4][99, 105].   

We have recently shown that dendritic self-avoidance can also depend on 

the diffusible axon guidance cue UNC-6/Netrin and its membrane receptors 

UNC-5 and UNC-40/DCC (Chapter 4)[241].  Here we identify components of a 

downstream signaling cascade that links UNC-6/Netrin signaling to the 

cytoskeleton.  We show that dendritic self-avoidance requires the actin-

polymerizing proteins UNC-34/Enabled and MIG-10/Lamellipodin.  Our results 

show that UNC-34/Ena accumulates with actin near the tips of sister dendrites as 

they contact one another.  The conserved protein DAB-1/Disabled functions in 

the UNC-6/Netrin pathway to ensure UNC-34/Ena can freely traffic to the site of 

contact. MIG-10/Lpd, specifically the C isoform, localizes with UNC-34/Ena but 
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appears to function in an independent pathway to promote contact-dependent 

self-avoidance.  Together, these results suggest that actin polymerization is 

controlled by a cell-surface signal to effect dendritic retraction in a self-avoidance 

mechanism.  We provide additional genetic evidence that myosin II is required for 

dendrite retraction.  Together our results favor a model in which dendrite 

retraction is driven by retrograde flow and that this mechanism depends on 

polymerization of new actin filaments near the tips of sister dendrites as they 

touch.  In addition to identifying the first cytoplasmic effectors of a known self-

avoidance receptor our work also provides a new model for neurite retraction that 

appears to resolve a long-standing mystery of how UNC-6/Netrin signaling could 

drive axonal repulsion. We believe, therefore, that these findings reach beyond 

the scope of self-avoidance.   

 

METHODS 

 

Nematode strains and genetics 

The wild-type N2 Bristol strain was used for all experiments and cultured 

as previously described [158]. 

 

Mutant Strains 

unc-34 (gm104), mig-10 (ct41), dab-1 (gk291), unc-6 (ev400), unc-5 

(e152), wsp-1 (gm324), pfn-1 (ok808), unc-73 ( e936), ced-10 (n1993), max-2 

(ok1904), unc-40 (e271), ced-5 (n1812), unc-115 (ky275), madd-2 (ok2226), mig-
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2 (ok2273), rac-2 (ok326), daf-18 (ok480), epac-1 (ok655), src-1 (ok2685), pak-1 

(ok448), pak-2 (ok332), abl-1 (ok171), unc-60 (e723), nmy-2 (ne3409), nmy-1 

(sb115), nmy-1 (sb113), spe-15 (hc75), hum-2 (ok596), let-502 (ok1283), hum-7 

(ok3054). 

 

Transgenic Strains 

NC1687 [wdIs52 (F49H12.4::GFP + unc-119)],  

NC1686 [wdIs51 (F49H12.4::GFP + unc-119)],  

NC2422 [wdEx775 (pCJS78, F49H12.4::UNC-34::mcherry + coel::RFP + 

dat-1::mcherry)],  

NC2463 [wdEx794 (pCJS91, F49H12.4::utrophin::GFP + ceh-22::GFP + 

pCJS04, F49H12.4::mcherry)],  

NC2462 [wdEx773 (pCJS94, F49H12.4::MIG-10C::GFP + coel::RFP + 

pCJS85, dat-1::mcherry)] 

NC2261 [pha-1 (e2123ts); lon-2; wdEx726 (pCJS96, F49H12.4::MIG-

10a::GFP + pCJS85, dat-1::mcherry + pCJS04, F49H12.4::mcherry + 

pBx)] 

NC2436 [wdIs52 (F49H12.4::GFP + unc119); wdEx777 (pCJS88, 

F49H12.4::mig-10b::YFP + pCJS85, dat-1::mcherry + coel::RFP)] 

NC2257 [pha-1 (e2123ts); lon-2; wdEx722 (pCJS95, F49H12.4::ced-

10::GFP + pCJS85, dat-1::mcherry + pCJS04, F49H12.4::mcherry + pBx)] 

NC2496 [wdEx819 (pCJS78, F49H12.4::mcherry::UNC-34 + pCJS94, 

F49H12.4::MIG-10C::GFP + dat-1::mcherry + coel::RFP)] 
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Generating transgenic strains 

All transgenic animals in this study were generated by microinjection.  

Plasmids were injected at 30 ng/ul into the N2 or NC1687.  In some cases a co-

injectable marker coel::RFP (30 ng/ul) or ceh-22::GFP (15 ng/ul) was used to 

identify potential transgenic strains.  At least two strains were generated from 

each plasmid.  

 

Molecular Biology 

CED-10, UNC-34, MIG-10A and MIG-10C plasmids were modified from 

gifts from D.C.R [242].  Sph1 and Asc1 were used to swap in the F49H12.4 

promoter from pCJS04.  MIG-10B was a gift from C.B., the promoters were 

swapped using SphI and XmaI.  DAB-1 cDNA was amplified from cDNA from the 

animal with primers that contained XmaI and AgeI and placed into pCJS93.   

 

Time-lapse TIRF microscopy 

Animals were prepped for imaging on a slide as previously described [12].  

A Nikon Eclipse TiE TIRF microscope equipped with a Photometrics Roper 

Evolve EM-CCD camera and Coherent Sapphire 488 and 561 was used for all 

TIRF experiments.  All images were taken with a 100X ApoFluor Nikon lens (1.49 

NA).  The TIRF angle was manually adjusted to image into the sample at a point 

where the 3O dendrites were illuminated but the surrounding medial tissue was 

not.  Nikon Elements 3.2 was used to optimize imaging settings.  For contact 
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events, images were taken every 10 sec for 1 hr.  To visualize trafficking of UNC-

34, images were taken ~15 frames/second.  For each TIRF tiff image the scale 

was 0.16 um/pixel. 

 

Confocal Microscopy 

Nematodes were immobilized with 15 mM levamisole as previously 

described [12].  Images were obtained in a Leica TCS SP5 confocal microscope. 

Z-stacks were collected with either 40X (1 um/step), 63X (0.75 um/step) or 100x 

(0.75 um/step) objectives.  Brightness and contrast were enhanced using Adobe 

Photoshop CS5. 

 

Quantifying UNC-34::mcherry puncta 

Z-stacks spanning the depth of the PVD neuron were imaged with a 100X 

objective on a Leica TCS SP5 microscope.  All images were taken with the exact 

laser power and image settings (see settings below).  Z-stacks were collapsed to 

provide a projection of the PVD neuron.  Images were then converted to 8-bit 

grayscale using ImageJ software.  The 3D object counter was used to count the 

number of puncta.  Puncta above an arbitrary intensity setting of 24 were used to 

define individual puncta.  10 animals were counted for each genotype.  An 

unpaired students t-test was used to determine statistical significance. 
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Leica TCS SP5 settings for counting UNC-34::mcherry 
Pinhole:  144.5 um  
Step Size:  0.76 nm  
Scan Direction: 2  
Scan Speed: 400 Hz  
Excitation Beam Splitter DD 488/561  
Resolution: 8 bits  
Channels: 488 561 
Laser Power: 28% NA 
Laser Line Visible: 20% 50% 
Emission Bandwidth: 500 nm - 550 nm 570 nm - 700 nm 
Active Gain: 700 712 
Offset: 0 0 

 

Generating Kymographs 

The vector tool in ImageJ was used to draw a trace of the PVD dendrite.  

The kymograph function in ImageJ was used to generate a kymograph [243].  

Kymograph were pseudocolored by manual tracing of the two branches in Adobe 

Illustrator.  The pseudocolors were overlaid with the original gray scale 

kymograph. 

 

Scoring Self-avoidance Defects 

Each genotype was scored using PVD::GFP.  Confocal images spanning 

the PVD depth were used to quantify self-avoidance defects.  Confocal stacks 

were collapsed into a single plane.  Overlap was designated as any two adjacent 

3O dendrites that do not have an intervening space between.  The total number of 

3O dendrites was determined by the number of 2O dendrites as previously 

described [241].  An unpaired Student’s t-test was used to determine statistical 

significance. Because nmy-2 null mutants are embryonic lethal we utilized a 

viable temperature sensitive allele [244].  To bypass embryonic lethality we 
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scored nmy-2 mutant animals that laid eggs at 15C, the permissive temperature 

but were shifted during early L1 larval stage before PVD is generated to the 

restrictive temperature, 25C.  All self-avoidance errors were scored in young 

adults. 

 

RESULTS 

 

The C. elegans PVD neuron envelops the worm in a non-overlapping net-

like array [12].  The lack of overlap is driven by a mechanism that utilizes UNC-

6/Netrin and receptors UNC-5 and UNC-40/DCC (Chapter 4)[241]. As a first step 

toward defining the downstream signaling cascade that drives PVD self-

avoidance we first sought to characterize the cytoskeletal composition of the 

PVD dendrite. 

 

F-actin is enriched in retracting dendrites 

In Drosophila, actin filaments fill the entire dendritic array of sensory 

neurons.  In contrast, static images of microtubule binding proteins shows that 

microtubules are limited to the 1O dendrite and do not extend into higher order 

dendrites [245].  In PVD, microtubules are also limited to the 1O dendrite [246].  

We, therefore, hypothesized that actin is the primary cytoskeletal component in 

the 3O dendrites that self-avoid.  To characterize the actin cytoskeleton of the 

PVD dendrite we built transgenic animals to visualize the localization of 

fluorescent proteins that are tagged with specific actin-binding domains in PVD. 
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moesin::mCherry [247, 248] and utrophin::GFP [249] both showed striking 

subcellular localization within the PVD dendritic tree (Figure 5.1A,B).  In static 

images, utrophin::GFP was notably enriched at newly synthesized branches (i.e. 

4O branches in the L4) (Figure 5.1A,B).  We conclude that actin is likely the 

predominant cytoskeletal component of 3O dendrites.  

Given the abundance of actin in lateral PVD dendrites, we hypothesized 

that dynamic rearrangement of actin could drive PVD dendrogenesis. Because 

the fluorescence intensity of utrophin::GFP was dim in immature PVD neurons it 

was not possible to use time-lapse imaging to visualize these markers by 

conventional confocal microscopy (data not shown).  Since the PVD neuron is 

located near the surface of the animal we considered using TIRF microscopy to 

observe the subcellular localization of actin and other components during PVD 

morphogenesis.  With TIRF images we could collect images at near video rates 

(e.g. > 30 frame per second) at high signal to noise ratios (Figure 5.2A,B).  With 

this approach it was possible to observe temporal changes in the localization of 

growing dendrites. utrophin::GFP was typically concentrated near the tip of a 

growing dendrite (Figure 5.1, D arrow 0 sec).  With the initiation of retraction, 

utrophin::GFP intensity initially increased in the area behind the tip of the 

dendrite and filled the entire dendrite as it withdrew (Figure 5.1D,E 190 sec).  As 

a control, cytosolic mcherry intensity did not increase in the retracting branch 

(Figure 5.1D). The enhanced intensity of the utrophin::GFP in the dendrite 

remained until retraction stopped (n=4) (Figure 5.1D, E).  These results are 

consistent with a model in which increased actin assembly at the area just 
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Figure 5.1 Actin is enriched near tips of retracting dendrites.  A.  Confocal image of 
Utrophin::GFP and cytosolic::mcherry in the PVD neuron.  Utrophin::GFP is strongly localized at 
newly formed branches in L4 larvae.  B.  Confocal image of moesin::mcherry and cytosolic GFP 
in PVD displays a similar pattern as utrophin.  C.  Schematic of the cytoskeletal composition of 
PVD with actin localized to higher order dendrites and microtubules in the 1O dendrite and axon.  
D.  Time-lapse TIRF microscopy of utrophin::GFP and cytosolic mcherry in a 3O dendrite.  In 
retracting branches, utrophin::GFP is enriched(arrow). F.  Kymograph of utrophin::GFP during 
dendrite retraction.   H.  Model of time-lapse results showing actin (black hexagon) at the tip 
during growth.  Additional actin (red hexagon) accumulate in the retracting dendrite.  
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proximal to the tip of the dendrite could drive retraction and thus proteins that are 

utilized to promote actin assembly could be key players in self-avoidance.  We 

next sought to identify these likely downstream components.    

 

Actin-Polymerizing components are required for self-avoidance 

In previous work we collected confocal stacks every 160 sec to establish 

that self-avoidance is mediated by a contact-dependent event[12, 241].  Here we 

obtained TIRF images at 10 sec intervals to confirm that contact events last 

about 140 sec (Figure 5.2C,D).  These results, therefore, validate our earlier 

findings with confocal microscopy and also provide a higher temporal resolution 

of contact-dependent self-avoidance.       

To identify downstream signaling components that are required for self-

avoidance we used PVD::GFP to screen specific genetic mutants for overlapping 

3O dendrites. Our analysis focused on proteins that either interact with the actin 

cytoskeleton or that have been shown to function in UNC-6/Netrin signaling 

pathways.  Mutants of 35 genes were examined to identify 10 candidate 

downstream components that are required for self-avoidance (Table 5.1).  Many 

of these mutants displayed PVD dendritic defects strikingly similar to those of 

unc-6, unc-5 and unc-40 [241].  Interestingly, our approach revealed multiple 

proteins that are normally employed during actin polymerization.  For example, 

MIG-10/Lpd, UNC-34/Ena, PFN-1/Profilin and WSP-1/WASP have all been 

shown to promote actin polymerization. Other components revealed by our 

screen, UNC-73/Trio, CED-10/Rac, CED-5/Dock180, and MAX-2/p21 kinase 
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Figure 5.2.  TIRF microscopy to image PVD dendritic growth.  A. Schematic of PVD dendrites 
(green), muscle (red), and hypodermis (light grey) showing the proximity of PVD branches to the 
surface of the animal (from Albeg et. al 2011).  B.  Schematic of TIRF microscopy setup.  Upper 
section shows a sagittal cross section of a nematode on its side next to a coverslip.  PVD 
dendrites (green) are sandwiched between the hypodermis (beige) and the muscle (red) close to 
the cover slip.  TIRF illumination (glue) evokes fluorescent signals from PVD region immediately 
beneath the hypodermis.  Bottom cartoon shows the lens limits the laser angle to excite only the 
region close to the cover slip and the excited fluorophore in this region is the only collected signal.  
Worm (beige) is sitting on the coverslip.  C.  TIRF imaging of PVD::GFP during a contact event.  
Images were taken every 10 sec.  D.  Kymograph  (750 sec total) of the contact event of branch 1 
(green) with branch 2 (red).  Branches were pseudocolored.  Contact represents the area of the 
kymograph with no black space between the two branches.  Contact lasted for about 140 sec 
(~2.5 min).   
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Table 5.1  Mutants that were screened for PVD defects.   
* significance from wt, # described in Chapter 6 
all with numbers were scored.  Those without numbers were screened via visual screen for 
overlapping branches. 

Gene	   3O	  dendrite	  overlap	  (%)	   2O	  dendrite	  asymmetry#	  
unc-‐5	   21*	   	  
unc-‐40/DCC	   29*	   Yes	  
unc-‐6/Netrin	   18*	   Yes	  
unc-‐34/Enabled	   34*	   Yes	  
dab-‐1/Disabled	   31*	   	  
mig-‐10/Lpd	   22*	   Yes	  
unc-‐73/Trio	   21*	   Yes	  
wsp-‐1/WASP	   18*	   	  
max-‐2/p21	  kinase	   12*	   	  
pfn-‐1/Profilin	   7*	   	  
ced-‐10/Rac	   6*	   	  
ced-‐5/Dock180	   4*	   	  
unc-‐115/Limatin	   4	   	  
madd-‐2/Tri	   3	   	  
mig-‐2/Rac	   3	   	  
rac-‐2/Rac	   2	   	  
nmy-‐1/myosin	  II	   20*	   	  
daf-‐18/PTEN	   No	  overlap	   	  
nid-‐1/Nidogen	   No	  overlap	   	  
epac-‐1/epac	   No	  overlap	   	  
src-‐1/Src	   No	  overlap	   	  
ccb-‐1	   No	  overlap	   	  
gON-‐2	   No	  overlap	   	  
cca-‐1	   No	  overlap	   	  
egl-‐19	   No	  overlap	   	  
pkc-‐1	   No	  overlap	   	  
pak-‐1/p21	  kinase	   No	  overlap	   	  
pak-‐2/p21	  kinase	   Lethal	   	  
igcm-‐2/turtle	   No	  overlap	   	  
abl-‐1/Abelson	   No	  overlap	   	  
ptp-‐3/LAR	   No	  overlap	   	  
unc-‐60/cofilin	   No	  overlap	   	  
nmy-‐2/myosin	  II	   No	  overlap	   	  
spe-‐15/myosin	  VI	   No	  overlap	   	  
hum-‐2/myosin	  XII	   No	  overlap	   	  
let-‐502/Rho	  Kinase	   No	  overlap	   	  
hum-‐7/myosin	  IX	   No	  overlap	   	  
hum-‐1/myosin	  I	   No	  overlap	   	  
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have all been shown to function downstream of UNC-6/Netrin to promote UNC-

34/Ena and/or MIG-10/Lpd mediated actin polymerization [69, 76, 78, 171, 234, 

242, 250].  Based on these results we considered the hypothesis that actin 

polymerization drives contact-dependent self-avoidance.  We thus sought to 

characterize how these components are utilized during self-avoidance. 

 

UNC-34/Ena triggers self-avoidance 

UNC-34/Ena has been shown to function downstream of UNC-6/Netrin 

signaling in axon guidance to mediate either attraction or repulsion [233]. In PVD, 

UNC-5 functions as the receptor of UNC-6.  We hypothesized that UNC-34/Ena 

also functioned with UNC-6/Netrin and UNC-5 to drive self-avoidance. If this 

model is correct, then a genetic strain bearing mutations in unc-34 and in other 

unc-6 pathway mutants should show self-avoidance defects comparable to that 

of either single mutant. To test this idea we generated an unc-34;unc-5 double 

mutant. The double mutant of unc-34; unc-5 phenocopied self-avoidance errors 

of both the unc-5 and unc-34 single mutants (Figure 5.3A).  These data are 

consistent with the hypothesis that unc-34/Ena function is in the same pathway 

as unc-5 to trigger self-avoidance (Figure 5.3B).    

UNC-34/Ena has been shown to function in many different developmental 

processes.  We hypothesized that UNC-34/Ena function in self-avoidance was 

cell-autonomous in PVD.  To test UNC-34/Ena cell-autonomy, we generated a 

transgenic animal that expressed UNC-34 specifically in the PVD neuron.  

Restoration of UNC-34 to the PVD neuron rescued self-avoidance defects of the 
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Figure 5.3 UNC-34/Ena is enriched during retraction.  A.  Quantification of 3O branch overlap. 
unc-5, unc-34 and unc-5;unc-34 are not significantly different.  B. Self-avoidance pathway.  C.  
Quantification of overlapping dendrites when UNC-34::GFP or UNC-34::mcherry specifically 
expressed in PVD. Both PVD::UNC-34::GFP and PVD::UNC-34::mcherry are significantly 
different then the unc-34 (gm104) with no transgene.  D.  Confocal images of UNC-34::mcherry 
shows punctate localization throughout the dendrites.  E.  Confocal images of Utrophin::GFP and 
UNC-34::mcherry shows colocalization of UNC-34 and F-actin in the dendrites.  Inset shows 
overlap.  E.  Images from time-lapse TIRF micrscopy of UNC-34::mcherry and cytosolic GFP 
during a contact event.  UNC-34::mcherry becomes enriched after contact and remains enriched 
during retraction is complete.  F.  Kymograph of UNC-34 during contact.  Branch outline detected 
by PVD::GFP were overlayed and pseudocolored.  Branch 2 is the retracting branch.  H.  Model 
of UNC-34 (blue rectangle) influx into the area of contact to induce retraction via actin (pointed 
red hexagon) polymerization.   
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unc-34 null allele gm104 (Figure 5.3C).   These data indicate that UNC-34 

functions in PVD to trigger self-avoidance.   

If UNC-34/Ena is utilized to trigger repulsion in self-avoidance, then it 

should be localized in the dendrite.  To detect the subcellular localization of UNC-

34 in PVD, we first visualized functionally tagged versions of the protein in static 

images with the confocal microscope.  Both UNC-34::mCherry and UNC-34::GFP 

showed a punctate pattern throughout PVD dendrites (Figure 5.3D).  In both 

cases, we observed UNC-34 at the tip of dendrites where it could be available to 

modulate contact-dependent retraction (Figure 5.3D).   

We hypothesized that UNC-34/Ena may become specifically enriched at 

the contact site to promote actin polymerization and thereby induce self-

avoidance.  To address this possibility, we visualized UNC-34::mcherry during a 

contact-induced retraction event with time-lapse TIRF microscopy.   Upon 

contact between neighboring 3O dendrites, UNC-34 intensity increased near 

dendritic tips and remained in these locations until retraction was complete 

(Figure 5.3F,G).  UNC-34::GFP intensity was highest in a proximal region 

approximately 3 um behind the dendritic tip (Figure 5.3F,G).  This region 

coincided with the area in which the actin-binding protein Utrophin is also 

enriched during retraction. Based on these results we considered the hypothesis 

that UNC-34 is recruited in self-avoidance to induce actin polymerization at the 

area just distal to the tip of the dendrite.   

To ask if UNC-34 could potentially be trafficked to the site of contact we 

visualized UNC-34::mCherry movement at ~15 frames per second in the PVD 
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dendrite.  Interestingly, these movies revealed rapid movement of UNC-34::GFP 

puncta in the PVD dendrites (Figure 5.4F).  Both anterograde and retrograde 

movement was observed (Figure 5.4F).  Based on this evidence it seems 

plausible that UNC-34 could traffic to the site of contact to induce retraction.  

To test this idea that UNC-34 was trafficked to the site of contact to 

promote actin polymerization, we generated a transgenic line that allowed us to 

visualize both UNC-34 and Utrophin in the PVD neuron.  Consistent with our 

hypothesis that UNC-34 could be utilized to drive actin polymerization, UNC-34 

and utrophin co-localized in the PVD dendrite (Figure 5.3E).  We also visualized 

dynamic colocalization of these components using TIRF microscopy (data not 

shown).  Thus, these data are consistent with the hypothesis that UNC-34/Ena is 

recruited to the site of contact to promote actin polymerization (Figure 5.3H).  

Because UNC-34/Ena localization was dynamic and was enriched near sites of 

dendritic contact we hypothesized that self-avoidance would also require proteins 

that control UNC-34/Ena localization.  We thus sought to identify these 

molecules.    

 

DAB-1/Disabled is required for self-avoidance     

Drosophila Disabled has previously been shown to regulate Enabled 

localization in epithelial cells [251].  We therefore examined UNC-34::mCherry 

localization in dab-1 mutants to ask if DAB-1/Disabled functioned similarly in the 

C. elegans PVD neuron.  In wild-type animals, UNC-34::mCherry is broadly 

distributed in the dendrites in a punctate pattern (Figure 5.4D).  In dab-1 mutants, 
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Figure 5.4  DAB-1 controls the localization of UNC-34. A.  Quantification of PVD::GFP in 
Double mutants are not significantly different from single mutants.  B.  Quantification of 
PVD::GFP in dab-1 (gk291) that either have no transgene or express DAB-1::mcherry only in 
PVD.  The no transgene dab-1 animal is significantly different than when DAB-1 is expressed in 
PVD.  C.  Confocal image of DAB-1::mcherry and cytosolic GFP shows punctate localization of 
DAB-1::mcherry in the higher order PVD dendrites.  D.  Confocal images of UNC-34::mcherry in 
wild-type, dab-1 and unc-6 mutants.  Insets show increased numbers of DAB-1::mcherry puncta 
in dab-1 and unc-6 mutants (arrow denotes coelomocyte mcherry marker).  E.  Quantification of 
UNC-34::mcherry shows higher number of puncta in dab-1 and unc-6 mutants compared to 
wildtype.  F.  Kymograph of time-lapse TIRF microscopy of UNC-34::mcherry in the 1O dendrite of 
wild-type and dab-1 mutants.  G.  Summary of the molecular pathway that is activated to promote 
retraction in dendritic self-avoidance.  H.  Model suggesting that DAB-1 (purple oval) ensures 
UNC-34 (blue rectangle) localization to the contacting dendrite to polymerize actin (red pointed 
hexagon). 
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however, these UNC-34::mCherry puncta were significantly brighter and more 

abundant (Figure 5.4D,E).  These results are consistent with the hypothesis that 

DAB-1 controls UNC-34 sub-cellular localization in neuronal dendrites.  

We considered a potential mechanism in which DAB-1 aids in the 

trafficking of UNC-34 to ensure that it can reach the site of dendritic contact.  To 

test this possibility, we visualized UNC-34 trafficking at ~15 frames per second in 

wild-type and dab-1 mutant animals.  In wild-type animals, UNC-34 puncta are 

highly mobile.  In particular we noted that migrating UNC-34::mCherry do not stall 

upon contact with stationary UNC-34::mCherry puncta (Figure 5.4F).  In dab-1 

mutants however, UNC-34 puncta appear to aggregate upon contact (Figure 

5.4F).  Based on these observations we propose that DAB-1 ensures free 

trafficking of UNC-34, which allows UNC-34 to become enriched at the contact 

site during retraction.  Because of the role of DAB-1 in UNC-34 localization we 

hypothesized that DAB-1 would be required for self-avoidance. 

To ask if DAB-1 is required for self-avoidance we used PVD::GFP to score 

self-avoidance errors in dab-1 mutants. Consistent with our hypothesis, dab-1 

mutants exhibit self-avoidance defects strikingly similar to those of the unc-34 

mutant (Figure 5.4A).  Because UNC-34 is downstream of UNC-6, we considered 

the possibility that DAB-1 could be activated by UNC-6 to control UNC-34 

localization.  This model would suggest that DAB-1 functions in a common 

pathway with UNC-6 and UNC-34.  To test this idea we first generated the unc-

34;dab-1 double mutant.   The dab-1; unc-34 double mutant showed comparable 

self-avoidance errors to each single mutant suggesting that DAB-1 functions in 
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the same pathway as UNC-34 (Figure 5.4A).  To ask if DAB-1 functioned in the 

UNC-6 pathway, we generated an unc-6;dab-1 double mutant.  Consistent with 

the hypothesis that DAB-1 is in the same pathway as UNC-6, the double mutant 

phenocopied both single mutants (Figure 5.4A).  We conclude that DAB-1 

function in a common genetic pathway with UNC-34 and UNC-6.  Thus, our data 

establishes for the first time that DAB-1/Disabled functions in UNC-6/Netrin 

signaling.  In this case, DAB-1/UNC-6 signaling is utilized in dendritic self-

avoidance (Figure 5.4G).   

We proposed that DAB-1 functions with UNC-6 to control UNC-34 sub-

cellular localization during self-avoidance.  To test this hypothesis we visualized 

UNC-34 subcellular localization in UNC-6 mutants.  Consistent with the idea that 

UNC-6 activates a pathway that controls UNC-34 localization, the number and 

intensity of UNC-34 puncta were greatly increased in unc-6 (ev400) (Figure 

5.4E).  The subcellular localization of UNC-34::mCherry in unc-6 (ev400) was 

strikingly similar to dab-1 (gk291). Given these results, we propose that UNC-6 

functions with DAB-1 to enrich UNC-34/Ena at the site of contact to drive actin 

polymerization (Figure 5.4H).  

Our model suggests that DAB-1/Disabled functioned cell-autonomously in 

the PVD neuron.  This model was confirmed by our finding that expression of 

DAB-1 cDNA in the PVD neuron in dab-1 mutants significantly rescued self-

avoidance defects (Figure 5.4B).  If DAB-1 functions in self-avoidance we also 

expected to see DAB-1 localized in the 3O dendrites.  To test this idea we tagged 

the c-terminus of DAB-1 with mCherry and showed this functional tagged version 
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of DAB-1 was localized in the PVD dendrites (Figure 5.4C).  These data support 

the hypothesis that DAB-1 functions in self-avoidance with the UNC-6/Netrin 

pathway to drive contact-induced retraction. 

Thus far each of the components that we have determined as necessary 

for self-avoidance also are required for axon guidance.  Since the role of DAB-1 

in C. elegans axon guidance has not been previously examined we tested its 

requirement in commissural axon guidance by visualizing commissures in dab-1 

mutants.  Interestingly, commissures were normal in dab-1 mutants (data not 

shown).  This result suggests that DAB-1 may not be utilized in axon guidance of  

motor neuron commissures and thus may activate a task-specific pathway to 

trigger contact-dependent repulsion.    

 

A specific isoform of MIG-10 is required for self-avoidance 

Having established that UNC-34 controlled contact-dependent self-

avoidance, we sought to characterize its interaction with other downstream 

components from our screen.  We started with mig-10, which has previously 

been shown to interact with unc-34. We could not generate an unc-34; mig-10 

double mutant because this combination is embryonic lethal.  Thus, we looked at 

mig-10 interactions with other components of the UNC-34 self-avoidance 

pathway.  To do this we generated the mig-10;dab-1 double mutant and scored 

self-avoidance defects.  MIG-10 mutants displayed 20% overlapping branches 

whereas the dab-1 and unc-34 mutants displayed 30% overlap (Figure 5.5A).  

Interestingly, the mig-10; dab-1 double mutants displayed significantly more 
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Figure 5.5 MIG-10C is required for self-avoidance.  A.  Graph showing quantification of genetic 
mutants.  Note that double mutants (mig-10; unc-5 and mig-10; dab-1) were significantly different 
than single mutants. B.  Molecular pathway of downstream components based on double mutant 
analysis.  C.  Summary of mig-10 spliceforms.  Large boxes represent exons.  Green bar shows 
the location of GFP tag for MIG-10 localization studies.  D. Defects of self-avoidance 
quantification of mig-10 mutants with rescuing constructs.  Expression of mig-10a/b or mig-10b 
fosmids did not rescue self-avoidance.  Expression of MIG-10b or MIG-10a under the PVD 
promoter also did not rescue self-avoidance.  PVD expression of MIG-10c did rescue PVD self-
avoidance defects.  P value determined by students t-test.  E.  Confocal images of mig-10 
spliceforms tagged with GFP.   Far right shows a confocal image of MIG-10C::GFP (green) and 
UNC-34::mcherry (red) in the same PVD dendrite.    
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overlap (60%) than either single mutant (Figure 5.5A). These data suggest that 

mig-10 functions in parallel to the dab-1 pathway in self-avoidance.  To confirm 

that mig-10 functions in parallel to the UNC-34 pathway we tested the genetic 

interaction of mig-10 and unc-5.  Consistent with our hypothesis, mig-10;unc-5 

animals also showed enhanced self-avoidance defects than either single mutant 

(Figure 5.5A).  Thus, we conclude that mig-10 functions in an independent 

pathway than the UNC-5/DAB-1/UNC-34 pathway to promote self-avoidance and 

sought to further characterize its role (Figure 5.5B). 

 The mig-10 genomic region encodes three mig-10 spliceforms (Figure 

5.5C). We hypothesized that the different spliceforms may acquire different 

functions in PVD development.  To test this model we restored specific isoforms 

of mig-10 in mig-10 mutants and tested the ability of these transgenes to rescue 

self-avoidance errors.  We first used fosmids that contain the genomic region of 

either mig-10a/b or just mig-10b.  When we restored mig-10b or mig-10 a/b 

expression in mig-10 (ct41) we could not rescue self-avoidance errors (Figure 

5.5D). These data suggest that mig-10a or mig-10b are not sufficient to induce 

self-avoidance.  To confirm that mig-10a or mig-10b are not required for self-

avoidance we restored mig-10a or mig-10b cDNA in PVD in mig-10 mutants.  

Consistent with our fosmid rescue, restoration of mig-10a or mig-10b cDNA also 

did not rescue Mig-10 self-avoidance defects. We therefore hypothesized that 

mig-10C may be uniquely required in self-avoidance.  To ask if mig-10c was 

sufficient to restore self-avoidance we expressed mig-10c specifically in the PVD 

neuron in mig-10 (ct41).  Expression of mig-10c in PVD in mig-10 (ct41) did 
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rescue self-avoidance defects (Figure 5.5D).  These results are therefore 

consistent with the hypothesis that a specific spliceform of mig-10, the C isoform, 

is utilized during self-avoidance.   

If mig-10c is required for self-avoidance we predicted that it would be 

localized in the 3O dendrites.  To test this possibility we visualized a functional 

GFP-tagged MIG-10C (MIG-10C::GFP) in PVD.  Interestingly, MIG-10C 

localization was punctate in the 3O dendrite (Figure 5.5E).  We therefore 

conclude that MIG-10C could function in self-avoidance of the 3O dendrites.  Our 

rescue data suggests that other MIG-10 spliceforms may have different functions 

in the PVD dendrite.  To address this possibility we visualized the localization of 

MIG-10B and MIG-10A in the 3O dendrite.  MIG-10B localization differed from 

that of MIG-10C in that it was punctate in all dendritic branches (1O-4O) and was 

most highly abundant in younger animals (Figure 5.5E).  MIG-10A localization 

was also different as it was mostly diffuse throughout the dendrites (Figure 5.5E).  

Thus, we conclude each mig-10 spliceform has a different localization pattern in 

the PVD 3O dendrite.  These data are consistent with the hypothesis that MIG-10 

spliceforms may be differentially required during PVD development.   

Because the localization of MIG-10C was strikingly similar to the 

localization of UNC-34 we considered the possibility that MIG-10C functioned in 

similar areas as UNC-34 and thus may co-localize with UNC-34.  To test this we 

generated a transgenic line that expressed both UNC-34::mcherry and MIG-

10C::GFP.  Interestingly, MIG-10C and UNC-34 were co-localized in the 

dendrites (Figure 5.5E).   We also generated a transgenic line to score the co-
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localization of MIG-10A and UNC-34 but did not visualize obvious co-localization 

(data not shown).  These data support the hypothesis for the differential roles of 

MIG-10 spliceforms in neurodevelopment and suggests there may be different 

interacting components.  Together our genetic data is consistent with the model 

that MIG-10C and UNC-34 function in different molecular pathways.  The 

subcellular co-localization of these proteins, however, suggests UNC-34 and 

MIG-10C may function at the same site to drive self-avoidance.  

 

Additional downstream components 

 Our limited screen identified a role for CED-10 in contact-induced self-

avoidance.  The PVD microarray profile detected enrichment of the CED-10 

transcript (Chapter 2).  We therefore hypothesized that CED-10 functioned in the 

PVD cell to promote self-avoidance.  To test this we expressed a functional CED-

10::GFP in PVD in ced-10 mutants and scored the ability of this transgene to 

rescue Ced-10 self-avoidance defects.  Consistent with our hypothesis that CED-

10 functions cell-autonomously in PVD, expression of CED-10 in PVD in ced-10 

mutants rescued self-avoidance defects (Figure 5.6A).  Additionally, if CED-10 

functioned in self-avoidance, we expected to see CED-10::GFP in the dendrite 

where self-avoidance occurs.  Consistent with this idea, CED-10::GFP was 

localized in the 3O dendrites (Figure 5.6B).  Based on these data we conclude 

that CED-10 functions in the PVD neuron to drive contact-induced dendritic 

retraction. 
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Figure 5.6 CED-10 and calcium in PVD.   (A) Quantification of overlapping dendrites which are 
visualized with PVD::GFP in wildtype, ced-10 and ced-10 with PVD::CED-10::GFP.  Note 
significant rescue from ced-10 no transgene vs. ced-10 with PVD::CED-10::GFP.  N > 15.  (B) 
Confocal micrograph of CED-10::GFP in the PVD neuron.  CED-10::GFP puncta are localized in 
all dendritic branches.  (C) Graph of the mean intensity of the ratio of CFP/YFP (FRET insensity) 
from calcium indicator YC2.6 at the tip of the 3O dendrites demarcated by the arrowhead in (D).  
Note the change in calcium levels that occurs in a growing 3O dendrite.  (D) Confocal micrograph 
of the FRET signal in a growing dendrite.  Arrowhead marks growing 3O dendrite that shows 
changes in a FRET signal.  Arrow demarcates a turning 2O branch that also undergoes changes 
in calcium.   
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 In axon guidance, changes in cytoplasmic calcium are visible in migrating 

growth cones.  This change in calcium has been proposed to interact with UNC-

6/Netrin signaling to drive either attraction or repulsion.  We therefore 

hypothesized that calcium signaling may function in contact-induced self-

avoidance.  To ask if cytoplasmic calcium levels changed during PVD outgrowth 

we visualized a calcium indicator in PVD branches as the dendrites grew.  

Interestingly, the YFP signal of the chameleon calcium indicator increased during 

states of dendritic growth and repulsion at the tips of the dendrites (n=1) (Figure 

5.6C).  These results are consistent with the idea that levels of cytoplasmic 

calcium may change in the dendrite during growth or retraction.   It should be 

noted that only one time-lapse movie of the chameleon reporter was visualized 

and more movies would need to be acquired to confirm these results.  Moreover, 

the chameleon reporter strain displays PVD dendritic arrays with reduced 

branching and thus these results must be analyzed cautiously.  If calcium 

signaling were required for self-avoidance then proteins that detect cytoplasmic 

calcium levels or that function in calcium signaling should be required to prevent 

overlap.  Unfortunately, a limited screen of mutants that correspond with these 

proteins did not identify animals that display self-avoidance defects.  Thus, the 

hypothesis that calcium imaging is required for self-avoidance remains to be 

substantiated.      
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A screen for myosin proteins 

Our data are consistent with the model that MIG-10 and UNC-34 

contribute to self-avoidance by promoting actin polymerization at the site of 

contact.  We considered the hypothesis that actin polymerization could aid in 

retraction through retrograde flow, which can be mediated by myosins, 

specifically class II myosins [252-255]. Based on this knowledge, we screened 

the C. elegans non-muscle myosins by scoring PVD::GFP in different genetic 

mutants for defects in self-avoidance (Table 5.2). C. elegans have two Class II 

myosins, nmy-1 and nmy-2, which function redundantly in C. elegans 

embryogenesis [244]. nmy-2 mutants did not display self-avoidance errors 

(Figure 5.7A). We hypothesized that the other non-muscle myosin II may be the 

predominant motor for self-avoidance.  To test this idea we visualized 

overlapping dendrites with PVD::GFP in nmy-1 mutant animals [244].  

Interestingly, nmy-1 mutants displayed self-avoidance defects that were 

comparable to dab-1 and unc-34 mutants (Figure 5.7A).  We therefore propose 

that nmy-1 is required for contact-induced retraction. 

We predicted that myosin might function with the actin-polymerizing 

component UNC-34 to drive contact-induced retraction.  To test this we 

visualized the genetic interaction between nmy-1 and unc-34.  Double mutants of 

nmy-1 (sb113); unc-34 (gm104) did not show significantly more overlap than 

either single mutant nmy-1 (sb113) or unc-34 (gm104) (Figure 5.7).  Based on 

this data we propose that nmy-1 functions with unc-34 to induce retraction.    
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Table	  5.2	  	  Non-‐muscle	  myosins	  in	  C.	  elegans.	  	  List	  of	  non-‐muscle	  myosins	  in	  C.	  
elegans	  and	  their	  respective	  class.	  	  Table	  generated	  from	  wormbase	  descriptions.	  
	  

Class	  Myosin	   C.	  elegans	  myosin	  

I	   hum-‐1	  
hum-‐5	  

II	  
	  

nmy-‐1	  
nmy-‐2	  

VI	   hum-‐8	  
spe-‐15	  

VII	   hum-‐6	  
IX	   hum-‐7	  

XII	   hum-‐2	  
hum-‐4	  
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Figure 5.7 Myosin is required for self-avoidance.  A.  Quantification of overlapping branches in 
different mutants.  nmy-1 (sb115);dpy-8 and nmy-1 (sb113) animals show significantly more 
overlap than wt . nmy-2 mutants do not show overlap.  Double mutants nmy-1 (sb113); unc-34 
(gm104) are not significantly different than unc-34 (gm104) or nmy-1 (sb113). B.  Model for 
myosin in retraction of dendrites.  Myosin (green) is utilized to provide work to move actin (black) 
or membrane components away from the tip.   
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It is worth noting that NMY-1 and NMY-2 function is redundant in the 

embryo and thus our analysis may underestimate the general contribution of 

myosins to self-avoidance.  Unfortunately, we could not test this hypothesis 

because the nmy-1; nmy-2 double mutant died embryonically [244].  

Nonetheless, these data are consistent with the hypothesis that nmy-1 is 

required for self-avoidance of the PVD neuron (Figure 5.8B).   

Myosins are activated by myosin light chain kinases, which are activated 

by Rho kinases.  C. elegans has one known Rho Kinase, let-502 [244].  We 

hypothesized that let-502 could activate nmy-1 to induce self-avoidance.  

Interestingly, let-502 mutants did not show self-avoidance defects.  

 

DISCUSSION 

 

Actin Polymerization promotes self-avoidance via UNC-34/Ena 

This study shows that actin-polymerizing components UNC-34 and MIG-

10 are required to drive contact-dependent dendritic retraction.  During retraction, 

actin becomes enriched and localized with UNC-34/Ena.  UNC-34/Ena is 

trafficked to the site of contact to induce retraction.  This UNC-34/Ena trafficking 

is dependent on DAB-1/Disabled and UNC-6/Netrin.  These data are consistent 

with a model in which actin polymerization is required for contact-induced 

retraction (Figure 5.8).  We propose that UNC-6 activates the UNC-5 receptor 

upon contact.  UNC-5 functions with DAB-1, which ensures UNC-34 can localize 

to the site of contact.  Once localized, UNC-34 can then promote actin 
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Figure 5.8  Model of contact-induced retraction during self-avoidance.  Before contact, tip 
actin (black pointed hexagon) is localized at the tip of the dendrite.  After contact, de novo actin 
(red pointed hexagon) forms just distal to the tip.  DAB-1 (purple oval) declusters UNC-34 (blue 
square) and allows for influx of UNC-34 into the contact site to polymerize actin. This rearward 
movement of the tip actin may require a motor (e.g. myosin) (green probe) to provide work.  Tip 
actin movement toward the cell soma drives the membrane rearward and results in dendrite 
retraction.   
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polymerization just distal to the tip of the dendrite (Figure 5.8).  This actin 

polymerization then induces dendrite retraction.  It seems likely that the new actin 

filaments that are assembled by UNC-34 can be utilized by motors, potentially 

non-muscle myosin II, NMY-1, to drive retrograde flow to pull the actin 

cytoskeleton at the very tip of the dendrite backward resulting in rearward 

movement of the branch (Figure 5.8).  We also propose that MIG-10 functions in 

a similar location as UNC-34 but in a parallel pathway to induce dendritic 

retraction of self-avoiding branches.   

 

UNC-34/Ena functions in attraction and repulsion 

UNC-34/Ena has canonically been shown to be an actin-polymerizing 

component [71].  This hypothesis is supported by in vitro evidence that shows 

Enabled aids in actin polymerization [256-258].   In vivo data both in migrating 

cells and axon growth cones also established a clear role of actin polymerization 

via Enabled [232-234, 236].  For example, it is thought that actin polymerization 

by Enabled drove growth cones toward attractive guidance molecules such as 

Netrin [233, 234].   

UNC-34/Ena has also been shown to function in repulsive axon guidance 

[259].  In C. elegans, UNC-34/Ena is required for commissural axon outgrowth 

away from the Netrin source [260].  In Drosophila, Ena also functions in repulsive 

guidance to steer motor axons to their proper target [232, 236].  In each of these 

examples, it was not clear how Enabled via its canonical actin polymerization role 

could be required for a repulsive event because repulsion is proposed to be 
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mediated through an actin depolymerization mechanism that prevents active 

extension of filopodia [227].  Retrograde flow may also function in repulsion [83].  

In this study we provide another example for the role of UNC-34/Ena in neuronal 

branch repulsion.  However, we propose that UNC-34/Ena functions as it has 

canonically been described to polymerize actin.  This hypothesis is supported by 

our data that shows that at the site of contact, actin becomes enriched in PVD 

with UNC-34.  It seems plausible that Ena may function in a similar manner in 

axonal repulsion.   

The dual role of Ena in both attraction and repulsion is also seen in other 

actin polymerizing components.  For example, MIG-10/Lamellipodin also 

functions in repulsive and attractive axon guidance[75, 76, 78].   It seems 

plausible that the function of these proteins is the same in both attraction and 

repulsive but the site of activation may be different.  In attraction, actin 

polymerization at the tip of the growth cone could drive filopodia like growth.  In 

repulsion, actin polymerization may be shifted to a more distal location.  In this 

case, polymerization would not push against the membrane but would rather 

establish a road that can be utilized for repulsion or drive retrograde flow. It is 

conceivable that a protein that controls localization of actin polymerizing 

components could mediate this directional switch.  We show that DAB-1 with 

UNC-6 functions to ensure UNC-34 localization.  Repulsion and attraction can 

also be delineated by the receptors that are activated by axon guidance ligands 

[2].  For example, UNC-5 is utilized to promote repulsion but does not function in 

attraction [51, 173].  Perhaps UNC-5 activates proteins that shift the location of 
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actin polymerization. In the case of self-avoidance, this UNC-5 activated protein 

may be DAB-1.  

It is not clear if contact-dependent dendritic retraction via retrograde flow 

is a passive or active process.   In an active process, actin polymerization may 

be coupled to the membrane and the active pulling of the actin filament may in 

turn tug the dendritic membrane into a retractive state.  In such a model, a 

protein would be required to couple the actin filament to the membrane.  

However, it seems plausible that the removal of the actin filament may simply 

result in the collapse of the membrane.  In this passive model, the actin filaments 

function more as supports for the dendritic membrane and when the supports are 

removed so does the surrounding membrane structure.   

 

MIG-10 in dendritic retraction 

Our data establishes a role for MIG-10/Lpd in dendritic retraction.  MIG-10 

has been shown to interact with F-actin and can localize F-actin binding proteins 

at the membrane where actin assembly occurs in migrating cells [75, 76, 78, 

242].  It seems plausible that MIG-10 may share similar function in PVD to 

localize F-actin binding proteins to promote actin assembly at the site of contact. 

However, MIG-10 likely recruits components other than UNC-34/Ena to mark the 

site of actin assembly since UNC-34 and MIG-10 appear to be in different genetic 

pathways.  Interestingly, the MIG-10C isoform is specifically required for self-

avoidance suggesting it may interact with a particular set of proteins to promote 
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contact-induced retraction.  Identifying these MIG-10 spliceform-specific 

interacting components could reveal key proteins required for self-avoidance.   

 

Actin Polymerization in Dendrite Outgrowth 

Interestingly, we tested mutants of multiple proteins that function in actin 

polymerization but never observed animals in which PVD dendritic outgrowth as 

disabled.  Moreover, actin markers such as utrophin did not show enriched 

localization in dendrites that were stabilized and were only localized at the tip of 

dendrites during growth (Figure 5.1).  Thus, it is not clear how PVD dendrites 

grow.  Microtubules could aid in the growth of dendrites but previous evidence 

showed that tubulin is limited to the 1O dendrite of PVD [246].  It will be 

interesting in the future to determine the requirements of dendrite growth and 

reveal the cytoskeletal composition of these growing dendrites.       

 

Controlling the cytoskeleton in self-avoidance 

Self-avoidance is a universally observed phenomenon across phylogeny 

[4].  Cell surface proteins that function to prevent contact-dependent overlap 

mediate self-avoidance.  For example, Dscam and Turtle both have been 

described as self-avoidance receptors and both require the intracellular domain 

to prevent overlap [105, 239].  These findings suggest that these cell-surface 

proteins activate an intracellular signaling cascade but to date this pathway has 

not been identified.  In Drosophila, Flamingo also functions in self-avoidance 

[106].  Cytosolic proteins such as Tricorned and Furry have been shown to 
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interact with Flamingo but the link to the cytoskeleton remains to be unclear [110, 

111].   In PVD, we show that the self-avoidance receptor UNC-5 interacts with 

cytosolic components that control the cytoskeleton.  These components are 

required to trigger retraction during self-avoidance.  Because retraction is a 

universal characteristic of contact-dependent self-avoidance the downstream 

components of other self-avoidance receptors could be similar to what we have 

identified in PVD.  Thus, it will be interesting in the future to determine if any of 

the components that we described in this report also function downstream of 

other self-avoidance receptors.  This work provides foundation for understanding 

how a neuron controls the cytoskeleton in the dendrite to ensure non-redundant 

coverage of a receptive area.  We believe insight gained from this study could 

also be applied to other cases of neurite retraction that are observed during the 

developing nervous system.    
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CHAPTER VI 

 

AN UNC-6/NETRIN GRADIENT DRIVES DENDRITIC  

ASYMMETRY IN A SOMATOSENSORY NEURON 

 

INTRODUCTION 

 

 Neurons throughout the nervous system exhibit dendritic arrays with 

varying complexity [98].  The morphology of these dendritic trees defines the 

receptive field and demarcates potential connectivity for the neuron, which is 

required for proper signaling of neuronal circuits [261]. One aspect of dendritic 

morphogenesis that is widely seen in areas of the mammalian brain is dendritic 

asymmetry. [262, 263]. In fact, it has been proposed that most neurons in the 

visual system display some form of dendritic asymmetry [264].  For example, 

retinal ganglion cells have asymmetric dendritic arrays that arise from early 

dynamic branching events [265].  The molecular underpinning or functional 

significance of this asymmetry, however, is not known.    

 Cajal first predicted that development of neuronal branches could be 

regulated by a neurotropic mechanism and it is well known that asymmetry can 

be shaped from similar factors [98].  The neurotropic factor Netrin has diverse 

roles in branch morphogenesis and can have different temporal requirements.  

For example, in C. elegans, Netrin can define the initiation site of axon outgrowth 

by establishing an early asymmetry on the HSN neuron.  Once the axon initiates, 
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this ventral UNC-6/Netrin source also helps to guide the axon growth cone to the 

ventral side via its receptor UNC-40/DCC [43, 45, 47]. Netrin can also regulate 

dendritic outgrowth.  Netrin guides dendritic branches toward its source in a role 

that is reminiscent of its function in axonal outgrowth[57, 67, 266].  These studies 

highlight the versatility of the Netrin signaling cascade and emphasize that even 

within the same cell, Netrin can function at two distinct time points to properly 

pattern the nervous system.    

 It is assumed that for the same neurotropic factor to regulate different 

aspects of neuronal morphogenesis it must activate “task-specific” downstream 

effectors [57].  This hypothesis is underscored by the recent discovery that Netrin 

signaling utilizes distinct downstream signaling pathways to properly pattern C. 

elegans motor neurons [57]. The DA9 motor neuron first utilizes Netrin during 

embryonic development via the UNC-5 receptor to control axon outgrowth.  Later 

in development, Netrin, controls the presynaptic machinery via the UNC-5 

receptor but also controls dendritic outgrowth via the UNC-40 receptor.  Thus 

Netrin has distinct roles even in the same neuronal compartment and these 

diverse tasks can be controlled by different receptors and downstream effectors. 

A better understanding of the downstream effectors of neurotropic factors and 

their role in neuronal morphogenesis would strengthen this hypothesis. 

 In this report we describe a model to study the conserved phenomenon of 

dendritic asymmetry.  In C. elegans, the PVD somatosensory neuron exhibits 

dendritic asymmetry.  During development, branches are initiated more on the 

dorsal side than the ventral side, resulting in a mature neuron that is asymmetric.  
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Disruption of the UNC-6/Netrin signaling pathway caused defects in asymmetric 

dendritic distribution. This dendritic asymmetry requires a gradient of UNC-

6/Netrin that radiates from the ventral side and is dependent on the UNC-40/DCC 

receptor, downstream components UNC-34/Ena and UNC-73/Trio and a specific 

isoform of MIG-10/Lpd. We show that the role of Netrin in dendritic asymmetry is 

mechanistically different from its role in self-avoidance.  The conservation of 

dendritic asymmetry in the mammalian nervous system and of the UNC-6/Netrin 

signaling pathway suggests this pathway may also function similarly in higher 

organisms. Thus, this report can provide foundation for future studies in dendritic 

asymmetry and for understanding how Netrin can temporally control different 

aspects of dendritic development by utilizing distinct downstream components.   

 

METHODS 

 

Nematode strains and genetics 

 The wild-type C. elegans Bristol strain N2 was used for all experiments 

and cultured as previously described [158].  All analysis was completed on 

hermaphrodites. 

 

Mutants used in this study 

 unc-6 (ev400); unc-40 (e271); unc-5 (e152); unc-5 (e53); unc-34 (gm104), 

unc-34 (e315), mig-10 (ct41), unc-73 (e936), madd-2 (ok2226), ced-10 (n1993), 

unc-115 (ky275), max-2 (ok1904), mig-2 (ok2273), rac-2 (ok236), dab-1 (gk291), 
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ced-5 (n1812), pfn-1 (ok808), daf-18 (ok480), nid-1 (cg119), epac-1 (ok655), src-

1 (ok2685), pak-1 (ok448), abl-1 (ok171), unc-60 (e723), nmy-2 (ne3409), wsp-1 

(gm324).  Some strains were provided by the Caenorhabditis Genetics Center, 

which is funded by the NIH National Center for Research Resources (NCRR).    

 

Additional Published Transgenics  

 NC1686 [wdIs51 (F49H12.4::GFP + unc-119)]; NC1687 [wdIs52 

(F49H12.4::GFP + unc-119)]; CX6488 [kyIs299, hsp16.2::unc-6::HA + ord-

1::RFP], NC2099 [pha-1 (e2123ts); wdEx682 (MVC119 (rig-3::unc-6) + pBx (pha-

1) + dat-1::mcherry)]; NC2099 [pha-1 (e2123ts); wdEx682 (MVC119 (rig-3::unc-

6) + pBx (pha-1) + dat-1::mcherry); NC2182 [pha-1 (e2123ts); wdEx692 

(pCJS28, F49H12.4::unc-6::HA + pBx, pha-1 + dat-1::mcherry)]; NC1893 [pha-1 

(e2132ts); wdEx640 (F49H12.4::unc-40::mcherry + pBx (pha-1) + odr-

1::mcherry)]; NC2098 [pha-1 (e2123ts); wdEx681 (pCJS68 (unc-25::unc-

40::mRFP) + pBx (pha-1) + dat-1::mcherry)]; TV1788 [unc-40 (e271); wyIs45; 

wyEx650 (unc-40 minigene w/ mcherry injected at 20 ng/ul has co-selector 

marker GFP in coelomocytes)]; NC2301 [pha-1 (e2123ts); wdEx746 (pCJS93, 

F49H12.4::unc-40::GFP + pBx, pha-1 + pCJS85, dat-1::mcherry)]; N2315 [pha-1 

(e2123ts); wdEx748 (pCJS98, F49H12.4::unc-40deltaECTO::mcherry + dat-

1::mcherry + pBx, pha-1)] 
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Transgenic Strains generated by microinjection 

 NC1822 (unc-119; wdEx633 (F49H12.4::mig-10B::YFP + unc119), 

NC2261 (pha-1 (e2123); wdEx726 (pCJS96, F49H12.4::mig-10a::GFP + 

pCJS85, dat-1::mcherry + pCJS04, F49H12.4::mcherry + pBX), NC2462 

(wdEx773 (pCJS94, F49H12.4::mig-10c::GFP + pCJS04, F49H12.4::mcherry + 

pCJS85, coel::RFP)), NC2420 (wdEx773 (pCJS78, F49H12.4::mcherry::UNC-34 

+ pCJS85, dat-1::mcherry + coel::RFP)).  All strains were generated by 

microinjection.  pCJS96, pCJS85, pCJS94, pBX, pCJS04 and coel::RFP were all 

injected at 30 ng/ul.  Two stable transgenic lines were visualized for each 

injection. 

 

Molecular Biology 

MIG-10 and UNC-34 expression plasmids were constructed using 

conventional cloning.  The F49H12.4 promoter was digested using AscI and SphI 

from pCJS04 and combined with MIG-10 and UNC-34 expression plasmids. 

 

Confocal Microscopy 

Nematodes were immobilized as previously described [12].  Images were 

collected on a Leica TCS SP5 confocal microscope.  Z-stacks were collected 

with a 40X (1 um/step) or 100X (0.75 um/step) objectives.  Single plane 

projections were generated using Leica Application Suite Advanced 

Fluorescence Software.  Brightness and contrast was enhanced with Adobe 

Photoshop CS5. 

210



 

Time-Lapse Imaging 

Nematodes were imaged as previously described [12].  Confocal z-stacks 

spanning the depth of the PVD neuron were taken every 2.5 min.  

 

Quantification of Time-lapse imaging 

Confocal z-stacks were collapsed into a single projection.  All dendritic 

branches were marked in each timeframe.  An initiation event was scored as any 

branch that was not present in a time-frame (e.g. t=0) and appeared from the 1O 

dendrite in the next timeframe (e.g. t=2.5min).  A retraction event was scored as 

any branch that was present at one time frame (e.g. t=0) and lost in the text time 

frame (e.g. t=2.5).  All time frames were averaged over a 2-hour movie.  Each 

genotype was imaged three times.  A students t-test was used to determine 

statistical significance. 

 

Scoring Dendritic Asymmetry 

Each genotype was visualized with wdIs52 or wdis51 (PVD::GFP).  At 

least 15 animals were visualized for each genotype.  Confocal images were 

collected in a z-stack to span the depth of the PVD neuron.  2O dendrites were 

characterized as a branch that connected the 1O dendrite to the 3O dendrite. A 

normal dendritic distribution was defined as a neuron that contained more dorsal 

branches than ventral branches.  Defective distribution was defined as a neuron 

that contained equal number of branches on the dorsal and ventral side or a 
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neuron that contained more ventral than dorsal branches.  Circular 

representation of dendritic asymmetry was drawn manually.  The difference in 

ventral vs dorsal branches was calculated and drawn in the appropriate direction 

of asymmetry.  Barnard’s exact probability test was used to determine statistical 

significance.   

 

Temporal Requirement of UNC-6/Netrin 

kyIs299 animals were treated with hypochlorite to release embryos for 

overnight synchronization.  Animals were grown to the appropriate age and heat-

shocked as previously described.  Morphological markers L2 (posteirid), L3, L4 

and young adult (vulval development) were used for aging the animals.  Non-

heat shocked animals were used as a control.  Branches were counted on young 

adult animals that were heat-shocked at appropriate ages.    

 

RESULTS 

 

PVD exhibits an asymmetric dendritic structure 

 The C. elegans PVD neuron exhibits a non-overlapping dendritic pattern 

that envelops the animal between the muscle and the hypodermis [12, 125, 140, 

216].  The architecture of PVD dendrites is achieved by a series of orthogonal 

branching decisions [12].  We previously described the detailed description of the 

PVD dendritic array using time-lapse imaging [12].  Further characterization 

revealed a dorsal/ventral asymmetry in the mature dendritic array. The mature 
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Figure 6.1.  PVD neurons display dendritic asymmetry.  (A) Image of PVD neuron and traced 
(B) schematic displaying the non-overlapping dendritic array that envelop the animal.  (C) 
Schematic of PVD development.  Note that 2O dendrites grow out during the late L2/Early L3 
larval stage.  2O dendrite growth is complete by the early L4 larval stage.  (D) In a population of 
animals the number of 2O dendrites on the dorsal is significantly different (p>0.001) than those on 
the ventral side.  (E) Plot showing that in single animals the number of dorsal branches is always 
greater than the number of ventral branches.  Each line segment corresponds to a single animal 
and denotes increased number of dorsal vs ventral 2O branching in PVDR. Each concentric ring 
(4, 8, 12) denotes difference (dorsal vs ventral) in number of PVDR 2O dendrites.  N>20 PVDR for 
each genotype. 
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PVD neuron always exhibits more dorsal branches (21.8 branches) than ventral 

branches (17.1 branches).   Though the total number of branches can vary from 

neuron to neuron, the number of dorsal branches in a given neuron is always 

more than the number of ventral branches (Figure 6.1A,B,D,E, wt 100% dorsal 

asymmetric distribution).   The consistent asymmetry of PVD 2O dendrites and 

the conservation of dendritic asymmetry across phylogeny led us to seek 

potential molecules required to set up this phenomenon.     

 

UNC-6/Netrin signaling is required for dendritic asymmetry 

 To determine molecules required for the dendritic asymmetry, we utilized 

a PVD cell-specific microarray profile [12].  Interestingly, molecules with known 

asymmetry roles [174] were enriched in PVD, including transcripts required for 

UNC-6/Netrin signaling (i.e. UNC-40/DCC, UNC-5 and UNC-34/Ena).  To test the 

requirement of these proteins in the distribution of PVD 2O dendrites we looked at 

PVD::GFP in different genetic mutants.  Because motor neuron commissures aid 

in 2O dendrite outgrowth (Smith and O’Brien et. al. unpublished data, Chapter 2) 

we visualized the PVDL neuron that has limited interaction with neuronal 

commissures compared to PVDR [12].  Genetic ablation of the UNC-6/Netrin 

receptor UNC-40 and the ligand UNC-6, revealed a requirement for UNC-

6/Netrin signaling in establishing the dorsal/ventral dendritic asymmetry in PVD.   

unc-40 (e271) and unc-6 (ev400) mutants exhibited PVD neurons with more 

ventral branches than dorsal branches (Figure 6.2A,B,D).  In unc-40 (e271) and 

unc-6 (ev600) animals,  ~50% of PVD neurons showed dendritic asymmetry 
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Figure 6.2.   Netrin is required for dendritic asymmetry.  (A) Image of a wild-type, unc-6 
(ev400) and unc-40 (e271) and schematic of 2O dendrites showing Netrin.  (B) Graph scores the 
percentage of animals in a population that have defective asymmetry of 2O dendrites (more 
ventral than dorsal branches) and normal distribution (more dorsal than ventral branches).  Light 
bar indicates normal distribution.  Dark bar indicates defective distribution. (C) Schematic 
showing the PVD neuron and UNC-6 expressing cells on the ventral side.  (D) Plot showing in 
wild-type animals the number of dorsal branches is always greater than the number of ventral 
branches. Some PVD neurons are ventrally asymmetric in unc-6 (ev400) animals. Each line 
presents a single animal in the population.  Each ring represents the difference in branches 
(dorsal vs ventral, quantity of distance is listed on right side) on the side of the animal.  (E) 
Tracings of the PVD cell soma and the exit of the 1O dendrite showing 1O dendrite that exits the 
ventral portion of the wt cell soma.  This is defective in unc-6 (ev400) but not defective when the 
gradient and dendritic asymmetry is disrupted suggesting cell soma polarity does not cause 
dendritic asymmetry.  Bottom tracings represent merges of 20 animals showing wild-type animals 
always have 1O dendrites that sit on the ventral side of the cell where unc-6 mutants this is 
defective.  (E) Graph of initiation events in wild-type animals and unc-6 (ev400) shows more 
initiation on the dorsal side than the ventral side in wild-type animals.  This initiation bias is lost is 
unc-6 (ev400).  (F) Graph of retraction events shows a slight decrease in the retraction of dorsal 
branches in wildtype compared to unc-6 (ev400).  (G) Schematic summary of genetic ablation of 
Netrin signaling shows randomization of the dendritic asymmetry of PVD neurons.  
 
 

216



defects.  Thus in the absence of these transcripts, the dendritic asymmetry of 

PVD dendrites is essentially random.   Interestingly, genetic ablation of the 

repulsive UNC-6 receptor, unc-5, did not cause significant dendritic asymmetry 

defects (Figure 6.2B).   

 To determine the origin of this phenotype we sought to characterize the 

developmental time point when a dorsal/ventral asymmetry could first be 

visualized in the PVD neuron.  First we noted that in wild-type neurons, the 

anterior and posterior 1O branches projected from the cell soma on the ventral 

side, displaying a cell soma that appeared to be sitting on the 1O branch (Figure 

6.2C).   We hypothesized that the asymmetry in 2O dendrites could be dependent 

on an initial polarity that is established on the 1O dendrite.  We noted that the 1O 

branch polarity was disrupted in unc-6 mutants (Figure 6.2C).  Based on this 

observation we concluded that UNC-6 is required to polarize the outgrowth of the 

1O dendrite on the ventral side.  To ask if the polarity established on the 1O 

branch is coupled to the asymmetry observed in 2O dendrites we attempted to 

disrupt unc-6 signaling after the 1O branch was established.  To do this we used 

a transgene that expressed UNC-6 under a heat shock promoter.  This transgene 

provided us with the ability to disrupt the normal UNC-6 ventral gradient at a 

particular time.  Disrupting the UNC-6 gradient after 1O branch outgrowth did not 

disrupt 1O branch polarity but did affect 2O dendrite asymmetry (Figure 6.2C).  

This data is consistent with the model that the UNC-6/Netrin gradient functions at 

two uncoupled stages during development, initially to polarize 1O dendrite 

outgrowth and later to administer 2O dendrite asymmetry.        
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 We next considered the possibility that 2O dendrite outgrowth was 

defective in unc-6 (ev400) mutants, resulting in the defect of the dorsal/ventral 

asymmetry.  Using time-lapse imaging, we visualized the dynamic growth of 2O 

branches in wildtype and unc-6 (ev400).  As previously published in wild-type 

animals, 2O dendrites dynamically initiated and retracted from the 1O branch.  

Upon quantifying the amount of initiation and retraction events, we noted on 

average 2.24 dorsal initiation events vs. 1.01 ventral events per 5 min interval 

(Figure 6.2E). There was a smaller significant dorsal/ventral bias in the number 

of retraction events.   Since branch initiation on the dorsal side is different from 

that on the ventral side we hypothesized that the difference of 2O dendrites in the 

mature neuron could be a result of differential branch initiation. 

 To test this we visualized unc-6 mutants via time-lapse microscopy.  

Interestingly, time-lapse imaging of 2O branch outgrowth in unc-6 (ev400) 

mutants showed a loss of dorsal/ventral bias in branch initiation, both sides 

contained about 0.70 initiation events (Figure 6.2E).  We, therefore, hypothesize 

that the biased initiation of branches on the dorsal side in wild-type neurons 

results in an asymmetric mature neuron and the loss of this initiation bias in unc-

6 signaling mutants results in neurons that are not dorsally asymmetric. 

 

A ventral UNC-6/Netrin gradient is required to polarize dorsal/ventral 

outgrowth 

 In axon guidance, an UNC-6/Netrin gradient is required to spatially orient 

growing axons [43, 45, 47].  We reasoned that the ventral gradient could function 
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similarly in the distribution of 2O dendrites to expose the ventral side to a higher 

concentration of UNC-6/Netrin than the dorsal side.  To determine if the ventral 

source of UNC-6/Netrin is sufficient to polarize dorsal/ventral outgrowth we 

spatially restored UNC-6 expression in the unc-6 (ev400) mutant using a 

transgene that drove unc-6 under a ventral specific marker.  In unc-6 (ev400) 

mutants, 53% of PVD neurons are defective in dorsal/ventral asymmetry.  When 

UNC-6 expression was restored ventrally in the unc-6 (ev400) mutant 

background, the Unc-6 defect was significantly rescued to 22% defective 

neurons (Figure 6.3).  Therefore, we conclude that ventral UNC-6 expression is 

sufficient to properly polarize 2O dendrite outgrowth.  

 We recently showed that UNC-6/Netrin could function as a permissive cue 

in dendritic branch self-avoidance [12].  We considered the possibility that UNC-

6/Netrin could function similarly in 2O branch distribution, in which the spatial 

distribution of the gradient was not essential but only the presence of the ligand 

was required.  To test this, a heat shock promoter was used to globally express 

UNC-6 in an unc-6 (ev400) mutant. In agreement with the hypothesis that a 

specific source of UNC-6/Netrin is required for the asymmetric distribution of 

dendrites, we did not see rescue of 2O branch asymmetry when UNC-6 was 

globally expressed (50% defective neurons) in an unc-6 (ev400) mutant (Figure 

6.3).  Based on these results we hypothesize that a specific source of UNC-6 is 

required for dendritic asymmetry.  We therefore conclude that UNC-6 signaling 

not only has different temporal requirements in PVD development but also has 

mechanistic differences between dendritic asymmetry and self-avoidance.    
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Figure 6.3.  A ventral source of UNC-6 defines dendritic asymmetry.  (A) Schematics 
showing distribution of UNC-6 protein in specific genetic backgrounds.  UNC-6 is expressed from 
the ventral cells in wt and globally expressed with heatshock of hs::UNC-6 transgene.  The 
ventral::UNC-6 transgene restores ventral expression of UNC-6 to unc-6. (B) Images and 
schematic tracings of PVD neurons in unc-6 (ev400), global::UNC-6 and unc-6 (ev400); 
ventral::UNC-6 animals.  (C) Graph shows population of animals that have normal or defective 
distribution of 2O dendrites.  Expression of unc-6 ventrally (ventral::UNC-6) restores dendritic 
asymmetry unc-6 (ev400) mutants whereas expression of UNC-6 in PVD (PVD::UNC-6) or 
globally with the heat shock promoter (global::UNC-6) does not rescue the dendritic asymmetry 
defect.  Light bar indicates normal distribution.  Dark bar indicates defective  
Distribution. 
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In self-avoidance the wild-type UNC-6/Netrin gradient is not required for 

self-avoidance. To test whether the UNC-6/Netrin ventral gradient was necessary 

for PVD dendritic distribution of 2O dendrites, we heat shocked UNC-6 globally in 

a wild-type background to disrupt the endogenous UNC-6/Netrin ventral gradient.  

50% of the neurons were defective when the gradient was disrupted by globally 

expressing UNC-6/Netrin in a wild-type background, essentially randomizing 

dendritic outgrowth (Figure 6.4).  Thus disruption of the UNC-6 gradient is 

sufficient to perturb asymmetry in an otherwise wild-type background.  To further 

test the hypothesis that an UNC-6/Netrin gradient determines dendritic 

asymmetry we attempted to reverse the gradient by expressing UNC-6 dorsally 

with the unc-129 promoter in the unc-6 mutant background.  Unfortunately, as 

described before, unc-6 mutants with this transgene die embryonically and thus 

we could not test if reversal of the gradient results in complete reversal of 

dendritic asymmetry [174].  Nonetheless, our results are consistent with a model 

in which a ventral source of UNC-6/Netrin distributes a gradient (with a high 

ventral concentration and low dorsal concentration) that patterns 2O 

dorsal/ventral dendritic asymmetry.  These data further support our hypothesis 

that the UNC-6 signaling during 2O dendrite asymmetry is mechanistically 

different than self-avoidance.   

 We propose that PVD dendritic outgrowth utilizes the UNC-6/Netrin 

molecule twice; early in development, as presented in this report, as an 

instructive cue in which a ventral gradient is required and later in development 
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Figure 6.4.  An UNC-6/Netrin gradient is required during 2O dendrite outgrowth.  (A) 
Schematic of UNC-6 expression before and after induction by heat shock kyIs277 (hsp::UNC-6) 
corresponds to a heat shock inducible transgene. (B) Confocal images and traced schematic of 
PVD neurons shows that global expression of UNC-6 at the L2 stage disrupts dendritic 
asymmetry whereas global expression at the L4 larval stage does not.  (C) Quantification of PVD 
branching asymmetry shows that global expression of UNC-6 at the L2 stage induces the most 
severe asymmetry defect with weaker effects for L3 expression and no significant effect with L4 
expression. Light bar indicates normal distribution.  Dark bar indicates defective distribution.	   
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during self-avoidance as a permissive cue in which a specific source is not 

required but merely the presence of the ligand is essential [12].  

 

UNC-6/Netrin is required during 2O branch outgrowth to control asymmetry 

 Having established that an UNC-6/Netrin ventral gradient is required, we 

next sought to understand the temporal requirement of the gradient in 2O 

dendritic polarity. We reasoned that since UNC-6/Netrin is required for MNC 

axon guidance [43] then guidance defects could be indirectly disrupting PVD 

dendritic distribution.   This model is plausible since MNCs function during PVD 

branch development to stabilize branches (Chapter 2).  In this model the ventral 

gradient would be required in the early L2 larval stage during commissural 

guidance and before 2O branch outgrowth begins.  In contrast, the ventral 

gradient could be required to control branch outgrowth directly in PVD as we 

proposed based on our time-lapse imaging results.  In this model, the gradient 

would be required after commissural growth in the late L2 larval stage during 

PVD branch outgrowth.  To distinguish which of these two models is more likely 

we used a heat shock promoter that drove UNC-6 expression globally [174] in a 

wild-type background to temporally disrupt the endogenous UNC-6/Netrin 

gradient.  Disruption of the ventral gradient during 2O branch outgrowth (L2 and 

L3 larval stage, after MNC outgrowth) resulted in PVD neurons that exhibited 

more ventral branches than dorsal branches, randomizing the PVD dorsal/ventral 

distribution of 2O dendrites (Figure 6.4).  Heat shock during the L2 stage, 

however, did not disrupt MNC outgrowth (data not shown).  The dorsal/ventral 
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asymmetry of PVD was not disrupted if UNC-6 was heat-shocked after 2O 

outgrowth (L4 larval stage).   These results and our time-lapse imaging analysis 

are consistent with the model in which a ventral UNC-6/Netrin gradient patterns 

the dorsal/ventral asymmetry of PVD dendrites during 2O branch outgrowth.   

 

The UNC-6/Netrin receptor, UNC-40/DCC, is required cell-autonomously in 

PVD to direct dorsal/ventral asymmetry. 

 Recently, we demonstrated a cell-autonomous role in PVD of UNC-40 and 

UNC-5 in dendritic self-avoidance [241].  We reasoned UNC-40 could be 

required cell-autonomously in PVD, as it is in self-avoidance, to direct 

dorsal/ventral dendritic asymmetry. To test this hypothesis we expressed UNC-

40 cDNA with a PVD cell-specific promoter in unc-40 (e271) mutants.  

Expression of UNC-40 in PVD in an unc-40 mutant resulted in 16% defective 

neurons, which was a significant rescue from the 46% defective neurons seen in 

the unc-40 (e271) mutant (Figure 6.5A,C).  The other unc-6/Netrin receptor, 

UNC-5, is also required cell-autonomously in PVD for self-avoidance.  However, 

as noted above, UNC-5 did not appear to be required in PVD for dendritic 

distribution (Figure 6.2B).  These data support a role of UNC-6/Netrin signaling in 

PVD via the UNC-40 receptor to direct dorsal/ventral asymmetric outgrowth and 

again emphasizes the hypothesis that UNC-6 signaling during 2O dendrite 

outgrowth is mechanistically different than self-avoidance. 

 We hypothesized that UNC-40 interacted with UNC-6 during 2O dendrite 

outgrowth to properly distribute dendrites.  To test if the interaction of UNC-6 and 
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Figure 6.5.  UNC-40 is required cell-autonomously in PVD.  (A) Images and schematic 
tracings of PVD lateral branches show that UNC-40 expression from its endogenous promoter 
(unc-40::unc-40::GFP) or in PVD (PVD::UNC-40::GFP) rescues the unc-40 (e271) branching 
asymmetry defect whereas expression of UNC-40 in the motorneurons (MNC::UNC-40) does not. 
(B) Confocal image showing punctate localization of UNC-40::GFP 2O (arrowheads) dendrites.  
Arrow head denotes PVD cell body (C) Graph shows that expression of  unc-40 in PVD restores 
dendritic asymmetry of unc-40 (e271) mutants.  Expression of unc-40 lacking an ectodomain or 
an intracellular domain does not rescue asymmetry defects.  Light bar indicates normal 
distribution.  Dark bar indicates defective distribution.   
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UNC-40 was required we deleted the extracellular domain of UNC-40 and scored 

its ability to rescue defects in unc-40 (e271).  Consistent with our hypothesis that 

the UNC-40/UNC-6 interaction was important, this truncated UNC-40 protein 

failed to rescue dendritic distribution defects in unc-40 (e271) (Figure 6.5C).  Our 

hypothesis also suggested that UNC-40 signaling was required and thus the 

intracellular domain of UNC-40 would be essential to properly distribute 

dendrites. This hypothesis was confirmed when an unc-40 transgene lacking the 

intracellular domain also failed to rescue unc-40 mutant defects (Figure 6.5C). 

 We hypothesized that if UNC-40 was required for dendritic asymmetry it 

should be localized in the 1O and 2O dendrites were dendritic asymmetry is 

established.  In support of the hypothesis that UNC-40 is required for asymmetry 

of 2O dendrites, a functional UNC-40::GFP fusion was localized in puncta along 

the 1O and 2O branches (Figure 6.5B).  Interestingly, later in development UNC-

40 was also localized at the 3O and 4O dendrites, consistent with the hypothesis 

that it also plays a role after 2O outgrowth in self-avoidance [241].   

 

Netrin downstream components function in 2O branch asymmetry 

 Multiple downstream components of UNC-6/Netrin signaling have been 

identified.  However, the role of these components downstream of Netrin in 

dendritic development is largely unknown.  To identify UNC-6/Netrin downstream 

components required for 2O dendrite distribution we screened 38 cytosolic 

proteins via genetic mutants or RNAi for asymmetry defects using PVD::GFP 

(Table 5.1).  This analysis identified three downstream components that were 
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required for dendritic asymmetry.  Genetic ablation of unc-34, mig-10 and unc-73 

resulted in dendritic asymmetry defects that phenocopied unc-6 and unc-40 

(Figure 6.6A).   

 The mig-10 genomic region produces three different spliceforms [76].  

These spliceforms have been shown to be required differently in specific cells 

(Stavoe and Colón-Ramos unpublished data)(Chapter 5).  We asked which MIG-

10 spliceform was required in PVD to establish dendritic asymmetry.  To do this 

we utilized a MIG-10 fosmid that did not encode the mig-10c spliceform and 

tested its ability to rescue dendritic asymmetry defects of mig-10 (ct41).  

Restoration of mig-10a/b with this fosmid rescued dendritic asymmetry defects of 

mig-10 (ct41) animals suggesting mig-10a and mig-10b were sufficient to 

function in dendritic asymmetry and that mig-10c was not essential to establish 

asymmetry (Figure 6.6).  To further test the requirement of the different 

spliceforms we utilized a fosmid that only expressed mig-10b.  This fosmid 

rescued dendritic asymmetry defects of mig-10 (ct41) mutants (Figure 6.6A).  

Thus, mig-10b alone is sufficient to establish PVD dendritic asymmetry.  To test if 

mig-10b function was sufficient in PVD to establish dendritic asymmetry we used 

the PVD promoter to drive expression of mig-10b only in the PVD neuron in mig-

10 (ct41).  Expression of mig-10b in PVD rescued dendritic asymmetry defects of 

mig-10 (ct41) suggesting that mig-10b functions cell-autonomously in PVD 

(Figure 6.6A). We also tested the ability of mig-10c to rescue asymmetry defects 

but consistent with our fosmid data mig-10c expression in PVD did not rescue 

dendritic asymmetry defects of mig-10 mutants (Figure 6.6A). Lastly, we 
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Figure 6.6.  Specific downstream components are required for PVD branch asymmetry.  (A) 
Graph showing that mig-10 (ct41), unc-34 (gm104) and unc-73 disrupt dendritic asymmetry.  
Restoration of mig-10a/b and mig-10b with the mig-10 promoter in mig-10 (ct41) mutants restores 
dendritic asymmetry.  Expression of mig-10b (PVD::mig-10b) specifically in PVD rescues 
asymmetry defects whereas expression of mig-10c (PVD::MIG-10C) or mig-10a (PVD::MIG-10a) 
does not.  Expression of unc-34 in PVD (PVD::unc-34) rescues asymmetry defects of unc-34 
(gm104).  Light bar indicates normal distribution.  Dark bar indicates defective distribution.  (B) 
Image of MIG-10B::YFP in PVD shows YFP puncta in the 1O dendrite. MIG-10C::GFP in PVD 
shows diffuse localization in the 1O dendrite but punctate localization in higher order branches. 
UNC-34::GFP shows punctate localization pattern similar to that of MIG-10B.   Graphs below 
show line scans of intensity of the corresponding fluorescent proteins in the 1O (blue) and 3O (red) 
dendrite.  Note that MIG-10b is punctate throughout while MIG-10c is diffuse in the 1O dendrite 
but punctate in the 3O dendrite.  UNC-34 puncta are seen in all dendrites. 	  
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expressed MIG-10a specifically in PVD to determine if it was sufficient to rescue 

mig-10 (ct41) asymmetry defects.  Interestingly, restoration of mig-10a cDNA in 

PVD did not rescue asymmetry defects.  These results are consistent with the 

model that mig-10b is uniquely sufficient in PVD to confer dendritic asymmetry of 

PVD neurons. We therefore conclude that mig-10b is utilized to establish 

dendritic asymmetry.   

 Because the different mig-10 spliceforms appear to be uniquely required 

during dendritic development we asked if they were localized differently in the 

dendrites.  To characterize this we expressed functional GFP tagged versions of 

each spliceform and monitored their sub-cellular localization in the 1O and 2O 

dendrites.  Interestingly, MIG-10B and MIG-10A puncta were located throughout 

the dendrites, including obvious puncta in the 1O dendrite (Figure 6.6B).  In 

contrast, MIG-10C was diffuse in the 1O dendrite and puncta were only visible at 

higher order branches (Figure 6.6B).  This data is consistent with specific roles of 

MIG-10 spliceforms in dendritic development.  We conclude that mig-10b is 

specifically required for dendritic asymmetry and is localized in puncta where 2O 

dendrite outgrowth occurs. 

 Mutants of unc-34 also displayed PVD defects that were striking similar to 

unc-40 and unc-6.  Since we detected unc-34 transcripts in a PVD cell-specific 

microarray profile [12] we considered the hypothesis that unc-34 functioned in 

PVD to establish dendritic asymmetry.  To test this we restored UNC-34 

specifically in the PVD neuron in unc-34 (gm104) and tested its ability to rescue 

dendritic asymmetry defects.  Expression of UNC-34 specifically in PVD in unc-
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34 (gm104) rescued dendritic asymmetry defects (Figure 6.6A).  These results 

are therefore consistent with the hypothesis that UNC-34 and MIG-10B function 

cell-autonomously in PVD to establish dendritic asymmetry.   

 Because MIG-10B and UNC-40 were localized in punctate patterns in the 

1O dendrite we asked if UNC-34 also displayed punctate subcellular localization 

along the 1O dendrite. Consistent with the role of UNC-34 in 2O dendrite 

distribution we visualized UNC-34 puncta in 1O and 2O dendrites (Figure 6.6B).  

Together these data are consistent with a model in which UNC-6/Netrin signals 

through UNC-40 and downstream components UNC-34, MIG-10B and UNC-73 

to properly distribute dendrites.  

 

DISCUSSION 

 

Model for UNC-6/Netrin signaling in dendritic outgrowth 

 The mature dendritic architecture of PVD exhibits an asymmetric structure 

that contains more dorsal branches than ventral branches.  Time-lapse imaging 

data suggests this difference is a result of differential initiation of dorsal branches 

than ventral branches.   We propose a model in which a higher concentration of 

UNC-6/Netrin on the ventral side establishes dendritic asymmetry via the UNC-

40/DCC receptor (Figure 6.7). When the UNC-6/Netrin gradient is lost, 

asymmetry defects arise from the loss of initiation bias in PVD.  One potential 

model is that UNC-6/Netrin signaling establishes polarity that asymmetrically 

distributes branch initiation machinery in the PVD 1O branch.   
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Figure 6.7.  Model for the role of UNC-6/Netrin signaling in dendritic asymmetry.  (A) UNC-
6/Netrin signaling pathway in dendritic asymmetry.  UNC-6 functions through the UNC-40 
receptor and downstream effectors to control dendritic outgrowth.  (B) UNC-6 expressing cells 
produce a ventral gradient.  (C)  Inset schematic of the PVD neuron (black) showing higher 
concentration of UNC-6/Netrin on the ventral side of the 1O dendrite. 
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UNC-6/Netrin dual roles:  Dendritic distribution and self-avoidance 

We previously described that UNC-6/Netrin was utilized on the surface of 

the PVD dendrite as a cell-surface repellent (Chapter 4) [241]. In this report we 

identified that UNC-6/Netrin is also required to properly distribute dendrites.  

These two different roles for UNC-6/Netrin share some common aspects.  In self-

avoidance and dendritic asymmetry, a ventral source of UNC-6/Netrin is a 

sufficient source of the neurotropic ligand [241]. In addition, both self-avoidance 

and dendritic asymmetry require proper signaling of the UNC-40/DCC receptor 

and for the ability of the UNC-40/DCC receptor to interact with UNC-6/Netrin.  

However, the role UNC-6/Netrin in dendritic distribution is clearly different 

from its role in self-avoidance.  Firstly, a Netrin gradient radiating from a ventral 

location is required to properly distribute dendrites.   In self-avoidance, however, 

the gradient is not essential.  In addition, self-avoidance requires signaling of the 

UNC-5 receptor [241].  In dendritic asymmetry, UNC-5 appears to be 

dispensable.  Thus though Netrin is used twice during dendritic development the 

signaling receptors of the two pathways are clearly different.  Lastly, dendritic 

asymmetry and self-avoidance require different downstream components.  For 

example, MIG-10B functions to properly distribute dendrites but does not seem to 

function similarly in self-avoidance (Chapter 5). These data are consistent with 

the hypothesis that Netrin activates two independent pathways during dendritic 

development to pattern different aspects of the nociceptive dendritic tree. 
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It was initially surprising that a diffusible molecule was required for a 

contact-dependent self-avoidance event.  However, this is less surprising now 

that we have identified in this report that UNC-6/Netrin is utilized earlier in PVD 

development to distribute dendrites.  It seems plausible that UNC-6/Netrin is first 

used to distribute dendrites and then conveniently recycled later in development 

for a contact event. In this model, UNC-6/Netrin is captured by the UNC-40 

receptor to activate an UNC-40 dependent signal for dendritic asymmetry and 

then later the UNC-6/UNC-40 complex activates UNC-5 for contact-dependent 

self-avoidance.   This model allows the cell to control different aspects of 

development without having to generate a new set of molecules for each role. 

Interestingly, Netrin’s ability to function in different aspects of development in the 

same cell has been described in other neuronal cells [57, 174].  

 This report shows a requirement for specific downstream components in 

dendritic asymmetry.  Why are these specific components employed to establish 

dendritic asymmetry? MIG-10/Lamellipodin and UNC-34/Enabled have both been 

implicated in asymmetry in other neuronal cells [174].  For example the 

asymmetric sub-cellular localization of MIG-10/Lamellipodin in response to Netrin 

has been previously described in HSN neurons of C. elegans [174].  This MIG-

10/Lpd asymmetric localization is utilized to establish the initiation site of the 

axon.  Interestingly, in the absence of MIG-10/Lpd, axons still initiated but in the 

incorrect direction, suggesting MIG-10/Lpd is specifically required to mark the 

initiation site.  UNC-6/Netrin has also been shown to define the site of 

synaptogenesis.  In AIY neurons in C. elegans, UNC-6 from a specific ventral 
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source marks the synaptic site of AIY and RIA [56].  Interestingly, the AIY and 

RIA synapse form on the side of the neuron that is not in contact with the UNC-

6/Netrin source.  Thus UNC-6/Netrin does not directly drive synaptogenesis but 

rather marks the site of its formation.  MIG-10 and UNC-34 are also required for 

AIY synaptogenesis [242].  We hypothesize that MIG-10/Lpd and UNC-34/Ena 

could have similar function to define an asymmetry in the PVD neuron and could 

be used to mark the site of initiation of dendritic branches.  It will be intriguing to 

identify the components of dendritic initiation as they may show asymmetric 

dendritic localization that is dependent on MIG-10/Lpd and UNC-34/Ena.  

Netrin has been shown to control branching in other contexts similar to 

what we see in PVD [267].  For example, in axons of retinal ganglion cells Netrin 

mediates axonal branching through the DCC receptor.  Interestingly, this effect of 

axonal branches of RGC neurons seemed to be specific to the initiation of 

branches [267].  This data is consistent with our findings in C. elegans.  In PVD, 

loss of UNC-6/Netrin effects the initiation of neuronal branches.  Also similar to 

RGCs, the PVD neuron requires the UNC-40/DCC protein to properly initiate 

branches.  In our present study we uncover additional components of Netrin 

induced neuronal branching.  For example, in RGCs it is not clear if there is 

biased outgrowth (i.e. on one side of the axon) of axonal branches as we saw in 

PVD.  We also identified additional components downstream of the UNC-40/DCC 

that are required to properly distribute dendrites including UNC-34/Ena, MIG-

10/Lpd and UNC-73/Trio.  It will be intriguing in the future to visualize the spatial 
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requirement of Netrin in RGC axonal branch development and to identify the 

downstream molecules required to establish RGC branches.  

 

A gradient establishes asymmetry 

 In dendritic asymmetry a Netrin gradient is used to bias initiation of 

dendritic branches.  It is noteworthy that ventral and dorsal branch initiation is 

only separated by the width of the 1O branch (~100-200 nm in diameter) [12].   

Interestingly, a small bacterial cell can recognize a graded difference during 

chemotaxis [268].  Similarly, a growth cone can detect differences of gradient 

across the cone [269]. In PVD, it is possible that the UNC-6/Netrin protein is 

captured by the UNC-40 receptor where it first interacts with the 1O dendrite, 

which would be the ventral side.  This capture on the ventral side may reduce the 

UNC-6/Netrin concentration that is exposed to the dorsal side and thus steepen 

the gradient.  The combination of the diameter of the 1O dendrite and the ventral 

side limiting UNC-6/Netrin protein that can reach the dorsal side may be 

sufficient to provide a difference of UNC-6/Netrin between the ventral and dorsal 

side of the 1O dendrite.  To test this model it would be interesting to determine 

how the UNC-6/Netrin gradient is distributed and whether this plays a role in 

dendritic outgrowth.   

 In an alternative model, the growth of 2O dendrites away from the 1O 

dendrite could result in differential exposure to the Netrin protein concentration, 

which may influence dendrite stabilization.  We note that time-lapse imaging is 

limited by the sampling interval and thus unstable branches could have quickly 
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initiated and retracted within our 2.5 minute imaging interval.  We, therefore, 

cannot definitively rule out the model that PVD dendritic branches sense 

differences in Netrin as the branches grow.  Nonetheless, our data is consistent 

with the model that the Netrin gradient is required to asymmetrically affect 2O 

dendritic branch outgrowth of the PVD neuron.       

 

Dendritic distribution of other neuronal cells 

 Interestingly, retinal ganglion cells in zebrafish display dendritic 

asymmetry that arises during developmental branching.  Moreover, 

mislocalization of these RGCs caused defects in this stereotypical dendritic 

asymmetry [265].  Based on our current study it seems possible that these RGCs 

have lost the ability to respond to extracellular signaling cues such as Netrin.  It 

would be interesting in the future to determine the molecular foundation of RGC 

asymmetric morphology.  

 It is worth noting that previous evidence has suggested that dendritic 

asymmetry can be established independent of external cues [270].  However, in 

the PVD neuron our study shows that the extracellular cue UNC-6 is required to 

properly distribute dendrites. These findings, are therefore consistent with 

Ramon y Cajal hypothesis that dendritic development is controlled by a 

neurotropic mechanism [98].  The careful characterization of dendritic arrays and 

the molecules used to generate asymmetric dendritic trees will be an exciting 

aspect of dendritic morphogenesis in the future.  
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CHAPTER VII 

 

DISCUSSION AND FUTURE DIRECTIONS 

 

Sensory neurons across phylogeny share fundamental features 

This thesis addresses two key processes that are conserved in evolution 

from nematodes to human: 1) Sensory neurons are specialized to detect specific 

stimuli and 2) Sensory neurons adopt complex arbors that innervate the area just 

below the hypodermis. Sensory neurons allow animals to respond to specific 

stimuli from their surrounding environment [145, 271]. Although the network of 

sensory neurons is more complex in humans, sensory neurons in insects and 

nematodes maintain striking morphological and functional similarity to their 

evolutionary descendants [3, 4, 12, 112, 140].   

 

Defining polymodal determinants 

Sensory circuits in insects and vertebrates contain specialized cells to 

sense specific environmental stimuli and many of these sensory neurons detect 

multiple sensory stimuli [9, 10, 132, 145, 271].  Emerging evidence shows that 

polymodal sensory neurons also exist in the C. elegans sensory circuit [124, 

183].  For example, PVD can detect harsh touch, cold temperature and 

hyperosmolarity (Chapter 3). The molecular understanding of how these 

polymodal neurons are defined, however, is not well understood.  It would 

therefore be interesting to determine the factors that specify the different sensory 
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modalities of functionally distinct neurons.  Defining the ion channels that are 

used to detect these different sensory stimuli may aid in describing the 

generation of these neurons [124].  A screen for mutants that perturb expression 

of a given ion channel could reveal proteins that transcriptionally control sensory 

modalities. Because of the conservation of sensory neuron function across 

phylogeny it seems likely that the molecules that generate these conserved cell 

types in the nematodes may exercise similar functions in mammals [4, 6].  Thus, 

the identification of such molecules in nematodes and insects should help to 

characterize the development of the vertebrate sensory circuit.  This approach 

offers exciting opportunities for the future.        

 

Transcription factor codes specify dendritic diversity 

Transcription factors are utilized to drive cell intrinsic programs that define 

cellular identity. The key roles of transcription factors in dendritic morphogenesis 

have been well-documented in the Drosophila peripheral nervous system (PNS) 

[3, 4, 6].  Some PNS neurons display simple, unbranched morphology whereas 

others adopt extensively branched dendritic trees.  Multidendritic neurons in 

Drosophila are classified according to the complexity of their arbors with class I 

being simple branched neurons and class IV displaying highly branched dendritic 

arbors that resemble many sensory neurons that are seen in vertebrates [4].  

Abrupt, a zinc-finger transcription factor functions in class I neurons to prevent 

excess branching [15].  This model is reminiscent of the role we have identified 

for ahr-1/spineless in C. elegans (Chapter 3).  In our studies, AHR-1 is expressed 

239



in an unbranched neuron, AVM, to prevent elaborate branching typically reserved 

for nociceptive neurons, PVD and FLP.      

AHR-1/Spineless has also been shown to function in dendritic 

morphogenesis of Drosophila PNS neurons [23].  In Drosophila, AHR-1/spineless 

appears to be expressed in all PNS neurons and functions either to restrict 

dendritic branching in unbranched neurons or to promote branching in highly 

branched neurons.  In C. elegans, an AHR-1 promoter reporter did not show 

expression in PVD but was detected in an unbranched neuron, AVM 

[205](Chapter 3).  However, PVD specific microarray data did detect the ahr-1 

transcript in PVD (Chapter 2).  Thus it seems plausible, that as in Drosophila, C. 

elegans ahr-1 is expressed in both unbranched and highly branched neurons.  In 

our studies, however, it is still not clear if AHR-1 has a direct role in PVD 

morphogenesis.  The reduced number of PVD branches in ahr-1 mutants is likely 

the result of tiling with newly formed nociceptive neurons (cAVM and cPVM) 

(Chapter 3).  Nonetheless a common theme persists; AHR-1 directs dendritic 

morphogenesis.   

Many questions remain about the role of AHR-1/Spineless in dendritic 

morphogenesis.  The mechanisms that activate AHR-1/Spineless function in 

Drosophila is largely unknown.  In C. elegans, previous work has shown that 

AHR-1 is controlled by UNC-86 [205].  It would, therefore, be interesting to 

determine if the Drosophila UNC-86 homolog exercises a similar role in dendritic 

morphogenesis.  In both C. elegans and Drosophila, the targets of AHR-1 are 

mostly unknown [23, 205].  Besides hpo-30, other targets of AHR-1/Spineless 
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have not been defined (Chapter 3).  Since the hpo-30 mutant does not fully 

suppress the ahr-1 mutant phenotype it seems likely that ahr-1 controls 

additional targets (unpublished data).  Identification of these targets would 

provide important clues to the determinants of dendritic diversity.  Lastly, the role 

of AHR-1/spineless in vertebrate dendritic morphogenesis is not known.  As 

mentioned before, the similar role of this transcription factor in nematodes and 

insects suggests that AHR-1/Spineless may represent an ancient transcriptional 

program that is present in vertebrate neuronal development. 

Similar to ahr-1, Cut is expressed in all Drosophila PNS neurons [19, 20].  

However, Cut abundance differs between the different classes of neurons with 

class I neurons showing no Cut expression and class IV neurons displaying high 

levels of Cut expression [20].  These observations lead to the hypothesis that 

differential levels of Cut expression define the neuronal complexity.  My work did 

not detect dendritic morphogenesis defects in cut mutants in C. elegans (Chapter 

2). However, our work has revealed comparable roles for the LIM-homeodomain 

protein, MEC-3, which shows dose-dependent roles in mechanosensory neuron 

differentiation.  MEC-3 is expressed in mechanosensitive sensory neurons 

including both unbranched and branched neurons.  My work has shown that 

MEC-3 is expressed at lower levels in branched neurons, PVDs, and this lower 

expression limits transcripts that are normally reserved for unbranched neurons 

(Chapter 3).  Once MEC-3 exceeds a higher threshold, light-touch specific genes 

are expressed. 
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It is not clear how the concentration of a given transcription factor is 

directly related to dendritic complexity.  Perhaps transcription factor binding 

affinity varies for different groups of targets.  Thus, at lower concentrations of a 

given transcription factor only high affinity DNA-binding sequences will be 

occupied and those genes are selectively activated whereas targets with weaker 

binding affinities will not be expressed. Competition by other transcription factors 

could also limit expression of transcripts. In the future, it would be exciting to 

determine the mechanism by which varying concentrations of transcription 

factors (e.g. Cut, MEC-3) drive different dendritic morphologies.  The 

identification of binding sites of these transcription factors and biochemical 

characterization of the chromatin structure of their targets in each cell-type could 

be an interesting direction.  With the advancement of cell isolation techniques in 

C. elegans, it seems plausible that specific chromatin profiles of each cell type 

could be obtained [272].  Identification of transcription targets and binding sites in 

specific cell-types is certainly an interesting direction for the future and could 

provide us with the potential to further understand the diversity of dendritic arbors 

[273, 274].             

 

Netrin has multiple roles in neuronal development 

Recent studies have revealed that Netrin has several different roles during 

neuronal development [43, 56, 57, 59].  Netrin was first identified as a diffusible 

molecule that functioned at a distance from its source [43, 45].  However, the 

immunohistochemistry staining pattern of Netrin does not show a gradient-like 
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pattern [59, 173].  Instead, Netrin appears in localized clusters in the nervous 

system [59].  It seems plausible that Netrin may be primed in these locations to 

function as a short-range cue.  This idea is supported by emerging evidence in 

insects and nematodes that have established that Netrin can function as a short-

range cue [54, 55, 57, 58, 112].  This short-range potential expands the use of 

the molecule as it can now function at long-range as well as for contact-

dependent events.  For example, in PVD, Netrin is initially used as a graded 

signal to define PVD branch asymmetry along the dorsal/ventral axis (Chapter 6).  

Later in development Netrin/UNC-6 functions as a short-range molecule to trigger 

contact-dependent retraction of sister dendrites (Chapter 4).  How then does 

PVD distinguish the two Netrin signals?  I hypothesize that distinct combinations 

of downstream signaling molecules define these different roles for Netrin.  This 

suggests that a “task-specific” pathway may be activated.  For example, 

asymmetry requires UNC-34, MIG-10B and UNC-73.  These proteins could be 

used to asymmetrically mark one side of the cell (e.g. dorsal vs ventral) as they 

have been described to do in axon initiation [174].  Self-avoidance utilizes actin-

polymerizing components UNC-34 and MIG-10C and also proteins that can 

generate force such as NMY-1 to trigger retraction.  Thus, the components of 

each pathway have roles that are relevant to the specific cellular phenomenon.   

This hypothesis of “task-specific” components is also supported in studies 

describing the development of a C. elegans motor neuron [57].  Future work to 

clarify the signaling details of Netrin will likely strengthen this hypothesis.   
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Interestingly, work in C. elegans and Drosophila has identified that UNC-

40/DCC has a Netrin-independent function [48, 219, 224][223].  For example, 

Netrin functions with the UNC-40/DCC homolog, Frazzled, to guide longitudinal 

pioneering axons in Drosophila [223].  However, as with self-avoidance, 

Frazzled/DCC appears to have a Netrin independent function in addition to its 

role with Netrin.  Interestingly, both migrating longitudinal axons in Drosophila 

and self-avoiding dendrites in C. elegans respond to Netrin that is captured by 

DCC [223, 241]. Identification of the UNC-40 interacting components in self-

avoidance may provide insight into the missing component that guides 

pioneering axons.  This molecule would likely function with UNC-40/DCC in the 

UNC-6/Netrin independent pathway in C. elegans self-avoidance and function 

cell-autonomously in migrating longitudinal axons as an interacting partner with 

Frazzled/DCC.  Because both these phenomena utilize short-range captured 

Netrin, it may represent another task-specific component that is employed during 

neuronal development. 

 

Actin Polymerization is required for retraction 

 My work on the PVD neuron has shown that contact-dependent dendrite 

retraction requires actin-polymerizing components (Chapter 5).  These findings 

are consistent with the observation that actin appears enriched at the tips of 

dendrites as they initiate retraction. It therefore seems plausible that actin 

polymerization is a potential attribute of retraction.  Studies in the literature 

clearly demonstrate a role for actin-polymerizing components in axonal repulsion 
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[232-235]. However, the cell biology of how actin-polymerizing components drive 

retraction is not clear.  

I hypothesis that actin polymerization drives dendrite retraction in a 

mechanism that depends on newly generated actin filaments for retrograde 

movement. One potential mechanism that could describe this is the presence of 

a protein that forms a bridge between the actin cytoskeleton and the cell 

membrane [275].  Treadmilling of actin in conjunction with myosin-dependent 

retrograde flow would drive this bridge protein in the direction of actin flow and 

thus also pull the membrane rearward. Actin polymerization would be required in 

such a model to first generate a road for treadmilling and then also be required to 

maintain that road for full retraction.  Myosin in this case would be utilized to 

enhance treadmilling.  In an alternative model, a bipolar myosin filament may 

connect two parallel actin filaments both with plus end orientation toward the 

dendritic tip.  With the myosin anchored, plus end directional movement of the 

myosin motor on the actin filament would drive the actin filaments away from the 

tip resulting in rearward movement of the dendrite.  Such a filament orientation 

would resemble a folded sarcomere so that the plus end of both actin filaments is 

near the tip.  Newly formed actin filaments may be utilized to generate actin 

filaments that engage pre-existing tip actin filaments.  This model represents a 

more passive mode of retraction that does not require a protein that actively links 

the cytoskeleton to the dendritic membrane; instead the actin filament maintains 

the dendritic architecture and removal of the filament would therefore collapse 

the dendritic architecture to drive retraction.  It is also possible that the actin 
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arrangement of the dendrite is similar to a sarcomere in which bipolar actin 

filaments form contractile machinery.  Bipolar myosin filaments would function 

similar to myosin in sarcomeres to pull the two actin populations together to 

generate contraction.  A closer look at the actin population with EM or by 

visualizing the localization of a plus-end directed marker with advanced super-

resolution light microscopy techniques such as PALM could help to distinguish 

these models.  Nonetheless, it remains interesting that actin polymerizing 

components function in neuronal branch retraction.  This mechanism of branch 

retraction could also be applied to axonal growth cone guidance, which as 

described before, is thus far poorly understood.    

 

Recognizing Self from Non-Self 

To date, four potential cell-surface molecules have been implicated in self-

avoidance [99, 100, 105, 106, 241].  The model involving alternative spliceforms 

of Dscam provides an intriguing solution for self-avoidance because it suggests 

only one gene is required to prevent overlap [99, 100].  The other additional self-

avoidance molecules, Netrin, Turtle and Flamingo do not appear to adopt 

alternative spliceforms and thus are unlikely to offer a general solution for self-

avoidance in complex neural environments [105, 106, 241].  However, the role of 

Turtle and Flamingo in contact-dependent self-avoidance are now controversial 

due to a recent paper that could not reproduce the effect of a turtle mutant on 

self-avoidance and findings that the Tri/Fry pathway that is presumably linked to 

flamingo regulates insertion into adjacent epithelial cells [106, 107].   
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Nevertheless, there are a wide array of extracellular ligands and receptors in the 

nervous system that could potentially function in self-avoidance similar to Netrin 

[2].  In axon guidance, neurons respond to a unique code of guidance molecules 

that steers outgrowth along specific trajectories [2].  It seems possible that a 

combinatorial code could also define the capacity of individual dendrites to 

distinguish self from non-self. 

Thus far, all the self-avoidance mutants that have been identified display 

incomplete phenotypes [99, 100, 105, 106, 241].  These findings suggest that 

other molecules are likely to function in self-avoidance.  For example, in PVD, the 

majority of dendrites do not overlap in Netrin/UNC-6 pathway mutants [241].  

Moreover, in time-lapse movies of these mutants, branches sometimes retract 

upon contact.  This observation suggests that additional pathways are likely to 

function in self-avoidance. It will be interesting in the future to identify additional 

self-avoidance molecules in PVD.  The PVD microarray profile includes likely 

candidate molecules [12]. A targeted screen of transmembrane proteins with 

extracellular domains that are common in receptors that activate retraction, such 

as immunoglobin or fibronectin domains, (28 enriched in PVD vs all cells), for 

example, could help to identify such molecules. 

Work in leeches has shown that detachment of a neurite from the cell 

body results in the failure of the severed neurite to recognize self from non-self 

[276].  These results are suggestive of an additional cytoplasmic signal. Perhaps 

electrical coupling or calcium influx is triggered when two branches contact one 

another and the coincident occurrence of this in the same cell could identify self.  
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In this model, branches that are severed from one another or from a separate 

neuron would not produce this shared signal and thus would not retract after 

mutual contact. Such a model would provide a general solution to self-avoidance.  

In this case, an additional molecule such as Netrin could be used to activate the 

downstream retraction machinery.  For example, the shared calcium (Ca++) 

transient could identify self while Netrin would activate retraction machinery.  

Each of these signals would depend on the other to fully prevent overlap.  

Interestingly, calcium (Ca++) influx/efflux has been linked to Netrin signaling in 

axon guidance [79].  A laser could be used to sever PVD lateral branches for a 

direct test of this possible interpretation of the mechanism of UNC-6/Netrin 

dependent self-avoidance. 

Tiling, which ensures non-redundant coverage of dendrites from two 

different cells is also universally observed across phylogeny [4].  As with self-

avoidance, the molecular mechanism of tiling is also poorly understood.  

Interestingly, some self-avoidance molecules are dispensable for tiling [4].  This 

finding suggests that a different set of molecules could function to prevent 

heterodendritic interactions. My work has shown that the two nociceptive neurons 

in C. elegans, FLP and PVD, tile to ensure the nematode body is completely 

covered with nociceptive arbors [12, 125].  A screen for tiling molecules seems 

plausible in C. elegans since FLP and PVD can be differentially labeled with 

cellular markers (Chapter 3) and because of the ease of forward or reverse 

genetic screens.  It would be interesting in the future to identify mutants that 

cause overlap of the two neurons, FLP and PVD.  Such studies could serve as 
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foundation for identifying tiling molecules that function in the vertebrate body 

plan.     

 

The Functional Consequence of Overlap 

Self-avoidance is a universally conserved phenomenon and although the 

function of self-avoidance is not understood, the appearance of non-overlapping 

dendritic trees across phylogeny suggests it may be important for neuronal 

function.  In sensory neurons, self-avoidance may be utilized to efficiently cover 

the receptive area.  The non-redundant coverage of the receptive area not only 

ensures that the entire area can receive input but it could also prevent one 

particular area from receiving too much input.  Overlapping coverage of 

nociceptive dendrites could, therefore, cause excess pain sensation in the 

animal.  Interestingly, neurons in the brain also display non-overlapping arbors 

[98].  Non-redundant coverage in the brain may help to ensure proper 

connectivity of the neuronal circuit.  It will be interesting in the future to determine 

the functional consequence of overlap in the nervous system, as this is a 

significant unanswered question in the field.  Recording responses to noxious 

stimuli in mutant backgrounds that only have defects in self-avoidance could help 

determine the functional consequence of overlap.  dab-1 mutants would be an 

excellent candidate to test. 
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Time-lapse imaging as a tool for studying development in C. elegans 

Time-lapse imaging in other model organisms such as zebrafish has been 

highly useful for characterizing the cell biology of development.  Developing a 

time-lapse imaging protocol was also imperative for my studies.  The careful 

analysis of PVD development with time-lapse imaging defined fundamental 

aspects of PVD dendritic development that would not have been easily described 

with static images.  For example, time-lapse imaging showed that PVD dendrites 

develop through an error correction mechanism in which more dendrites are 

produced during development than are present in the adult (Chapter 2)[12].  

Live time-lapse confocal microscopy has also provided invaluable 

information for my studies of self-avoidance (Chapter 4).  Although static images 

of PVD helped to define the Unc-6 phenotype, it was time-lapse imaging that 

allowed me to observe the defect in contact-dependent repulsion [241]. In the 

future it will be important to visualize not only the PVD dendrite during 

development but also the proteins within the cell.  The C. elegans PVD neuron is 

close to the surface of the animal and thus is accessible to TIRF microscopy 

(Chapter 5).  This attribute of PVD has thus far been unique to in vivo systems 

for studying dendritic development.  Cell culture models have been useful for 

studying dendritic morphogenesis but may not accurately replicate in vivo 

dendritic behavior.  This caveat does not apply to the PVD neuron which can 

offer a new and highly useful model for in vivo studies of dendritic 

morphogenesis.   
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Other studies in neuronal development can also utilize time-lapse imaging.  

Because C. elegans is transparent, all neurons in the animal are accessible to 

confocal microscopy.  Similarly, just as many aspects of PVD development are 

dynamic, so likely are other neuronal developmental phenomena.  Preliminary 

results with our collaborator suggests that the NSM neuron in C. elegans also 

exhibits dynamic branching during a specific developmental period (Daniel 

Colón-Ramos and Smith, unpublished data).  This dynamic branching, as with 

PVD, was not appreciated in static images of the neuron during development.   

Watching the remodeling of C. elegans neurons is an additional intriguing 

use of time-lapse imaging.  A subset of GABAergic neurons remodel during 

development of C. elegans [277].  Synapses normally form on the ventral side 

early in development.  In adults, these synapses are absent from the ventral side 

and are dorsally located instead.  Interesting, the morphology of the neuron 

remains unchanged during this process.  Are synapses removed from the ventral 

side, trafficked along the commissures and then placed on the dorsal side?  

Alternatively, synapses on the ventral side could be degraded and new synapses 

could be built on the dorsal side.  Time-lapse imaging would be invaluable in 

understanding this phenomenon.  In fact, time-lapse imaging was recently 

utilized to show that some proteins from ventral synapses are recycled to the 

dorsal side [278].  The detailed description of GABAergic remodeling with time-

lapse imaging could be helpful to characterize potential phenotypes that arise in 

genetic mutants.   
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Thus, it is clear that the transparency of C. elegans, the ease of producing 

transgenic animals and the sophisticated fluorescent tagging of cellular 

components makes C. elegans an ideal system for using time-lapse imaging to 

define and characterize development.  It will be important to utilize these 

techniques for future studies. 
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