
Genetic control of dendrite morphogenesis in C. elegans 

A dissertation presented 

by 

Ian Gordon McLachlan 

to 

The Division of Medical Sciences 

in partial fulfillment of the requirements 

for the degree of 

Doctor of Philosophy 

in the subject of 

Neurobiology 

Harvard University 

Cambridge, Massachusetts 

April 2016 



© 2016 Ian Gordon McLachlan 
All rights reserved.  



Dissertation Advisor: Dr. Maxwell Heiman           Ian Gordon McLachlan

Genetic control of dendrite morphogenesis in C. elegans

Abstract

The shapes and attachments of cells determine the machinery of organs; for example, the 

shapes and attachments of neurons and glia establish the wiring of the brain. To understand how 

neuronal dendrites obtain their morphologies and make the appropriate connections, we used C. 

elegans sense organs as models. Previous work identified a requirement for the extracellular 

matrix protein DYF-7 in dendrite extension: DYF-7 anchors dendrites dendrite endings at the 

embryonic nose while neuronal cell bodies migrate away, and in its absence, dendrites fail to 

extend. Here, we show that these dendrites are part of a sensory epithelium composed of glial 

cells and neurons. The dendrites are ensheathed by glial cells, form adherens junctions onto glia, 

and are stabilized at their apical surfaces by the extracellular matrix protein DYF-7. In dyf-7 

mutants, the pulling force of cell migration causes this sensory epithelium to rupture along the 

glia:glia junctions. By comparison, dendrites of the URX and BAG neurons are intimately 

connected to the external surface of glial cells but are not known to form adherens junctions and 

are not affected in dyf-7 mutants. To identify factors required for URX and BAG dendrite 

extension, we performed forward genetic screens for dendrite extension defects in these cells and 

identified mutations in the cytoplasmic protein GRDN-1/Girdin and the adhesion molecule 

SAX-7/L1CAM. We show that in wild-type embryos, URX and BAG dendrites also extend by 

attaching to the nose and then stretching during embryo elongation but, in grdn-1 embryos, they 

fail to remain attached. GRDN-1 can promote dendrite attachment by acting in glia—it localizes 
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to glial endings and causes localized accumulation of SAX-7, creating an adhesive compartment 

where dendrites attach. Thus, GRDN-1 and SAX-7 determine dendrite length by positioning a 

neuron-glia attachment site that couples dendrite extension to embryonic growth. Finally, we 

identified several other mutants with URX dendrite morphogenesis defects, including 

overgrowth of the URX dendrite; some have been mapped to genes associated with the 

cytoskeleton. Together, these studies define genetic mechanisms that control morphogenesis of 

distinct classes of sensory dendrites through specific adhesive interactions with their glial 

neighbors. 
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CHAPTER 1

Introduction

Part II of this introduction is adapted from the following published review: 

McLachlan, I.G., and Heiman, M.G. (2013). Shaping dendrites with machinery borrowed from 

epithelia. Curr. Opin. Neurobiol. 23, 1005–1010.  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“What mysterious forces precede the appearance of the processes, promote their growth and 
ramification, stimulate the corresponding migration of the cells and fibers in predetermined 
directions, as if in obedience to a skillfully arranged architectural plan? What allows them to 
conclude their journey with a protoplasmic kiss, with intercellular articulations that seem to 
constitute the final ecstasy of an epic love story?” 

— Santiago Ramón y Cajal

 The cell is the fundamental unit of all life. We and other multicellular creatures arise from 

a single self-reproducing cell that divides into new units, each with its own specialized shape and 

contacts, that assemble into tissues, organs, and ultimately, a whole organism. Cell shape is 

essential to life—if our cells lack the fundamental components that allow them to adopt the right 

shapes, then our organs cannot be constructed. How are cell shapes defined during development, 

and how are appropriate cell-cell contacts established to assemble functional organs?  

 Among all biological structures, one of the most incredible is the human brain—arguably 

the most complex self-organizing structure in the world. The brain is built from an impenetrably 

dense forest of hundreds of billions of cells with a tremendous diversity of shapes, sizes, and 

functions. Neurons, the principal cell type in the nervous system, carry and process information 

in the form of electrical signals. Present in roughly equal number are the glial cells, which 

support and instruct how neurons develop and function. Together, by establishing exactly the 

right shapes, with exactly the right connections, in exactly the right places, neurons and glia 

assemble together to build the functional circuitry that allow us to think, act, and perceive the 

world.  

 As cells specialized to transmit information, neurons are highly polarized cells with 

functionally distinct compartments: the cell body, the axon, and the dendrite(s). Axons emerge 
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from neurons and often travel over long distances to transmit information to other cells. 

Dendrites are compartments designed for the collection and integration of information, either as 

sensory structures exposed to the environment, or connected to receive signals from other 

neurons. For this reason, the shape of the dendritic tree has important consequences for both the 

neuron’s sources of input and the way electrical signals are integrated within the cell (London 

and Hausser, 2005). 

 In this introduction, I describe our current understanding of how dendrites attain their 

shapes, which has served as the foundation for the work I present in this thesis. First, I will 

summarize the different types of mechanisms that control dendrite morphogenesis. Second, I will 

explain how our understanding of epithelial machinery can inform our quest to discover new 

regulators of dendrite shape, and perhaps, conceptualize neuronal morphogenesis as a special 

case of epithelial development. Third, I will explore in more detail how adhesive mechanisms 

and interactions with non-neuronal cells, particularly glial cells, contribute to dendrite 

morphogenesis. And finally, I will introduce the sensory organs of Caenorhabditis elegans as a 

convenient model system for identifying genes that control dendrite morphogenesis.  

I. Molecular regulation of dendrite morphogenesis 

 Neurons are sculpted by a combination of cell-intrinsic and cell-extrinsic factors; 

ultimately, dendrite morphology is governed both by the set of genes the cell expresses and the 

environment in which it resides. Many morphological features are determined by cell-

autonomous mechanisms, and the intrinsic identity of neurons can dictate how they will respond 

to a given milieu of extracellular cues (McAllister, 1997). Individual cell identities arise from 
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cell-specific transcriptional programs that lead to the differential expression of genes controlling 

neuronal polarity, cytoskeletal dynamics, intracellular transport, secretory trafficking, and 

signaling pathways. Environmental factors that shape dendrites include secreted guidance cues; 

adhesive contact between neurons, other cell types, or extracellular matrix; and neural activity.  

Regulation of dendrite morphogenesis by cell-intrinsic mechanisms 

 Cell polarity:  The first step of dendrite morphogenesis is the determination of neuronal 

polarity, when distinct axonal and dendritic compartments are specified. Axon/dendrite 

specification can occur through cell-autonomous mechanisms; for example, primary 

hippocampal neurons grown in serum-free medium elaborate short neurites and stochastically 

specify a single axon, leaving the remaining processes to become dendrites (Dotti et al., 1988). 

Axon specification in these neurons requires the polarized distribution of the Par3/Par6/aPKC 

complex, which similarly defines polarity in other cell types, such as epithelial cells. The lipid 

kinase PI3K promotes axon specification by generating membrane PIP3 and localizing the Par3 

complex to neurites (Shi et al., 2003). In contrast, the PTEN phosphatase and the serine/

threonine protein kinase GSK3 act in opposition to this pathway in dendrites to suppress axon 

specification (Shi et al., 2003; Jiang et al., 2005).  

 Transcriptional regulators:  Following axon/dendrite specification, dendrite shape can 

be intrinsically controlled by transcriptional programs. As a first step, there may be transcription 

factors that specify the fundamental features of the dendritic architecture, such as the number of 

processes emerging from the cell body. For example, the Krüppel-like transcription factor Dar1 

acts in multidendritic neurons of Drosophila melanogaster to initiate dendrite development. 
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When dar1 is absent, dendrites are severely shortened and reduced to bipolar or unipolar 

morphologies, but axons are normal (Ye et al., 2011). In contrast, when dar1 is misexpressed in 

unipolar or bipolar neurons, they are converted to a multipolar shape, suggesting that dar1 acts 

as a selector for multipolar fate (Wang et al., 2015). Acting in the opposite direction, the 

transcription factor Hamlet specifies a unipolar fate, and when lost, these neurons are converted 

into multidendritic neurons (Moore et al., 2002).  

 In addition to controlling broad aspects of neuronal shape, transcriptional regulation may 

also specify particular cell identities to finely tune the shapes of dendritic processes and the 

locations of their connections. For example, there are four classes (I-IV) of multidendritic 

“dendritic arborization” (da) sensory neurons that tile the Drosophila larval body wall with 

progressively increasing levels of arbor complexity (Grueber et al., 2002), and several 

transcription factors have been shown to act to control these class-specific morphologies. The 

homeodomain protein Cut is expressed at class-specific levels in da neurons and its expression 

levels correlate with arbor complexity (Grueber et al., 2003). Along with Cut, a battery of 

differentially-expressed transcription factors, such as Abrupt, Knot, and Spineless, act in 

combination to define class-specific dendrite shapes (Li et al., 2004; Sugimura et al., 2004; 

Jinushi-Nakao et al., 2007; Crozatier and Vincent, 2008; Kim et al., 2006). Parrish et al., 2006 

performed an RNAi screen against transcription factors in the Drosophila genome and identified 

76 that regulate class I dendrite morphogenesis, further suggesting that transcriptional regulation 

of shape is dense and combinatorial. Similarly, motor neurons in the adult fly leg rely on a 

combinatorial code of at least six transcription factors to pattern their dendrite arbors along the 

ventral nerve cord (Enriquez et al., 2015). Thus, the ultimate morphological phenotype of a 
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dendritic arbor depends upon a combinatorial expression of transcription factors that define the 

neuron’s identity.  

 Similar regulation has been described in C. elegans, in the development of its two 

mechanosensitive multidendritic neurons, PVD and FLP, that tile the body wall with their 

dendrites. The proper differentiation of these neurons requires the LIM homeobox transcription 

factor mec-3 (Way and Chalfie, 1988), and in the absence of mec-3, higher-order dendritic 

branches fail to form (Tsalik et al., 2003). Analogous to the findings with Cut in da neurons, the 

precise level of MEC-3 is important in determining morphology: low MEC-3 levels specify the 

highly branched PVD morphology, while the higher MEC-3 levels in other mechanosensitive 

neurons lead to a simple bipolar morphology (Smith et al., 2013). Intriguingly, mec-3 is 

positively regulated by ahr-1, the C. elegans homolog of Spineless, suggesting that some 

transcriptional programs controlling dendrite morphogenesis are conserved between C. elegans 

and Drosophila melanogaster (Smith et al., 2013).  

 Transcriptional regulation of dendrite morphogenesis has also been observed in the 

mammalian brain. The mouse homologs of Cut, Cux1 and Cux2, promote dendritic growth and 

branching in layer II/III cortical neurons (Cubelos et al., 2010). Perhaps owing to the tremendous 

diversity of cellular morphologies in the mammalian nervous system, a great number of 

transcription factors have been implicated in various stages of mammalian cortical dendrite 

morphogenesis, including FOXO (de la Torre-Ubieta et al., 2010), Neurogenin (Florio et al., 

2005), NeuroD (Gaudilliere et al., 2004), Sp4 (Ramos et al., 2007), Otx1 (Zhang et al., 2015), 

MEF2 (Fiore et al., 2009; Latchney et al., 2015), CREB (Redmond et al., 2002), and others 

(reviewed in de la Torre-Ubieta and Bonni, 2011). A common theme emerging from the 
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mammalian literature is that the transcriptional programs that control dendrite morphogenesis are 

themselves often controlled by external signals, particularly neural activity.  Thus, while 

transcriptional programs execute cell-autonomous cascades to remodel dendritic arbors, they 

nevertheless can reflect non-cell-autonomous influences of the environment in which the cell 

resides.  

 Microtubules:  The neuronal cytoskeleton, composed of microtubules and actin 

filaments, is a common downstream target of transcriptional regulation and polarity signaling. 

Microtubules are oriented differently in axons and dendrites: axonal microtubules uniformly 

exhibit plus-end distal orientations, while dendritic microtubules predominantly have minus-end 

distal (invertebrates; Stone et al., 2008; Maniar et al., 2012) or mixed (rodents and likely other 

vertebrates; Baas et al., 1988; Yau et al., 2016) orientations. This allows for the transport of 

dendritic proteins by minus-end directed motors, such as dynein, which is required for dendrite 

branching (Satoh et al., 2008; Zheng et al., 2008). Branching is also influenced by the 

microtubule-severing enzymes spastin (Jinushi-Nakao et al., 2007; Ye et al., 2011) and katanin 

(Stewart et al., 2012).  

 Actin:  Dynamic control of the actin cytoskeleton, which is essential for axonal growth 

cone motility (Lowery and Van Vactor, 2009), is also important in regulating dendrite growth. 

The Rho family of GTPases (such as Rho, Rac, and Cdc42) regulate actin polymerization by 

cycling between an active GTP-bound state and an inactive GDP-bound state, facilitated by 

guanine nucleotide exchange factors. Generally, Rho GTPase activation limits the growth of 

dendrites, while Rac and Cdc42 activation often promotes dendrite growth. For example, 

constitutively active Rho reduced dendritic arbor extension in Xenopus retinal ganglion cells and 
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optic tectal neurons (Ruchhoeft et al., 1999; Li et al., 2000), Drosophila mushroom body neurons 

(Lee et al., 2000), chick retinal ganglion cells (Wong et al., 2000), and rat hippocampal neurons 

(Nakayama et al., 2000). In contrast, dendritic arbor size and/or complexity is increased by 

constitutively active Rac in these same models or preparations (Rochhoeft et al., 1999; Li et al., 

2000; Wong et al., 2000; Nakayama et al., 2000). Enabled/VASP, which binds actin filaments to 

regulate their polymerization, cell-autonomously promotes dendrite outgrowth (Li et al., 2005).  

 Secretory trafficking:  Finally, secretory mechanisms can also provide cell-intrinsic 

control of dendrite morphogenesis. Multidendritic neurons often contain small Golgi outposts in 

dendrites that participate in the trafficking of membrane proteins (Horton and Ehlers, 2003). 

Disruption of these Golgi outposts or the secretory pathway in cultured hippocampal neurons 

(Horton et al., 2005) or Drosophila da neurons (Ye et al., 2007) results in reductions of dendrite 

growth. Intriguingly, though one would expect secretory mechanisms to contribute to membrane 

addition throughout the cell, mutants in the secretory pathway selectively reduced da neuron 

dendrite arborization without affecting axon targeting (Ye et al., 2007). In cerebellar granule 

neurons, an E3 ubiquitin ligase localizes to the Golgi and catalyzes ubiquitination (and thus 

promotes degradation) of Golgi proteins to control Golgi morphology and dendrite patterning 

(Litterman et al., 2011). Recent work has shown that the exocyst complex, a protein complex that 

mediates the tethering of post-Golgi vesicles to the plasma membrane prior to fusion, is required 

for dendrite arborization of Drosophila da neurons (Peng et al., 2015) and C. elegans 

multidendritic PVD neurons (Taylor et al., 2015; Zou et al., 2015). In addition to acting as 

secretory stations, Golgi outposts can also function as acentrosomal microtubule organizing 

centers (Ori-McKenney et al., 2012; Zhou et al., 2014).  
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Regulation of dendrite morphogenesis by cell-extrinsic mechanisms 

 Molecules secreted into the environment by neurons or non-neuronal cells — including 

glia, muscle, or epidermal cells — can guide the trajectory and shape of dendrites. 

Unsurprisingly, many of the cues which control dendrite morphogenesis are established axon 

guidance cues, including Slit, Netrin, Semaphorins, and Neurotrophin. 

 Slit and Robo: Furrer et al., 2003 showed that Robo and Frazzled/DCC (receptors for 

Slit and Netrin, respectively) cell-autonomously control dendrite outgrowth and guidance in 

Drosophila in addition to axon guidance. These two systems function in opposition to properly 

target leg motoneuron dendrites in the ventral nerve cord (Furrer et al., 2007; Brierley et al., 

2009; Mauss et al., 2009). Slit and Robo are also required for dendrite arborization in da neurons 

(Dimitrova et al., 2008). In the mammalian brain, Slit acts through Robo to promote dendrite 

growth and branching in cortical neurons (Whitford et al., 2002). More recent work has shown 

that Slit and Robo are required for dendrite self-avoidance in cerebellar Purkinje cells. 

Interestingly, the authors found that both ligand and receptor function cell-autonomously; that is, 

the Purkinje cell secretes Slit onto itself to prevent dendrite crossing (Gibson et al., 2014).  

 Netrin:  Similar to its canonical role in promoting axon outgrowth (Serafini et al., 1994), 

Netrin can act as a secreted attractive cue to direct dendritic targeting in Drosophila da neurons 

(Matthews and Grueber, 2011), the C. elegans DA9 motor neuron (Teichmann and Shen, 2011), 

Xenopus tectal neurons (Nagel et al., 2015), and Zebrafish octavolateralis neurons (Suli et al., 

2006). Surprisingly, and similarly to Slit, Netrin can also act to promote contact-dependent 

dendrite self-avoidance in C. elegans despite being a secreted molecule; the authors suggest that 

!9



this could occur through Netrin sequestration at dendrite tips to mediate repulsive interactions 

(Smith et al., 2012). Another intriguing mechanism by which Netrin mediates dendrite 

morphogenesis is found in the development of the Drosophila chordotonal organ. Netrin is 

secreted by epidermal cells and is required for the proper shape of the glial-like “cap cell,” which 

contacts the apical dendrites of chordotonal neurons. When Netrin is absent or misexpressed, the 

cap cell forms an improper shape, and drags the dendrite tip into an abnormal orientation 

(Mrkusich et al., 2010).  

  Semaphorins:  Semaphorins are a family of transmembrane and secreted glycoproteins 

that control axon guidance and synapse formation in a variety of contexts (Pasterkamp, 2012). 

Two classes of Semaphorin, Sema2 (invertebrates) and Sema3 (vertebrates) are secreted. 

Sema3A is necessary for the specification and arborization of higher-order dendritic branches by 

acting through Neuropilin/Plexin co-receptors (Polleux et al., 2000; Fenstermaker et al., 2004; 

Tran et al., 2009; Shelly et al., 2011). The precise sources of this secreted Semaphorin in vivo are 

unclear, but work in Drosophila indicates that both neuronal and non-neuronal Semaphorin can 

control dendrite morphology. Two secreted Semaphorins, Sema2a and Sema2b, are secreted by 

degenerating larval olfactory neuron axons to direct the dendrites of growing adult projection 

neurons to their appropriate territories, and surprisingly, appear to act on dendrites through 

transmembrane Sema1a (Sweeney et al., 2011). Likewise, in non-neuronal cells, Sema2b is 

secreted by fly epidermal cells, and acts on da neuron dendrites via PlexB receptors to restrict da 

neuron dendrites to a two-dimensional plane parallel to the epidermis (Meltzer et al., 2016). 

Sema2a is also expressed by midline glia in the fly ventral nerve cord and acts on the dendrites 

of leg motoneurons to restrict them to appropriate territories (Syed et al., 2016).  
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 Neurotrophins:  Neurotrophins are a family of secreted proteins—nerve growth factor 

(NGF), brain-derived growth factor (BDNF), neurotrophin 3 (NT-3), and neurotrophin 4 (NT-4)

—that regulate neuronal development, maintenance, and function by acting on Trk receptor 

tyrosine kinases (Huang and Reichardt, 2001). Neurotrophins typically promote dendrite growth, 

but this depends on timing and other environmental factors. For example, in slices taken from 

visual cortex, basal dendrites of pyramidal cells in different layers respond maximally to 

different neurotrophins; cortical neurons in layer IV respond strongly to BDNF, while neurons 

from layer V are more sensitive to NT-4 (McAllister et al., 1995). In some contexts, 

neurotrophins can negatively regulate dendrite growth; for example, NT-3 suppresses the effect 

of BDNF on layer IV cortical neurons (McAllister et al., 1997). The in vivo activity of 

neurotrophins on dendrite development have been more difficult to tease apart due to complex 

effects on survival and differentiation. Conditional knockouts of BDNF have shown that it is 

required for normal dendritic complexity in the striatum, but loss of BDNF has only a mild effect 

on the dendrites of hippocampal neurons, further demonstrating that cells from different brain 

areas have different intrinsic responses to neurotrophins (Rauskolb et al., 2010). Within a region, 

local neurotrophin signaling may be important: mosaic analysis in the mouse cerebellum has 

shown that loss of the NT-3 receptor TrkC from a sparse subset of Purkinje cells caused dendrite 

defects, while global loss of TrkC had no effect (Joo et al., 2014). Thus, the relative levels of 

NT-3/TrkC signaling between neighboring cells, rather than the absolute levels within a cell, 

control dendrite morphogenesis. 

 Neural activity:  In many systems, neural activity affects the morphology of dendrites. In 

classic experiments, Hubel and Wiesel found that monocular deprivation caused a marked 
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reduction in the size of neurons in the lateral geniculate nucleus (Wiesel and Hubel, 1963), and it 

is now clear that activity promotes dendrite morphogenesis throughout the brain. 

Neurotransmission causes increases in intracellular calcium levels, which then activates calcium-

dependent protein kinases and transcriptional programs, and triggers changes in the dendritic 

cytoskeleton (reviewed in Wong and Ghosh, 2002). The effects of secreted cues may intersect 

with activity-dependent pathways as well; for example, neurotrophins may be released from 

presynaptic cells, can induce membrane depolarization (Blum et al., 2002), and blocking 

synaptic activity prevents BDNF-induced dendrite elaboration (McAllister et al., 1996), 

suggesting that part of the effect of neurotrophins upon dendrites is due to their effects on 

activity-dependent pathways.  

 Cell adhesion:  Finally, adhesive interactions—between multiple neurons or between 

neurons and non-neuronal cells or extracellular matrix—commonly sculpt dendritic arbors. As 

adhesion is a fundamental mechanism by which the in vivo environment can control the shape of 

neurons, and is a major focus of the work presented in this dissertation, this topic will be 

explored in depth in the following section.  

II. Shaping dendrites with machinery borrowed from epithelia 

 Epithelia are among the most ancient organizational units of multicellular life, possibly 

pre-dating the evolutionary divergence of animals, fungi and amoebae (Dickinson et al., 2011). 

Thus, many of the mechanisms that coordinate cell morphogenesis in other cell types, including 

neurons, may have arisen first in epithelia. These sheets of cells line every surface of our bodies, 

and provide a barrier that separates an outward-facing apical compartment from an inward-facing 
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basolateral compartment. The basal surface is marked by a well-characterized basement 

membrane, or basal lamina, composed of collagens, laminins, and nidogens; the apical surface is 

often decorated with sensory cilia that are used to monitor environmental conditions, and is 

coated with a specialized apical extracellular matrix (aECM), about which little is known. 

Apical-basal compartmentalization is accomplished by two large protein machines: adherens 

junctions, often composed of cadherins, which bind the cells together into a sheet; and tight 

junctions, often composed of claudins and occludins, which serve as a diffusion barrier between 

the two compartments. These complexes are coupled to intracellular regulators of cell polarity, 

notably the MAGUK family of proteins. 

 The vertebrate nervous system begins as a specialized epithelium, termed a 

neuroepithelium, that invaginates to form the neural tube, creating an apical lumen that will 

ultimately fill with cerebrospinal fluid (CSF). In the mature brain, this neuroepithelium lines the 

CSF-filled ventricles, and is the site from which most neurons arise. For these reasons, it has 

been said that “phylogenetically and developmentally, the brain is an epithelium” (Colman et al., 

1999). This is a powerful idea, because it implies that neuronal development can be understood 

in terms of established mechanisms of epithelial development. Indeed, proteins that are trafficked 

to the apical or basal surfaces of epithelia are trafficked to axons or dendrites, respectively, when 

expressed in neurons (Dotti and Simons, 1990), and as described earlier, neuronal polarity 

programs (such as the Par3/Par6/aPKC complex) are shared with epithelial cells. However, while 

some neurons inherit their polarity from their neuroepithelial precursors, others do not (Barnes 

and Polleux, 2009), and it has proven difficult to assign a purely apical or basal cell biological 
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identity to axons or dendrites (Horton and Ehlers, 2003). However, there any many striking 

parallels between the adhesion machinery found in epithelia and those that shape dendrites. 

True epithelia: shaping the receptive endings of sensory cells 

 Because epithelia form the interface between an organism and its environment, it is not 

surprising that they have been modified to generate most sense organs. Sensory cells such as 

photoreceptors, auditory hair cells, gustatory cells, olfactory receptor neurons, and skin 

receptors, as well as invertebrate sense organs, are all within true epithelia (Fig. 1.1). In these 

tissues, junctional complexes between sensory and supporting cells generate a continuous sheet. 

As in other epithelia, the apical surfaces of sensory cells are decorated with modified cilia, such 

as the rods and cones of photoreceptors. Hair cells in the inner ear and gustatory cells in the 

tongue have a morphology similar to that of a traditional epithelial cell, while olfactory sensory 

neurons have a bipolar morphology with a well-defined dendrite and an axon that extends into 

the brain, and are thus considered “true neurons” (Ramon y Cajal, 1995). Yet, they are no less 

epithelial: ultrastructural analysis and immunolabeling of the olfactory epithelium reveals 

conventional tight and adherens junctions between olfactory sensory neurons and their 

supporting cells (Steinke et al., 2008) (Fig. 1.1B). The supporting cells, such as sustentacular 

cells in the olfactory epithelium and Deiters’ cells of the inner ear, are sometimes referred to as 

glia and share properties with astrocytes (Shaham, 2010). Thus, sensory cells and support cells 

can be viewed as an epithelium composed of neurons and glia. 

 Consistent with this idea, the machinery of epithelial morphogenesis is repurposed by 

sensory cells to shape their receptive surfaces, which can be dendrites, cilia, or some  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Figure 1.1. Common organization of sensory epithelia 

Schematics of (a) canonical epithelium, (b) olfactory sensory neuron, (c) hair cell of the inner 

ear, and (d) amphid chemosensory neuron of C. elegans. In each case, an outward-facing apical 

compartment (pink) is separated from an inward-facing basal compartment (blue) by cell 

junctions (purple). The apical surface is decorated with a non-motile primary cilium (green) and 

lined by apical extracellular matrix (aECM, red). Adapted from McLachlan and Heiman, 2013.  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combination. For example, the Crumbs complex was first identified as an apical polarity cue 

required for the organization of epithelial cells (Tepass et al., 1990) and was later shown to be 

required for Drosophila photoreceptor morphogenesis due to its crucial role in forming the light-

sensitive apical membrane domain (Pellikka et al., 2002; Izaddoost et al., 2002). Remarkably, 

overexpression of the cytoplasmic portion of Crumbs is sufficient to induce the formation of 

ectopic light-sensitive domains, showing it actively shapes this receptive surface (Muschalik and 

Knust, 2011). As in other epithelia, it normally acts through adhesion: Crumbs and its binding 

partner Stardust act in different photoreceptor subtypes to regulate adherens junction formation 

in Drosophila (Hwa and Clandinin, 2012) and the extracellular domain of Crumbs mediates 

adhesion between photoreceptors and Müller glia in zebrafish (Zou et al., 2012). Photoreceptor 

cells also borrow epithelial machinery for secretory trafficking (Li et al., 2007), actin-

microtubule cross-linking (Mui et al., 2011), the distribution of cell adhesion molecules (Lee et 

al., 2010), and other aspects of polarization (reviewed in Randlett et al., 2011). 

 Mechanisms first identified in epithelia affect the development and function of other 

sense organs as well. For example, the planar cell polarity machinery was identified in epithelia 

such as the Drosophila wing, and was later shown to pattern hair cells in the inner ear (May-

Simera and Kelley, 2012). The tight junction machinery that maintains diffusion barriers in 

epithelia also acts in hair cells to maintain distinct ionic environments in the apical and 

basolateral compartments, with mice defective in the tight junction component claudin becoming 

deaf due to toxic leakage of potassium ions (Nakano et al., 2009). Loud noises can rupture this 

epithelial permeability barrier, and its loss may therefore play a role in noise-induced deafness 

(Zheng and Hu, 2012). Importantly, interactions with epithelial neighbors provide more than 
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structural roles: the glial-like supporting cells of the inner ear regulate synapse formation by 

secreting BDNF (Gomez-Casati et al., 2010) and eliminate dying hair cells by excision and 

phagocytosis (Bird et al., 2010), possibly similar to remodeling mechanisms found in other 

epithelia. 

The machinery of epithelial adhesion also shapes neuronal dendrites 

 Unlike sensory cells, most mature neurons (or their precursors) detach from their parent 

neuroepithelium, in a process called delamination. Delamination depends on downregulating N-

cadherin: neurons that fail to downregulate N-cadherin maintain inappropriate apical attachments 

to the neuroepithelium, while experimentally inactivating N-cadherin causes precocious loss of 

apical attachments (Wong et al., 2012). Paradoxically, although loss of cadherin is a key step in 

neuronal maturation, recent work has shown that mature neurons continue to use cadherin and 

other epithelial adhesion machinery to shape their dendrites. 

 For example, the atypical cadherin Fat3 mediates adhesion among amacrine cell dendrites 

in the retina to regulate dendrite number and targeting (Deans et al., 2011), while a large family 

of cadherin-related proteins, the protocadherins, mediate dendritic self-avoidance in the retina 

and cerebellum (Lefebvre et al., 2012; Kostadinov and Sanes, 2015). N-cadherin itself is used to 

restrict the dendrites of each Drosophila olfactory projection neuron to a single glomerulus (Zhu 

and Luo, 2004), and is also required in the mammalian hippocampus for normal dendrite 

arborization (Bekirov et al., 2008). In cultured hippocampal neurons, dendrites grow in response 

to depolarization, and this growth requires N-cadherin, correlates with increased cadherin/catenin 

!17



complexes, and is dependent on cell–cell contact (Tan et al., 2010), suggesting that N-cadherin is 

acting in its canonical role as part of an epithelial-like adhesion machine.  

 Indeed, additional components of the canonical epithelial adhesion machinery are 

implicated in dendrite morphogenesis. The maintenance of cortical dendrites and spines requires 

δ-catenin, which interacts with cadherins at epithelial adherens junctions (Matter et al., 2009). 

Similarly, afadin, a scaffolding protein that directly associates with epithelial cadherin/catenin 

complexes, is required to maintain dendritic fields (Srivastava et al., 2012). Members of the 

cadherin–catenin pathway are also involved in regulating the morphology of dendritic spines 

(Ishiyama et al., 2010; Fuentes et al., 2012; Beaudoin et al., 2012). An important question is 

whether these examples involve the formation of bona fide epithelial-like adherens junctions in 

neurons, or if individual components of the adhesion machinery are repurposed in novel 

contexts. 

 Additionally, the epithelial extracellular matrix can be shared by sensory neurons to 

direct dendrite arborization. For example, Drosophila multidendritic neurons elaborate their 

dendrites along the basal surface of the epidermis in a two-dimensional plane (Grueber et al., 

2003). Dendrite arborization requires interactions between the dendrites and laminins of the 

extracellular matrix that are mediated by integrins; when integrin function is disrupted, dendrites 

are no longer restricted to a 2D plane, and they cross over each other in space without touching 

(Han et al, 2012; Kim et al., 2012). The microRNA bantam is produced in epithelial cells and 

acts there to regulate epithelial growth, and thus, disrupts the dendrite-ECM interactions that 

allow the dendritic arbors to scale with growth (Parrish et al., 2009; Jiang et al., 2014). 
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 The arrow of history has also pointed the other way, with classical neuronal adhesion 

molecules later becoming appreciated as components of the epithelial adhesion machinery. The 

immunoglobulin superfamily (IgSF) protein L1CAM, in particular, was initially identified as a 

neuronal adhesion molecule (Grumet and Edelman, 1984). The Drosophila L1CAM homolog, 

neuroglian, promotes branching of sensory dendrites in the larval body wall (Yamamoto et al., 

2006), and region-specific endocytosis of neuroglian appears to be a mechanism by which 

dendrite branching patterns are dynamically altered (Yang et al., 2011). In mammals, the L1 

family member CHL1 is expressed in neurons, astrocytes, and oligodendrocytes in areas 

including cortex, hippocampus, and cerebellum (Hillenbrand et al., 1999) and is required in the 

cortex for the orientation and branching of the dendrites of pyramidal neurons (Demyanenko et 

al., 2004; Ye et al., 2007; Demyanenko et al., 2010) 

 It has long been recognized that glial cells provide an adhesive substrate for axon 

guidance (Nobel et al., 1984; Fallon 1985) but evidence is accumulating that glia also can act as 

a scaffold for dendrite morphogenesis. Astrocytes come into close contact with dendrites and 

their fine processes wrap around dendritic spines in the hippocampus (Ventura and Harris, 1999), 

and Bergmann glia surround dendritic spines on Purkinje cells (Grosche et al., 1999). Dendrite 

morphogenesis in Purkinje cells appears to be guided by these tightly-coordinated associations 

with Bergmann glia (Lordikipanidze and Dunaevsky, 2005). CHL1 is required in the cerebellum 

for an interaction between Purkinje neurons and Bergmann glia, which promotes proper dendritic 

targeting (Ango et al., 2008).  

 Interestingly, L1CAM was later found to be widely expressed in epithelia, including skin, 

lung, intestine and kidney, as well as sensory epithelia (Nolte et al., 1999; Debiec et al., 1998). 
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Likewise, the C. elegans homolog SAX-7 was identified for a neuronal role in axon guidance 

(Zallen et al., 1999), but is also expressed in epithelia where it acts at sites of cell contact to 

maintain tissue attachment (Chen et al., 2001; Wang et al., 2005). Recent work has shown that 

SAX-7 acts in concert with the MAGUK family protein MAGI-1 and the cadherin–catenin 

complex to maintain epithelial apical junctions in the skin during embryonic enclosure (Lynch et 

al., 2012). These results lead to the speculation that L1CAMs and cadherin-containing complexes 

might act cooperatively in dendrites, as they do in epithelia. 

 SAX-7/L1CAM has an interesting epithelial-like role in patterning the dendrites of C. 

elegans PVD neurons, which are embedded in the body wall, sandwiched between hypodermis 

and muscle (Oren-Suissa et al., 2010). The arborization of PVD dendrites requires an adhesive 

interaction with the hypodermis, mediated by the binding of transmembrane leucine-rich-repeat 

protein DMA-1 on PVD dendrites with SAX-7/L1CAM and the transmembrane protein MNR-1 

on hypodermal cells (Liu and Shen, 2011; Dong et al., 2013; Salzberg et al., 2013). SAX-7 

localizes in stripes in the hypodermis to form a permissive substrate that the PVD dendrites 

extend along. These stripes are established by the location of hemidesmosomes in the skin, 

which themselves are positioned by interactions between the muscle and skin that require 

UNC-52/Perlican (Liang et al., 2015).  

 There are hints that other IgSF adhesion molecules important in dendrite morphogenesis 

may also play parallel roles in epithelial adhesion. Dscam and Sidekick control dendrite targeting 

of retinal ganglion cells in the inner plexiform layer of the retina (Yamagata and Sanes, 2008). 

Similar to L1CAM, Sidekick-2 interacts with MAGUK family proteins, and this interaction is 

necessary for dendrite targeting (Yamagata and Sanes, 2010). Sidekick proteins exhibit 
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widespread expression that includes epithelial tissues; in particular, Sidekicks are upregulated in 

kidney diseases and are associated with defects in renal morphology (Kaufman et al., 2007). 

Recent work has also implicated another class of IgSF adhesion molecules, the contactins, in 

retinal dendrite targeting (Yamagata and Sanes, 2012), and contactins are expressed in epithelial 

tissues such as lung and kidney (Reid et al., 1994). Likewise, Casprs are neurexin family 

members that bind contactins, are associated with autism spectrum disorders and are required for 

normal dendritic arborization and spine development in pyramidal neurons (Anderson et al., 

2012); they are also expressed along with contactins in epithelia (Traut et al., 2006). 

 Teneurins are another class of neuronal transmembrane proteins that likely have a broader 

epithelial function. The teneurins were initially identified as expressed in the central nervous 

system or as cell-surface pair-rule genes in Drosophila (Baumgartner and Chiquet-Ehrismann, 

1993; Baumgartner et al., 1994). Since this time, it has become clear that teneurins are 

transsynaptic molecules that can act homophilically to produce synaptic partner matching or 

heterophilically for synaptic organization (Leamey et al., 2007; Hong et al., 2012; Mosca and 

Luo, 2014) and control dendritic morphology (Tan et al., 2011). However, teneurins are 

expressed in epithelia and muscle outside the nervous system (Oohashi et al., 1999). In 

Drosophila, tenurin mutations are embryonic lethal due to pairwise fusion of adjacent segments 

(Baumgartner et al., 1994). In C. elegans, ten-1 is expressed broadly and mutants have severe 

morphological defects, including misshapen hypodermal cells and gonadal basement membrane 

rupture, and genetically interacts with genes involved in the formation of extracellular matrix or 

cytoskeletal regulation (Trzebiatowska et al., 2008; Morck et al., 2010). These broad defects 

indicate a possible epithelial origin for teneurins.  
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 These studies highlight the extensive overlap between epithelial adhesion machinery and 

proteins that mediate dendrite morphogenesis. We expect that these proteins act in neurons in 

their canonical roles known from epithelia, and vice versa — but, of course, there could be 

surprises. For example, in C. elegans, EFF-1 was found as an epithelial protein that mediates cell 

fusion (Mohler et al., 2002), yet was later shown to regulate dendrite branching (Oren-Suissa et 

al., 2010) in a mechanism that does not seem to primarily involve fusion. Thus, a major future 

direction will be to determine if the adhesion proteins that shape dendrites are indeed acting in 

their epithelial roles as we predict, or if they are instead repurposed in unexpected ways. 

 In summary, epithelial adhesion molecules shape the receptive endings of sensory cells 

and the dendrites of other neurons. This idea may be extended to neuron-glia interactions in other 

contexts; for example, myelinating Schwann cells and oligodendrocytes have well-defined apical 

and basal domains (Ozcelik et al., 2010), and their junctions with axons resemble epithelial cell 

junctions (Poliak et al., 2002; Miyamoto et al., 2005). These ideas may even extend to chemical 

synapses: many synaptic scaffolding proteins resemble epithelial cell junction components, 

notably the post-synaptic density protein and MAGUK family member PSD-95 (Yamada et al., 

2007), and a glial-ensheathed dendritic spine resembles a sensory cilium (Shaham, 2010). Thus, 

the problem of assigning apical and basal identities to axons and dendrites might be discarded, 

and a new model proposed in which both axons and dendrites form specialized membrane 

domains using adhesion machinery borrowed from epithelia (Fig. 1.2).  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Figure 1.2. Epithelial machinery in the neuronal context 

Three possible ways in which epithelial-like adhesion machinery could create specialized 

membrane subdomains in the nervous system: (a) support cells forming junctions on the ciliated 

receptive ending of a sensory cell; (b) myelinating glia forming junctions on an axon to create a 

node of Ranvier; (c) astrocytic glia forming junctions on an axon terminal and dendritic spine in 

a tripartite synapse configuration. Adapted from McLachlan and Heiman, 2013.  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III. Caenorhabditis elegans as a model for dendrite morphogenesis 

 The C. elegans nervous system: As this introduction has shown, much of our knowledge 

of dendrite development is derived from in vitro primary cultures and Drosophila or C. elegans 

sensory or motor neurons. These two invertebrate system have been particularly fruitful because 

they allow for genetic control of individual, easily identifiable cell types. Two key differences 

between the insect and nematode models are complexity and stereotypy. While the fly nervous 

system contains >100,000 neurons, many of which show individual variability in morphology 

and connectivity and are not uniquely identifiable, the C. elegans hermaphrodite nervous system 

contains 302 neurons that are always derived from the same lineages, always make the same 

connections with the same partners, and form the same shapes with limited variability. Moreover, 

all of this anatomy has been mapped out in detail through serial electron microscopical 

reconstruction (White et al., 1986). Together, these features make C. elegans a powerful system 

for exploring the cell biology underlying nervous system development, including dendrite 

morphogenesis. 

 In addition to the relatively recent work on dendrite development described in previous 

sections, there is a 40+ year history of using C. elegans to identify genetic factors that control 

nervous system structure and function. In brief, classic examples in which C. elegans has been 

used include: to identify axon guidance molecules (e.g. Hedgecock et al., 1990; McIntire et al., 

1992); to find mechanisms endowing neurons with their particular fates and identities (e.g. White 

et al., 1982; Desai et al., 1988); to discover mechanisms for sensory perception and to crack 

behavioral circuits (e.g. Chalfie et al., 1985; Desai and Horvitz, 1989; Bargmann and Horvitz, 

1991); to identify cell biological mechanisms of synaptic function (e.g. Hall and Hedgecock, 
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1991; Jorgensen et al., 1995) and synaptic specificity (e.g. Miller et al., 1992; Shen and 

Bargmann 2003); and to find factors that control axon regeneration (e.g. Hammarlund et al., 

2009). This work, of course, is itself built on the work of numerous other biological disciplines 

that use C. elegans as a genetic model.  

 Sensory neurons and glia in C. elegans:  In recent years, C. elegans has also been used 

to study how glial cells control neuronal function and morphology. There are 50 glial cells in C. 

elegans, all of which are associated with sensory neurons in the head or tail of the animal (Ward 

et al., 1975; Oikonomou and Shaham, 2011).  Some of these neurons—which we will refer to as 

“glial ensheathed” sensory neurons—extend dendrites that terminate in ciliated endings that are 

surrounded by two glial cells, called the sheath and socket. These neurons reside in different 

sense organs, such as the amphid (AM), cephalic (CEP), outer labial (OL), and inner labial (IL) 

organs (Fig. 1.3A). Each of these sense organs has the same basic organization, with one or more 

sensory neurons ensheathed by a dedicated sheath and socket glial cell (Fig. 1.3B). Additionally, 

there are also head sensory neurons that associate with, but are not part of, these sense organs—

we will refer to these as “non-ensheathed” sensory neurons.  They extend dendrites that are not 

ensheathed by glia and do not have direct access to the environment; however, these neurons still 

make intimate contacts with the socket glial cells on their external surface. Importantly, although 

both classes of head sensory neurons have simple shapes, they have clear axonal and dendritic 

compartments with distinct patterns of protein localization and microtubule structure (Dwyer et 

al., 2001; Maniar et al., 2012). 

 Neuron-glia interactions in C. elegans:  Interactions between C. elegans neurons and 

glia have important structural and functional consequences in both the developing and adult  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Figure 1.3. Sense organ structure in C. elegans 

Schematics depicting the organization of C. elegans sense organs. (A) Longitudinal bisection of 

the head, showing the layout of the different types of sense organs: AM (red), CEP (gold), OL 

(purple), and IL (blue). (B) Schematic of the structure of a generalized sense organ, showing an 

ensheathed neuron (orange), non-ensheathed neuron (green), and socket and sheath glial cells 

(grey).  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animal. The glial sheath forms a channel full of extracellular matrix, and Golgi and vesicles have 

been observed in the amphid sheath ending, suggesting that the sheath secretes material into the 

channel (Ward et al., 1975). Consistent with this, sheath glial cells (and proper morphology of 

the channel) are essential for sensory function (Perens and Shaham, 2005; Bacaj et al, 2008). 

Through transcriptional profiling of the amphid sheath, Bacaj et al. identified a number of glial-

expressed transmembrane proteins and secreted molecules that could potentially mediate glia-to-

neuron communication, including the thrombospondin-domain containing FIG-1. Mutations in 

fig-1, or RNAi against fig-1 in adult animals, resulted in modest behavioral defects and neuronal 

dye-filling defects (a read-out commonly used to identify sensory defects). Amphid sheaths also 

express several channels and transporters that are required for normal sensory behaviors; it is 

believed that these act by regulating the ionic environment of the amphid channel and/or the 

intracellular pH of the sheath (Wang et al., 2008; Wang et al., 2012; Grant et al., 2015; Yoshida et 

al., 2015). The amphid sheath also can respond directly to thermosensory and mechanosensory 

stimuli (Procko et al., 2011; Ding et al., 2015). The contribution of non-amphid glial cells to 

sensory function is less studied, but recent work suggests that CEP sheath cells mediate 

dopamine-dependent behaviors (Felton and Johnson, 2011; Felton and Johnson, 2014; Hardaway 

et al., 2015) and IL or OL glia may modulate mechanosensation (Han et al., 2013).  

 C. elegans glia also control the structure of the nervous system. CEP sheath glial 

processes in the nerve ring dictate the location of synapse formation between the interneurons 

AIY and RIA, in part by locally secreting UNC-6/Netrin (Colón-Ramos et al., 2007). Mutations 

which affect CEP sheath morphology affect the localization of synaptic connections, and 

abnormal CEP sheath contacts with AIY lead to ectopic AIY-RIA synapses (Colón-Ramos et al., 
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2007; Shao et al., 2013). Thus, CEP sheath glia act as guideposts to direct synapse formation. 

Additionally, as in other systems, glial cells are required for normal dendrite morphogenesis. In 

the initial characterization of the embryonic cell lineage, John Sulston and colleagues found that 

ablation of socket glial precursors sometimes caused dendrites to project to inappropriate sensilla 

and associate with different socket glia (Sulston et al., 1983). When either amphid or CEP sheath 

cells are ablated, the dendrites associated with them fail to extend to the nose (Bacaj and 

Shaham, unpublished results; Yoshimura et al., 2008).  

 C. elegans sense organs a model system: These sense organs offer a powerful system to 

study dendrite morphogenesis, and they are especially useful models to explore how neuron-glia 

interactions can shape dendrites. The simple, linear morphology of the sensory dendrites is easily 

quantified as dendrite length, without the added complications of dendrite branching, tiling, 

pruning, and activity-dependent morphogenesis. Their ~100 µm length and the optical 

transparency of the animal allow for high-throughput visual genetic screens for morphological 

defects that can be performed under standard fluorescent dissection scopes. By using different 

cell-specific promoters, we can have genetic control of individual cells, a technique that is often 

achieved only with low-throughput genetic mosaic techniques in other organisms. Further, 

neurons survive in the absence of glia, different from many vertebrate neuron-glia interactions, 

thereby allowing us to more easily probe the in vivo functions of glia beyond their control over 

cell survival. Finally, because each sense organ contains molecularly heterogeneous cells with 

distinct but stereotyped morphologies, such as the cells they make contacts with, the shapes and 

nature of these contacts, and their positions at the nose tip, we can explore the mechanisms that 
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govern how different cells make the specific connections that determine their individual 

morphologies. 

 Sensory dendrite development in C. elegans: To determine how sensory dendrites 

extend to their targets, Heiman and Shaham performed a forward genetic screen to identify 

factors required for neuronal shape (Heiman and Shaham, 2009). They found an extracellular 

matrix protein, DYF-7, that is required for dendrite and sheath glial process extension (Fig. 

1.4A,B). In wild-type embryos, amphid dendrites develop by a process termed retrograde 

extension, where the amphid neurons are first born at the nose and appear to anchor dendrites 

there. Following this, the cell bodies then migrate away, thereby stretching out a dendrite behind 

them as they move. In dyf-7 embryos, neurons make their initial contacts at the nose, but 

dendrites do not remain anchored during cell migration, resulting in severely shortened dendrites 

(Fig. 1.4C,D). Thus, the dendrite is generated as a consequence of first establishing an 

attachment. DYF-7 contains a zona pellucida (ZP) domain, localizes to dendrite tips, and self-

associates into multimers in vitro, suggesting that it forms a matrix to resist tension generated 

during cell migration. Zona pellucida domain proteins are extracellular matrix proteins expressed 

in diverse epithelia, including sense organs such as the inner ear and nasal epithelium; thus, it is 

plausible that the activity of DYF-7 in shaping dendrites is related to activity in other epithelia. It 

was not determined what role the glia play in this process, or how their lengths are coordinated 

with the lengths of the dendrites, but is instead an open question to be explored further.  
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Figure 1.4. dyf-7 is required for amphid dendrite extension 

(A) Wild type and (B) dyf-7 animals expressing odr-1pro:YFP (AWC neurons, yellow), 

F16F9.3pro:mCherry (sheath glia, red), and itr-1pro:CFP (socket glia, blue). (C) Time-lapse 

sequence of a wild-type neuron; Ci, 0 min; Cii, 51 min; Ciii, 65 min. (D) Time-lapse sequence of 

an equivalent neuron in a dyf-7 embryo; Di, 0 min; Dii, 43 min; Diii, 52 min. Adapted from 

Heiman and Shaham, 2009.  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IV. Summary of the dissertation 

 In this dissertation, I use these previous results as a springboard to explore how the 

dendrite extension of distinct sensory neuron types is regulated in vivo. In Chapter 2, my 

colleagues and I extend previous work on dyf-7, where we show that the amphid is a sensory 

epithelium composed of neurons and glia, and DYF-7 forms extracellular filaments at the apical 

surface of this epithelium that prevent the epithelium from rupturing when subjected to 

morphogenetic forces. When dyf-7 is absent, the sheath:socket junction is ruptured or distorted 

and the sheath and neuron separate from the sensory epithelium, leading to the dendrite 

extension phenotypes that had been observed. Consequently, all glial-ensheathed dendrites are 

affected in dyf-7 mutants, whereas non-ensheathed dendrites are unaffected in dyf-7 mutants. 

Proceeding from these results, the following two chapters explore genetic mechanisms that 

contribute to the dendrite length of the non-ensheathed neurons URX and BAG. In Chapter 3, 

we show that the cytoskeletal adaptor protein GRDN-1/Girdin and the adhesion molecule 

SAX-7/L1CAM act in glia to promote URX and BAG dendrite extension. When either GRDN-1 

or SAX-7 are absent, URX and BAG dendrites are short. Despite not being ensheathed, full-

length URX and BAG dendrites normally form intimate contacts with glial endings. In GRDN-1 

mutants, SAX-7 fails to localize to glial endings; thus, we identify a mechanism where the 

subcellular positioning of an adhesion molecule within glia directs dendrite extension. In 

Chapter 4, we present additional mutants that were isolated from a forward genetic screen for 

URX dendrite defects, including an intriguing class of mutants where the URX dendrite ending 

substantially overgrows its normal boundaries. In Chapter 5, I conclude with a brief discussion 

of models of C. elegans sensory neuron dendrite extension, how these pertain to dendrite 
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morphogenesis in general, and future directions.  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SUMMARY 

 Zona pellucida (ZP) domain proteins are present across diverse epithelia, suggesting a 

shared ancestral function, yet no unifying role for them has been identified.  Previously, we 

showed that the C. elegans ZP domain protein DYF-7 promotes dendrite extension by anchoring 

dendrite endings at the embryonic nose while neuron cell bodies migrate away.  Here, we 

propose that this activity reflects a potentially more universal function involving epithelial 

integrity.  We show that these dendrites and their ensheathing glia constitute an epithelium that 

ruptures along glia:glia junctions in dyf-7 mutants, likely due to the pulling force produced 

during cell migration.  Ultrastructural analysis reveals bundled filaments coating the neuron-glial 

surface; these filaments are absent in dyf-7 mutants, co-localize with DYF-7, and resemble 

filaments formed by DYF-7 in vitro.  We propose that DYF-7 assembles filaments along an 

epithelial apical surface to prevent mechanical rupture, a possible ancestral function for ZP 

domain proteins. 
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INTRODUCTION 

Epithelia are among the most ancient units of multicellular organization, possibly pre-dating 

the divergence of metazoans and amoebae (Dickinson et al., 2011).  In its simplest form, an 

epithelium is a sheet of cells joined by junctions to create inner (basal) and outer (apical) 

compartments.  From this simple form, a great diversity of tissue-specific morphologies and 

cellular compositions has evolved.  Features of epithelia that are highly conserved across 

evolution are likely to be central to epithelial function and, when disrupted, a cause of disease. 

For example, the basement membrane is a highly conserved extracellular matrix (ECM) that 

lines the basal surfaces of epithelia, plays important roles in development, and is disrupted in 

diseases such as cancer (reviewed in Brown, 2011).  The apical ECM (aECM), which lines the 

apical surfaces of epithelia, is also well conserved but is molecularly distinct from the basement 

membrane and has received much less attention. One of its key components is a family of 

proteins that contains a zona pellucida (ZP) domain. 

ZP domain proteins are found in the aECM of nearly all epithelia, and are present from 

cnidaria to chordates (Matveev et al., 2012; Plaza et al., 2010), suggesting they play an ancient 

and important role in epithelial function.  Consistent with this idea, many ZP domain proteins are 

disrupted in human disease: the tectorins of the inner ear are mutated in deafness (Legan et al., 

1997); the tumor suppressor DMBT1 is expressed in many epithelia and is frequently mutated in 

cancer (Ligtenberg et al., 2007); uromodulin in the kidney is mutated in hereditary nephropathy 

(Rampoldi et al., 2011); GP-2 is expressed in the pancreas and intestine and acts as an 

autoantigen in Crohn’s disease (Roggenbuck et al., 2014); and the TGF-β co-receptor endoglin is 
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expressed in endothelia and is mutated in vascular dysplasia and elevated in pre-eclampsia 

(Gregory et al., 2014).  ZP domain proteins also play important roles in invertebrates, where they 

help form the cuticle and line the surfaces of internal structures such as Drosophila trachea 

(Plaza et al., 2010).  As this list illustrates, ZP domain proteins have been studied primarily in 

tissue-specific contexts, despite being a nearly universal feature of epithelia.  For this reason, 

most studies have focused on tissue-specific domains found in conjunction with the ZP domain, 

rather than the ZP domain itself.  

Indeed, most of what we know about the activity of ZP domains does not derive from aECM 

proteins, but rather from the proteins of the mammalian egg coat, or zona pellucida, which gave 

this family its name (Bleil and Wassarman, 1980; Bork and Sander, 1992). These studies have 

defined three steps in the production of these proteins.  First, they are synthesized as membrane-

anchored pro-proteins containing a sequence that inhibits polymerization (Jovine et al., 2004; 

Jovine et al., 2005).  Second, each undergoes proteolytic cleavage at a consensus furin family 

cleavage site (CFCS) that releases the ectodomain from its membrane anchor and the inhibitory 

sequence (Litscher et al., 1999).  Third, the ectodomains are shed into the extracellular space 

where they heteromultimerize into filaments (composed of ZP2 and ZP3) which in turn are 

cross-linked (by ZP1) to form a matrix (Greve and Wassarman, 1985). 

 However, the ZP domain proteins of the aECM seem to break these rules as often as they 

follow them.  While uromodulin undergoes similar synthesis, cleavage, and polymerization 

(Brunati et al., 2015; Jovine et al., 2002; Rampoldi et al., 2011), some ZP domain proteins are 

synthesized without a membrane anchor (trout egg proteins and the mammalian liver-specific ZP 
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domain protein LZP; (Darie et al., 2005; Shen et al., 2009)); some lack the CFCS site and thus 

remain membrane-anchored (Drosophila papillote and C. elegans RAM-5; (Bökel et al., 2005; 

Yu et al., 2000)), while others are found in a mix of secreted and membrane-anchored forms 

(mammalian endoglin, betaglycan, and GP-2; (Elderbroom et al., 2014; Fukuoka et al., 1991; 

Hawinkels et al., 2010)); and some do not polymerize into filaments (betaglycan and endoglin; 

(Lin et al., 2011; Llorca et al., 2007)).  In summary, these findings present a paradox:  ZP 

domains are shared across species and across different types of epithelia, and would thus be 

expected to play a conserved role central to epithelial function; yet, they have been ascribed 

widely divergent activities that seem to be tissue-specific rather than reflecting a shared ancestral 

function.  

Previously, we identified the ZP domain protein DYF-7 in a forward genetic screen for 

mutants that affect development of C. elegans sensory neurons (Heiman and Shaham, 2009).  

DYF-7 is a ZP-domain-only protein — that is, it does not contain any tissue-specific domains — 

and thus its activity could shed light on the function of the ZP domain itself.  It affects 

morphogenesis of the amphids, a bilateral pair of sense organs each composed of 12 neurons and 

two glial cells.  Each neuron extends a single, unbranched dendrite ~100µm to the nose, where it 

receives sensory input from the environment.  Each of the glial cells, called the sheath and 

socket, extends a single process collateral to these dendrites (Ward et al., 1975).  In animals 

lacking DYF-7, amphid dendrites and the sheath glial cell fail to extend to the nose, although the 

socket glial cell remains full length (Heiman and Shaham, 2009). We showed that these defects 

arise during embryonic development. Briefly, amphid dendrites develop by a process called 

retrograde extension, in which an amphid neuron is born at the presumptive nose and appears to 
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anchor there before the cell body migrates away, stretching out a dendrite behind it (Heiman and 

Shaham, 2009). In dyf-7 embryos, the neuron initially makes contact with the nose but the 

nascent dendrite fails to remain anchored and instead is dragged along behind the migrating cell, 

resulting in a severely shortened dendrite.  

Here, we sought to address the mechanism by which DYF-7 anchors dendrites:  What kind of 

structure does DYF-7 assemble in vivo, and how does this structure prevent dendrite endings 

from being pulled away from the nose during cell migration?  In particular, we wished to 

understand whether the role of DYF-7 in shaping neuronal dendrites represents a new function 

for ZP domain proteins that is specific to the nervous system, or whether it might be related to an 

ancestral role for ZP domain proteins shared across many types of epithelia.   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EXPERIMENTAL PROCEDURES 

Strains and Plasmids 

Strains were constructed in the N2 background and cultured under standard conditions (Brenner, 

1974; Stiernagle, 2006). Strains, transgenes, and plasmids are listed in Appendix 1. All strains 

and plasmids are available upon request.   

Fluorescence microscopy and image processing 

Animals were mounted on 2% agarose pads in water or M9 buffer (Sulston et al., 1983) with 

0-50 mM sodium azide depending on developmental stage, and imaged using a Deltavision Core 

imaging system (Applied Precision) with UApo/340 40x 1.35NA, PlanApo 60x 1.42NA, and U-

PlanApo 100x 1.4NA objectives (Olympus) and CoolSnap HQ2 camera.  The amphid socket 

promoter (grl-2pro) yields bright expression in the excretory system that obscures the amphid 

features we wished to highlight in Fig. 2.4, 2.5, and 2.6; we therefore used a fluroescence 

stereomicroscope to select rare mosaic animals that lacked excretory system expression to obtain 

the amphid images in these figures.  Images were deconvolved using Softworx (Applied 

Precision) and maximum-brightness projections were obtained from contiguous optical sections 

using ImageJ. All projections used the same upper and lower limits across wavelengths, 

however, a thinner optical stack was often used in high-magnification images shown as insets.  

Due to large differences in signal intensity between neuronal and glial cell bodies and their thin 

processes, gamma settings were adjusted for the red signal in Fig. 2.4A-B and 2.5C in order to 

show the relevant structures clearly.   
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Immunofluorescence 

Embryos were fixed using a methanol-acetone procedure and stained with anti-AJM-1 primary 

antibody MH27 (Francis and Waterston, 1991) obtained from Developmental Studies Hybridoma 

Bank established at the University of Iowa by the NICHD/NIH) and sheep anti-mouse 

DyLight649 secondary antibody (Jackson ImmunoResearch).  Briefly, embryos were cracked by 

sandwiching them between a coverslip and Superfrost Plus slide (Fisher), then freezing them 5 

min on a metal block on dry ice, and briskly removing the coverslip.  The slide was placed in 

methanol at -20°C for 20 min followed by acetone at -20°C for 10 min, then washed in PBST 

(phosphate buffered saline with 0.1% Tween) and incubated in blocking solution (0.5% I-Block 

(ThermoFisher) in PBST) at room temperature for 1 h.  Primary and secondary antibodies were 

used at 1:10 and 1:100 respectively in blocking solution.  GFP fluorescence was preserved and 

visualized directly. 

Dendrite length measurements 

Fourth larval stage (L4) animals were mounted and imaged as described above, and dendrite 

lengths were measured using the segmented line tool in ImageJ. The dendrite was traced from 

the point where it joins the cell body to the point where it ends at the nose, then normalized by 

the distance from the cell body to the nose to account for variance in the size of the animal.  

!56



Positional correlative anatomy EM 

Samples were subjected to high pressure freezing followed by freeze-substitution as described 

previously (Kolotuev et al., 2010). Samples were flat embedded, targeted and sectioned using the 

positional correlation and tight trimming approach (Kolotuev, 2014). This method facilitates 

identification of rare features in complex samples by using a precisely targeted region for 

sectioning. The sample was first viewed on a high-magnification optical microscope (Leica SPE 

confocal, 63x Leica oil immersion objective) and the distance between the first section and the 

expected location of the feature of interest was calculated. The sample was next mounted for 

ultramicrotome sectioning, and advancement of the sectioning was tracked following the feed 

count parameters of the ultramicrotome. 100nm sections were collected on the slot-formvar 

coated grids and observed with respect to the desired position using a JEOL JEM 1400 TEM 

microscope (JEOL, Japan).  

Correlative fluorescence EM 

Samples were processed for correlative fluorescence-EM analysis using a modified rapid 

approach that preserves native fluorescence (Kolotuev, unpublished).  Briefly, following a 

modified fast freeze-substitution procedure (McDonald, 2014) samples were embedded using 

two-step flat embedding (Kolotuev, 2014), sectioned at 150 nm thickness and transferred to 

wafers using an array tomography protocol (Micheva and Smith, 2007). After drying, the wafers 

were imaged for fluorescence signal using a Leica SPE confocal microscope and also for 
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ultrastructural analysis using a JEOL JSM 7100F (JEOL, Japan), in the backscattered electrons 

acquisition mode. Images were adjusted and superimposed using Photoshop software (Adobe). 

S2 cells 

Drosophila Schneider (S2) cells (Invitrogen) were cultured and transfected with FuGene HD 

(Roche) as described previously (Heiman and Shaham, 2009).  Two days after transfection, cells 

and medium were harvested, applied in a small volume (~10 µl) directly to a coverslip without a 

slide, and imaged as described above.  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RESULTS 

The DYF-7 ectodomain localizes in a highly restricted manner at dendrite endings 

Several ZP domain proteins are incorporated into extensive ECMs, like the tectorial 

membrane in the mammalian inner ear or the cuticle that covers the bodies of Drosophila and C. 

elegans; recently, the ZP domain protein FBN-1 was shown to localize to ECM surrounding the 

entire C. elegans embryo (Jaźwińska and Affolter, 2004; Kelley et al., 2015; Nagaraj and Adler, 

2012; Sapio et al., 2005; Sebastiano et al., 1991). We therefore hypothesized that DYF-7 might 

be incorporated into an extensive ECM covering the embryonic nose and thus provide a substrate 

to which dendrites can anchor.  We had previously shown that a GFP tag on the cytoplasmic tail 

of DYF-7 (DYF-7cyto) localized to dendrite endings, but we reasoned that this localization might 

not correspond to the mature DYF-7 ectodomain (DYF-7ecto), as indirect evidence suggested that 

DYF-7ecto might be shed via proteolytic cleavage (Heiman and Shaham, 2009).  We therefore 

wished to determine, first, whether DYF-7 undergoes proteolytic cleavage in vivo and, second, 

where the mature DYF-7ecto portion localizes.  

For this purpose, we generated constructs in which the dyf-7 promoter drives expression 

of a modified DYF-7 protein that includes a superfolderGFP (sfGFP) tag on its ectodomain and 

an mCherry tag on its cytoplasmic tail. We chose sfGFP because it retains bright fluorescence in 

the extracellular environment (Pédelacq et al., 2006). This tag was inserted (1) between the 

signal peptide and ZP domain; (2) between the ZP-N and ZP-C subdomains of the ZP domain; or 

(3) between the ZP domain and the CFCS (Fig. 2.1), and the function of each construct was 

tested in the dyf-7(ns119) mutant background. Constructs (1) and (3) showed complete rescue of  
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Figure 2.1. SuperfolderGFP-tagging of DYF-7 

SuperfolderGFP coding sequence was inserted into the DYF-7 cDNA at positions 1, 2, or 3 as 

indicated (pMH285, pCW12, and pCW11, respectively, see Table S1).  The resulting constructs 

were introduced into a strain bearing dyf-7(ns119) and a fluorescent marker of a single amphid 

neuron (AWC, odr-1pro:RFP). The proportion of amphid neurons with full-length dendrites for 

each construct is shown:  Constructs 1 and 3 showed complete rescue, while Construct 2 had no 

rescuing activity.  ZP-N and ZP-C are independently-folding domains within the zona pellucida 

sequence (Jovine et al., 2004); CFCS, consensus furin cleavage site; TM, transmembrane 

segment. 
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the dyf-7 amphid dendrite extension phenotype while construct (2) showed no rescue (Fig 2.1). 

All data presented here are with construct (3) (Fig. 2.2A).  Throughout this study we use the 

dyf-7(ns119) mutant because it is likely a null allele: the third codon of dyf-7 is replaced with a 

terminator codon, and it exhibits the strongest amphid dendrite extension defects of the seven 

dyf-7 alleles that we examined (Heiman and Shaham, 2009). 

We next used this construct to image the localization of DYF-7 in embryos undergoing 

dendrite extension.  We found that the sfGFP-DYF-7ecto and DYF-7cyto-mCherry fragments 

localized differently, consistent with proteolytic cleavage at the CFCS (Fig. 2.2B). Further, 

deletion of the CFCS led to greatly increased colocalization of the sfGFP and mCherry signals, 

confirming that the CFCS is required for proteolytic cleavage in vivo (Fig. 2.2C). Thus, DYF-7 

undergoes CFCS-dependent proteolysis in vivo, and this construct provides a tool for visualizing 

the products of proteolysis in living, intact embryos. 

The membrane-anchored cytoplasmic tail of DYF-7 localizes diffusely across the neuronal 

membrane with enrichment at dendrite endings (Fig. 2.2B, red), consistent with our previous 

results (Heiman and Shaham, 2009). In contrast to our expectations, the ZP domain of DYF-7ecto 

does not localize broadly to embryonic ECM like the ZP domain of FBN-1 (Kelley et al., 2015).  

DYF-7ecto instead localizes with exquisite precision to “caps” at dendrite endings (Fig. 2.2B, 

green), as well as to a focus in the excretory organ (not shown). This localization requires the ZP 

domain, as constructs lacking the ZP domain localize diffusely throughout the extra-embryonic 

space (Fig. 2.2D). These results suggest that DYF-7ecto does not contribute to an extensive ECM 

but rather to a highly restricted structure, differentiating it from FBN-1 and previously  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Figure 2.2. DYF-7 is cleaved in vivo and its ZP-domain-containing ectodomain localizes to 

dendrite endings 

(A) Cartoon schematic of an embryo showing a single amphid neuron (blue; cell body, *) with its 

dendrite extending to the developing nose (dendrite ending, arrowhead).  Topology of the DYF-7 

reporter construct is shown, consisting of the ZP domain (ZP), superfolder GFP tag (sfGFP), 

consensus furin-family cleavage site (CFCS), transmembrane segment (TM), and cytoplasmic 

region tagged with mCherry (mCherry). (B) A live, intact embryo expressing this construct in 

sensory neurons (dyf-7pro) during dendrite extension. (C, D) Same as B, but using constructs 

lacking the CFCS (C, ∆CFCS) or the ZP domain (D, ∆ZP). sfGFP, green; mCherry, red; 

arrowheads, dendrite tips; asterisks, neuron cell bodies.  Scale bars: 10µm, main panels; 2µm, 

magnified insets. 
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characterized ZP domain proteins of the cuticle.  This suggests that sequence-specific features 

can direct localization of different ZP domains. 

DYF-7 localizes at apical surfaces of epithelia when misexpressed in other tissues 

This highly restricted localization is surprising because we previously showed that the site of 

DYF-7 expression is not critical; dendrite extension can be rescued even when a heterologous 

promoter is used to misexpress DYF-7 broadly in non-neuronal tissues throughout the head 

(Heiman and Shaham, 2009). We considered two possibilities: first, that DYF-7 can signal at 

long range to promote dendrite extension or, second, that DYF-7ecto re-localizes to dendrite 

endings when produced in other tissues. To distinguish these possibilities, we expressed sfGFP-

DYF-7 using the endogenous promoter (dyf-7pro), a promoter broadly expressed in non-neuronal 

cells in the head (dex-1pro), or a ubiquitous promoter (heat shock promoter, hsp), all of which 

are capable of rescuing dendrite extension (Heiman and Shaham, 2009). We also expressed 

sfGFP-DYF-7 under control of a gut-specific promoter (pha-4pro), which does not rescue 

dendrite extension. In each case, we co-expressed myristylated mCherry (myr-mCherry) to mark 

the cells producing DYF-7. 

When expressed under control of its endogenous promoter, DYF-7ecto localized as expected 

in highly restricted caps near dendrite endings at the developing embryonic nose (Fig. 2.3A). 

When misexpressed throughout the head, DYF-7ecto did not remain near the cells producing it, 

but instead re-localized to caps clustered near the presumptive nose in a pattern almost 

indistinguishable from its endogenous localization (Fig. 2.3B). This result suggests that  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Figure 2.3. Ectopic expression of DYF-7 results in ZP-domain localization at apical 

epithelial surfaces 

(A-D) Embryos expressing sfGFP-DYF-7 together with myristyl-mCherry in (A) sensory 

neurons (dyf-7pro); (B) throughout the head (dex-1pro); (C) ubiquitously (heat shock promoter); 

or (D) in the gut (pha-4pro). sfGFP, green; mCherry, red; bracket p, pharynx; bracket g, gut.  

Cartoon schematics illustrate the expression pattern observed.  (E, F) Embryos immunostained 

for the tight junction marker AJM-1 (red) together with sfGFP-DYF-7 (green) expressed 

ubiquitously (E, heat shock promoter) or in sensory neurons (F, dyf-7pro). Scale bars: 10µm, 

main panels; 2µm, magnified insets  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Figure 2.3 (continued). Ectopic expression of DYF-7 results in ZP-domain localization at 

apical epithelial surfaces  
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DYF-7ecto can be released from the cells that produce it, diffuse away, and bind to a yet-

unidentified receptor near dendrite endings. Interestingly, localization also appeared faintly along 

the lumen of the pharynx (Fig. 2.3B, bracket p).  

When expressed ubiquitously, DYF-7ecto also localized to dendrite caps (Fig. 2.3C), with 

additional intense signal in the lumens of the pharynx and gut (Fig. 2.3C, brackets p and g).  

Finally, when expressed in the gut alone, DYF-7ecto did not re-localize to the nose, instead 

localizing only along the lumen of the gut (Fig. 2.3D, bracket g), suggesting that DYF-7ecto might 

bind this surface and become trapped. That this construct cannot rescue dendrite extension 

indicates that localization to dendrite caps is likely required for DYF-7ecto function.  Together, 

these results suggest that DYF-7ecto is able to recognize some extracellular feature that helps it to 

localize to specific targets even when expressed broadly — and, curiously, that this feature is 

found not only at dendrite endings but also in the pharynx and gut lumens. 

DYF-7 localizes adjacent to apical junctions 

Based on the localization of ectopically-expressed DYF-7ecto to the pharynx and gut lumens, 

we hypothesized that it might bind to the apical surfaces of epithelia. In C. elegans, a structure 

called the apical junction — essentially a closely-packed tight junction and adherens junction 

— forms the boundary between the apical and basolateral surfaces of epithelial cells (Lynch and 

Hardin, 2009). To determine if DYF-7ecto localizes to apical surfaces, we used antibodies against 

the tight junction component AJM-1 (a canonical apical junction marker) to immunostain 

embryos expressing tagged DYF-7ecto. We found that DYF-7ecto always localizes adjacent to 
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apical junctions, in the lumens of both the pharynx and the gut (Fig. 2.3E) and, surprisingly, also 

at dendrite caps, where every focus of DYF-7ecto fluorescence is positioned atop an apical 

junction (Fig. 2.3F). This result suggests an unexpected parallel between epithelia and some 

dendrite endings, and suggests that the feature shared by the pharynx, gut, and dendrites could be 

related to the nearby presence of apical junctions. 

The amphid is a sensory epithelium composed of neurons and glia 

Glial-ensheathed sensory neurons extend dendrites through a pore formed by sheath and 

socket glial cells, which affords them direct contact with the outside environment (Fig. 2.4A). 

Classic electron microscopy (EM) studies noted electron-dense junctions between neurons and 

sheath glia, between sheath and socket glia, and between socket glia and hypodermal cells (Ward 

et al., 1975). Based on the DYF-7ecto localization, we hypothesized that the outward-facing 

surface of the glial pore might be bounded by tight junctions, making it analogous to the apical 

surface of a conventional epithelium. 

To visualize neuron:sheath and sheath:socket junctions, we generated constructs with cell-

specific promoters driving a portion of AJM-1 cDNA tagged with CFP or YFP, which we co-

expressed with a cytoplasmic mCherry to mark either the neuron or the socket glial cell. The 

availability of cell-specific promoters for each of the neurons, sheath, and socket allowed us to 

identify individual junctions in the mature larval structure with single-cell resolution.  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Figure 2.4. The amphid is a sensory epithelium 

(A) Cartoon schematic and corresponding images of an amphid neuron (red) and the sheath and 

socket glia (blue and yellow, respectively).  Top, low-magnification view showing entire amphid; 

inset and bottom, magnified views showing only the region of neuron-glia interaction. Ne, ASE 

neuron (red, gcy-5pro:mCherry and gcy-7pro:mCherry); Sh, sheath glia (blue, F16F9.3pro:CFP); 

So, socket glia (yellow, grl-2pro:YFP). (B, C) Alignment of neuron:glia and glia:glia tight 

junctions was visualized by expressing the tight junction marker AJM-1-YFP in the sheath glial 

cell (F16F9.3pro) and expressing cytoplasmic mCherry or mApple together with AJM-1-CFP 

either (B) in a single neuron (ASER, gcy-5pro) or (C) in the socket glial cell (grl-2pro).   Ne, 

neuron; Sh, sheath glial cell; So, socket glial cell; Cil, cilium; jxn(s), junction(s); dotted line in 

schematics, approximate outline of sheath; white arrows, alignment of tight junction markers.  

Scale bars: 10µm, main panels; 1µm, magnified insets. 
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AJM-1-YFP expressed in the amphid sheath glial cell labels 13 ring-shaped junctions: one 

large junction at the top of the sheath pore, consistent with the expected position of the 

sheath:socket junction, and 12 smaller junctions near the base of the pore, consistent with the 

sheath:neuron junctions (Fig. 2.4B, yellow). The dendrite of the amphid neuron ASE passes 

through a single one of these smaller rings (Fig. 2.4B, red) and AJM-1-CFP expressed in ASE 

labels an overlapping ring near the dendrite ending, proximal to its cilium (Fig. 2.4B, arrow). 

The sheath AJM-1-YFP and neuron AJM-1-CFP rings are concentric and partly overlapping. We 

obtained similar results with other amphid neurons (AWB and AWC; Fig 2.5A) and these results 

are consistent with previously reported AJM-1 localization in another amphid neuron (AFD, 

(Nguyen et al., 2014)). These results indicate that each ensheathed neuron has a single 

neuron:sheath apical junction, which separates its outward-facing dendritic ending and cilium 

(~5 µm) from the rest of the dendrite shaft (~50 µm in first larval stage animals) and the cell 

body and axon. 

AJM-1-CFP expressed in the amphid socket glial cell labels two ring-shaped junctions: one 

at the top of the socket pore consistent with the expected position of the socket:hypodermis 

junction, and one at the base of the pore, consistent with the expected socket:sheath junction, 

which overlaps with AJM-1-YFP expressed in the sheath glial cell (Fig. 2.4C). Socket AJM-1-

CFP also labels a stripe connecting these rings, consistent with the auto-junction the socket 

makes on itself in order to wrap into a single-cell tube (Fig. 2.4C).  We obtained similar results 

using another apical junction component (DLG-1, Fig. 2.5B). 
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Figure 2.5. Additional markers of epithelial junctions and apical surfaces in amphid 

neurons and glia 

(A, B) Alignment of neuron:glia junctions as in Fig. 2.4B, except (A) showing amphid neurons 

AWC (arrow) and AWB (carat) instead of ASE, and (B) showing the tight junction marker 

DLG-1 instead of AJM-1.  (C) The apical surface marker ERM-1 localizes within the sheath glial 

cell to a domain facing the glial pore that is precisely delimited by apical junctions (arrow).  (A)  

Ne, AWC neuron (red, odr-1pro:RFP, only AWC is shown as AWB expression is dimmer and not 

visible here); Ne jxn, neuron junctions (blue, odr-1pro:AJM-1-CFP); Sh jxns, sheath junctions 

(yellow, F16F9.3pro:AJM-1-YFP).  (B) Sh jxn, sheath junctions (blue, F16F9.3pro:AJM-1-CFP, 

only sheath:socket junction is shown as sheath:neuron junctions are outside the region of 

interest); So jxn, socket glial junctions (yellow, grl-2pro:DLG-1-YFP).  (C) Sh, sheath glial cell  

(red, F16F9.3pro:mCherry); Sh jxns, sheath junctions (blue, F16F9.3pro:AJM-1-CFP); Sh 

apical, sheath apical surface (yellow, F16F9.3pro:ERM-1-YFP). Scale bars: 10µm, main panels; 

1µm, magnified insets.  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Figure 2.5 (continued). Additional markers of epithelial junctions and apical surfaces in 

amphid neurons and glia. 
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Together, the neuron:sheath, sheath:socket, and socket:hypodermal tight junctions delineate a 

continuous outward-facing surface that is topologically equivalent to the apical surface of an 

epithelium. Consistent with this idea, a fluorescently tagged component of the apical 

cytoskeleton (ERM-1) localizes in the sheath precisely between the neuron:sheath and 

sheath:socket junctions (Fig. 2.5C).  

These results suggest that amphid neurons, and likely other glial-ensheathed neurons, are 

components of epithelia.  By analogy, mammalian sensory neurons of the olfactory epithelium, 

taste cells of the tongue, and hair cells of the inner ear are also sensory cells that form tight 

junctions with neighboring cells and extend cilia into the outer environment (reviewed in 

McLachlan and Heiman, 2013).  Collectively, these tissues are often referred to as sensory 

epithelia. 

Epithelial integrity is disrupted in dyf-7 mutants 

Although we had previously viewed the dyf-7 phenotype as a defect in dendrite anchoring, 

we now considered whether it might be re-interpreted as a defect in epithelial integrity. For 

example, neuron:glia or glia:glia cell junctions might rupture under the mechanical forces 

generated during dendrite retrograde extension. To test this hypothesis, we expressed the 

constructs described above in dyf-7 animals and asked whether neuron:glia and glia:glia 

junctions remain intact when dendrite extension fails.   

We observed two classes of phenotype, distinguished by whether the shortened dendrite and 

sheath glial cell completely dissociate from the socket glial cell (Fig. 2.6A, Class I; n=32/48 
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amphids) or whether the socket extends an ectopic process posteriorly that remains in contact 

with the shortened sheath (Fig. 2.6A, Class II; n=16/48 amphids).  In Class I amphids, the sheath 

AJM-1-YFP and socket AJM-1-CFP do not colocalize at all (not shown); in Class II amphids, 

sheath AJM-1-YFP and socket AJM-1-CFP colocalize at the end of the ectopic socket process, 

suggesting an intact remnant of the normal sheath:socket junction, although these signals most 

often appear as a dot, rather than a ring (Fig. 2.6C, bottom). 

Neuron:sheath junctions appear intact and grossly normal in both phenotypic classes (Fig. 

2.6B). However, in most cases dendrite endings appear to be enclosed in a cavity in the sheath 

rather than extending through an open pore. In some Class II amphids, the dendrite appears to 

project through or beside the sheath glial cell and extends beyond it. The socket:hypodermal 

junction also remains intact in both phenotypic classes, but with aberrant morphology, appearing 

as one or two dots rather than a ring (Fig. 2.6C). The tip of the socket glial cell fails to form a 

pore and no auto-junction is visible. 

Taken together, these observations indicate that dyf-7 mutants fail to establish or maintain the 

apical surface where DYF-7 would normally localize. Instead, there is either complete rupture of 

the sheath:socket glial contact (Class I phenotype) or a gross distortion of the morphology of the 

cells and loss of a continuous apical surface (Class II phenotype).  

!73



Figure 2.6. Epithelial integrity is disrupted in dyf-7 mutants 

(A) Cartoon schematics and corresponding images of dyf-7 animals showing (left) Class I and 

(right) Class II phenotypes.  Ne, neuron (ASER, gcy-5pro:mCherry and gcy-7pro:mCherry); Sh, 

sheath glial cell (F16F9.3pro:CFP); So, socket glial cell (grl-2pro:YFP); black arrowhead, nose 

tip; white arrowhead, dendrite tip. (B, C) Alignment of neuron:glia and glia:glia tight junctions  

was visualized by expressing the tight junction marker AJM-1-YFP in the sheath glial cell 

(F16F9.3pro) and expressing cytoplasmic mCherry or mApple together with AJM-1-CFP either 

(B) in a single neuron (ASER, gcy-5pro) or (C) in the socket glial cell (grl-2pro).   Ne, neuron; 

Sh, sheath glial cell; So, socket glial cell; jxn(s), junction(s); dotted line in schematics, 

approximate outline of sheath; white arrows, alignment of tight junction markers.  Scale bars: 

10µm, main panels; 1µm, magnified insets.  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Figure 2.6 (continued). Epithelial integrity is disrupted in dyf-7 mutants 
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DYF-7 is required for extension of all glial-ensheathed sensory dendrites 

The hypothesis that DYF-7 maintains integrity of a neuron-glia sensory epithelium leads to a 

prediction about which classes of neurons would be affected by its loss. The C. elegans head 

sensory neurons can be broadly divided into two classes (Ward et al., 1975).  "Glial-ensheathed 

neurons" extend dendrites that are ensheathed by glia and terminate in ciliated endings, generally 

with direct access to the outside environment (Fig. 2.7A, orange).  These are the amphid (AM), 

cephalic (CEP), inner labial (IL) and outer labial (OL) classes of neurons.  In contrast, "non-

ensheathed neurons" extend dendrites that are not ensheathed by glia and do not have direct 

access to the environment (Fig. 2.7A, purple). These are the URA, URB, URX, URY, BAG, and 

FLP neurons.  Our hypothesis predicts that glial-ensheathed, but not non-ensheathed, neurons are 

part of sensory epithelia and would therefore require DYF-7 during dendrite extension. 

To test this prediction, we mined the literature and identified cell-specific promoters for all 

classes of glial-ensheathed neurons and three of the six non-ensheathed neurons. We generated 

transgenes with each of these promoters driving fluorescent reporters, allowing us to visualize 

their dendrites in wild-type and dyf-7 animals (Fig. 2.7A-F).  

Consistent with our previous results, a representative amphid neuron (AWC) exhibits severe 

and completely penetrant dendrite extension defects in dyf-7 animals. Other glial-ensheathed 

neurons — CEP, OLQ, IL1, and IL2 — also exhibit highly penetrant dendrite extension defects, 

though none are as severely affected as the amphid (Fig. 2.7E). Expressivity can vary within a 

class, possibly reflecting local differences in the environment; for example, ventral CEPs are 

more severely affected than dorsal CEPs (75.2±17.4 and 91.2±3.2 percent of nose length in dyf-7 
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Figure 2.7. DYF-7 is required for extension of glial-ensheathed, but not non-ensheathed, 

dendrites 

(A) Cartoon schematic of a representative glial-ensheathed (orange) and non-ensheathed (purple) 

sensory neuron in wild-type animals, showing dendrite endings positioned inside the glial 

channel or laterally along the glial surface, respectively (glia, gray; Sh, sheath; So, socket). (B,C) 

Images of wild-type animals expressing cell type-specific fluorescent markers in (B) glial-

ensheathed neurons (AWC, red (odr-1pro:RFP); CEP, orange (dat-1pro:CFP); OLQ, yellow  

(ocr-4pro:CFP); IL1, green (flp-3pro:YFP); IL2, teal (klp-6pro:CFP)) and (C) non-ensheathed 

neurons (BAG, indigo (flp-17pro:CFP); URX, purple (flp-8pro:CFP); URY, pink 

(tol-1pro:YFP)). Arrowheads, dendrite endings. (D-F) Cartoon schematic of the dendrite 

extension defects observed in dyf-7 animals and representative images of each neuron, as in B 

and C. (G) Quantification of dendrite lengths as a fraction of nose length for each neuron in wild-

type (left column) and dyf-7 (right column) animals. Colored bars represent individual dendrites 

(n≥48 per column); black bars represent means. Shaded areas represent the wild-type mean ± 5 

s.d. for each neuron type; the percent of mutant dendrites in this range ("full-length dendrites") is 

given. Wild-type mean ± 5 s.d. ranges: AWC, >90.3%; CEP, >93.8%; OLQ, >94.6%; IL1, 

>94.7%; IL2, >91.9%; BAG, >89.1%; URX, >92.3%; URY, >87.9%.   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Figure 2.7 (continued). DYF-7 is required for extension of glial-ensheathed, but not non-

ensheathed, dendrites  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vs. 98.6±1.0 and 98.7±0.9 percent in wild type, respectively). In contrast, the non-ensheathed 

neurons BAG, URX, and URY almost always extend full-length dendrites in dyf-7 animals (Fig. 

2.7F).   

To quantify these differences, we measured dendrite length as a fraction of the distance from 

each cell body to the nose (Fig. 2.7G).  In wild-type animals, dendrite lengths always fell within 

five standard deviations of the population average.  In dyf-7 animals, we considered any dendrite 

whose length fell within this range to be “full length”.  Using this criterion, in dyf-7 animals, 

AWC, CEP, OLQ, IL1, and IL2 dendrites are rarely full length (0%, 7%, 0%, 4%, 19% 

respectively, are full length), while BAG, URX, and URY dendrites are usually full length 

(100%, 92%, 100%, respectively).  Mild defects in BAG, URX, and URY dendrites may be 

secondary consequences of defects in the glia-ensheathed organs; these neurons make intimate 

lateral contacts with ensheathing glia despite not being ensheathed themselves. Indeed, we 

recently identified a DYF-7-independent mechanism required for proper URX and BAG dendrite 

extension that acts by positioning these lateral contacts (see Chapter 3).  Importantly, this shows 

that DYF-7 is not required generally for morphogenesis of neuron-glia sensory structures, but 

specifically for extension of sensory dendrites that form epithelial-like tight junctions with 

ensheathing glia. 

!79



Bundled filaments line the apical surface of the developing amphid and are disrupted in the 

absence of DYF-7 

To better understand how DYF-7 acts to preserve epithelial integrity, we examined the 

ultrastructure of the developing amphid in embryos. Previous EM studies noted the occasional 

presence of extracellular bundled filaments in the amphid pore (Oikonomou et al., 2011). We 

reasoned that these filaments might be related to DYF-7, because they correspond to the position 

of the DYF-7ecto caps and because other ZP domain proteins can multimerize into filaments.  

Because appearance of the filaments depends on sample preparation, the developmental stage 

of the embryo, and the angle of sectioning, these structures had been difficult to visualize 

consistently using standard approaches. We used a recently developed method called positional 

correlative anatomy EM which allows for greater control over these variables (Kolotuev, 2014). 

Briefly, a high-pressure frozen sample is flat-embedded at the surface of a resin block, a region 

of interest is identified at high magnification, and the sample is then oriented for ultramicrotome 

sectioning with respect to known anatomical features (Fig. 2.8A-B and Fig. 2.9-2.10). 

Using this method, we identified embryos undergoing dendrite extension — between the 

comma and 1.5-fold stages of embryogenesis (~420 min post-fertilization) — and sectioned 

them at an angle parallel to the long axis of the dendrites. In wild-type animals at this stage, cilia 

had not yet formed, but a centriole/basal body was always present at the dendrite endings, 

viewed in profile (Fig. 2.9-2.10, arrows). The dendrites make direct contact with each other, 

rather than segregating into separate channels within the sheath as in the mature organ. All  

dendrites extend into a single opening in the sheath glial cell, continuous with the pore of the  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Figure 2.8. Filaments line the surface of the amphid pore, and are absent in dyf-7 mutants 

(A, B) Positional correlative EM was used to select (A) wild-type and (B) dyf-7 embryos at the 

time of dendrite extension and section them at a defined angle (white box). Insets show the 

embryos embedded in plastic before sectioning; main panels show pseudocolored transmission 

electron micrographs of a resulting section from this embryo.  Adjacent serial sections and 

additional embryos are in Figs. 2.9 and 2.10.  Amphid dendrites, red; sheath glial cell, blue; 

socket glial cell, yellow; black arrowhead, presumptive nose; white arrowhead, bundled 

filaments. Scale bars: 5µm, left panel; 500nm, center panel; 250nm, right panel. (C) Overlay of 

fluorescence and EM images of a wild-type embryo expressing sfGFP-DYF-7. Box, amphid 

dendrite endings.  Right panels, magnification of dendrite endings in serial sections ordered from 

distal (i) to more proximal (iii) along the dendrite endings.  Dendrites are pseudocolored red; 

note they are sectioned at a more oblique angle than in A or B.  Scale bars: 5 µm, main panel; 1 

µm, insets. (D, E) Filaments observed in cell media supernatant (D) or wrapping individual cells 

(E) when sfGFP-DYF-7 was expressed in Drosophila S2 cells. White arrow, branch. Scale bars: 

2 µm.  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Figure 2.8 (continued). Filaments line the surface of the amphid pore, and are absent in 

dyf-7 mutants 
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Figure 2.9.  Bundled filaments in developing wild-type amphids 

Positional correlative EM was used to select embryos at the time of dendrite extension and to 

section them at a defined angle.  Importantly, bundled filaments can be observed in thin section 

only when the amphids are oriented longitudinally – in other orientations, the filaments are 

viewed "end on" and appear as dots.  For clarity, the first section is pseudocolored to indicate 

amphid dendrites (red), sheath glial cell (blue), and socket glial cell (yellow).  All sections are 

oriented to show the amphid on the same side of the image. (A, B) Serial sections of left and 

right amphids from the embryo shown in the inset, sectioned at the angle indicated by the white 

box.  A(iii) is the section shown in Fig. 2.8A.  (C) Serial sections of a single amphid from 

another embryo (brightfield image of embryo was not collected, but orientation is similar to that 

shown in A-B). Black arrowheads, developing nose; white arrowheads, bundled filaments; 

arrows, developing ciliary basal bodies at dendrite endings viewed in profile.  Scale bars: 5µm, 

left panel; 500nm, right panels.  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Figure 2.9 (continued).  Bundled filaments in developing wild-type amphids 
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Figure 2.10. Bundled filaments are absent in developing dyf-7 amphids 

(A-F) Embryos were selected, oriented, and processed as in Fig. 2.9.  Note the dendrite endings 

(red) are displaced from the developing nose (black arrowheads); the sheath forms a closed 

"pocket" around the dendrites rather than an open channel; and no bundled filaments can be 

detected. A(i) is the section shown in Fig. 2.8B. Left and right amphids of a single embryo are 

shown in (B-C).  No brightfield embryo was collected in (F) but the developmental stage and 

angle of sectioning were similar to those shown for the others.  Black arrowheads, developing 

nose; white arrows, developing ciliary basal bodies at dendrite endings viewed in profile.  Scale 

bars: 5µm, left panel; 500nm, right panels. 
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Figure 2.10 (continued). Bundled filaments are absent in developing dyf-7 amphids  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Figure 2.10 (continued). Bundled filaments are absent in developing dyf-7 amphids.  

!87



socket glial cell, which in turn is open to the “outside” (at this stage, the extra-embryonic space) 

(Fig. 2.8A). The pore opening is just at the edge of the developing nose (Fig. 2.8A, closed 

arrowhead). In all cases, we observed bundled filaments that originate near the dendrite endings, 

extend through the sheath:socket pore closely apposed to the glial surfaces, and terminate near 

the extra-embryonic ECM, extending ~1.5µm in total (Fig. 2.8A; filaments, open arrowhead). 

These filaments were consistently visible across serial sections in all embryos imaged (n=3 

amphids; Fig. 2.9). 

Three lines of evidence suggest that these filaments might be directly related to the presence 

of DYF-7.  First, they are absent in dyf-7 mutants.  In dyf-7 embryos, the dendrites and sheath 

fail to extend to the embryo surface and the sheath appears to form a closed cavity rather than an 

open pore, consistent with our fluorescent imaging of the mature structure (Fig. 2.8B). The 

dendrites are organized within the sheath in a manner similar to wild type, with centrioles/basal 

bodies at the dendrite endings, consistent with normal ciliogenesis in dyf-7 animals (Heiman and 

Shaham, 2009). However, we never observed bundled filaments in the sheath cavity, across serial 

sections, in any of the dyf-7 embryos imaged (n=6 amphids; Fig. 2.10).  This finding suggests 

that the filaments fail to form or are too poorly organized to be visible (e.g., too short, or oriented 

randomly), although we consider the latter possibility unlikely because we did not observe 

filament-like structures across a variety of orientations and a range of section thicknesses 

(60-100nm). These results suggest that DYF-7 is either a component of the filaments or is 

required for their proper assembly. 
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Second, DYF-7ecto co-localizes with these filaments.  We used a correlative fluorescence-EM 

approach, in which wild-type embryos expressing sfGFP-DYF-7 were fixed using a modified 

rapid freeze-substitution procedure, embedded in acrylic resin, cut into 150 nm sections, and 

subsequently transferred to silicon wafers (see Methods).  This procedure preserves native GFP 

fluorescence.  These sections were then imaged both by fluorescence microscopy and EM, and 

the resulting images were overlaid.  Using this approach, we found that sfGFP-DYF-7ecto 

localizes in wild-type embryos near or coincident with the position of the filaments at dendrite 

endings (Fig. 2.8C). 

Third, we found that DYF-7 can directly form filaments in vitro.  We expressed sfGFP-

DYF-7 using Drosophila S2 cells, and observed GFP-labeled structures in the cell supernatant, 

ranging from clumps to linear structures >5 µm in length (Fig. 2.8D-E). These linear structures 

often branch, indicating that they are likely made up of bundled filaments, consistent with the 

structures we see by EM (Fig. 2.8D, arrow). In some cases, networks of bundled filaments 

completely wrap individual S2 cells (Fig. 2.8E).  

That DYF-7 can form bundled filaments in vitro; that DYF-7ecto localizes to the site of 

bundled filaments in vivo; and that filaments are absent in dyf-7 embryos suggest that DYF-7 

acts by promoting assembly of bundled filaments, which line the outward-facing surface of the 

developing amphid epithelium. 
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DISCUSSION 

The amphid as a sensory epithelium composed of neurons and glia 

The ZP domain protein DYF-7 is necessary to maintain the integrity of the C. elegans 

amphid sense organ, which we conceptualize as an epithelium composed of neurons and glia. 

Our studies suggest that the amphid can be viewed as an epithelium for the following reasons: 

First, the amphid lies at the interface of internal and external environments. Second, tight 

junctions between neurons, glia, and skin delineate the boundaries of its inward- and outward-

facing surfaces and presumably create a diffusion barrier between these environments. Third, 

these surfaces are molecularly distinct:  a marker of apical cytoskeleton localizes between tight 

junctions at the outward-facing surface of the amphid sheath glial cell and, in the developing 

amphid, the ZP-domain-containing portion of DYF-7 localizes with exquisite precision to an 

apical domain adjacent to tight junctions. Taken together, these findings indicate that the amphid 

glia and neurons form a sensory epithelium continuous with the skin, with a specialized outward-

facing apical surface composed of the glial channel and sensory dendrite endings.  Our results 

suggest that this model can be applied to all glial-ensheathed sensory neurons in the head. 

Sensory epithelia are found throughout biology. Wherever sensory cells need to directly 

access the environment in order to sense external stimuli, they must either protrude through or be 

embedded in an epithelium at the interface between the organism and the outside world. As in the 

amphid, their apical surfaces are decorated with cilia bearing sensory receptors, while their basal 

surfaces include specialized sites where neurotransmitter is released onto downstream neurons. 

For example, hair cells of the inner ear and taste receptor cells of the taste buds are sensory cells 
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that are embedded in epithelia; they extend cilia into the cochlear space or surface of the tongue, 

respectively; and they release neurotransmitter to downstream neurons through specialized 

synapses on their basal surfaces (Chaudhari and Roper, 2010; Yu and Goodrich, 2014).  

Olfactory neurons are historically considered “true neurons” because they extend long axons into 

the brain (Giessel and Datta, 2014; Ramón y Cajal, 1995), which is also the case for amphid 

neurons and many well-studied Drosophila sensory neurons (including those of the 

campaniform, trichoid, and chordotonal organs) (Hartenstein, 1988). However, each of these 

neurons also extends sensory cilia into the environment by protruding through an epithelium, and 

is connected to its epithelial neighbors by tight junctions (Carlson et al., 1997b; Carlson et al., 

1997a; Steinke et al., 2008; Ward et al., 1975). For these reasons, many sensory cells can be 

viewed as epithelial.   

Vice versa, almost all epithelial cells can be viewed as sensory, because they extend 

primary cilia into an apical environment to sense external conditions (Delling et al., 2013). For 

example, epithelial kidney cells use primary cilia to sense fluid flow, as well as to receive other 

signals.  This sensory role is critical, as defects in sensory cilia development or function result in 

polycystic kidney disease (Seeger-Nukpezah and Golemis, 2012).  Indeed, it is intriguing to 

speculate that the primordial neuron may have been an epithelial sensory cell.  Their similarities 

extend to the presence of specific ZP domain proteins coating their apical surfaces: tectorins for 

hair cells (Legan et al., 1997); ebnerin for gustatory cells (Li and Snyder, 1995); olfactorin for 

olfactory neurons (Di Schiavi et al., 2005); DYF-7 for amphid neurons (Heiman and Shaham, 

2009); NompA for Drosophila sensory neurons (Chung et al., 2001); and uromodulin for kidney 

epithelia (Prasadan et al., 1995).   
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The amphid thus offers a novel model of epithelial development with several advantages: 

(1) it is in a genetically powerful system and—unlike more conventional model epithelial organs 

such as gut, skin, or the excretory system—the amphid is nonessential so that even mutants that 

severely compromise its function can be easily recovered; (2) it contains heterogeneous cell 

types, similar to other epithelial structures like hair follicles or glands, and a wealth of cell-

specific promoters that enable single-cell visualizations and manipulations; and (3) its elaborate 

morphology offers a window into how the shapes of individual cells are coordinated to assemble 

epithelial structures that are more complex than flattened sheets or tubes.  

A ZP domain protein reinforces the apical surface of an epithelium 

How does the ZP domain protein DYF-7 prevent rupture of the amphid sensory 

epithelium? Previously, we proposed a model in which amphid dendrite endings anchor to a 

DYF-7-containing ECM at the embryonic nose, presumably through a cell-surface receptor 

specifically localized to dendrite endings (Heiman and Shaham, 2009). We will refer to this as 

the “end-tether” model (Fig. 2.11A, purple). Here we show that, like other ZP domain proteins, 

DYF-7 can localize to many epithelial apical surfaces, suggesting it binds directly or indirectly to 

a cell-surface receptor shared across epithelia. This leads to a revised working model in which 

DYF-7 binds along the entire apical surface of the glial channel. We will refer to this as the 

“side-tether” model (Fig. 2.11A, green).   
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Figure 2.11. A revised working model for how DYF-7 promotes dendrite extension 

(A) Cartoon schematic comparing the end-tether model (1, purple) with the revised side-tether 

model (2, green) for DYF-7.  Cross-linked filaments either attach dendrite endings directly to 

ECM (Model 1), or impart elasticity by binding continuously along the apical epithelial surface 

(Model 2).  Ne, neuron; Sh, sheath; So, socket; red discs, tight junctions; black cross-hatching, 

ECM.  (B) Comparison of the amphid pore and a conventional epithelium.  Top, a “flattened” 

view of the amphid, with apical and basolateral surfaces indicated; bottom, a conventional 

epithelial sheet (bottom). The apical binding of ZP-domain-containing filaments is depicted in 

both cases (green).  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In the side-tether model, DYF-7 assembles a network of filaments that resist the pulling 

forces generated during retrograde extension.  An analog in materials science is Tyvek, a 

synthetic material developed by DuPont that is as flexible as paper yet very difficult to tear. The 

resilience of Tyvek comes from a complex meshwork of plastic fibers, such that a force applied 

in any direction will pull along the axis of many fibers. Similarly, a network of filaments 

overlaying the surface of the glial channel would increase the elasticity of this surface. (Elasticity 

is used here in its biophysical sense, not as “stretchiness” but as resistance to stretch, similar to a 

spring constant.) In this model, the pulling force of retrograde extension stretches the more 

deformable basolateral surfaces — the dendrites and glial processes (Fig. 2.11A, dashed lines) — 

into their characteristic morphologies, while the more elastic apical surface resists stretch. In the 

absence of DYF-7, these bundled filaments do not form properly and the pulling force is instead 

borne entirely by cell junctions between the sheath and socket, which often break, resulting in 

the Class I phenotype. When the junctions do not break, the pulling force causes inappropriate 

deformation of the apical surface, which is less elastic than it should be, resulting in the ectopic 

socket process seen in the Class II phenotype. 

Can this model be generalized to other epithelia?  A “flattened” view of the amphid (Fig. 

7B) illustrates how ZP domain filaments could be positioned at apical surfaces in other epithelia 

to prevent their rupture or deformation. Indeed, loss of other ZP domain proteins leads to such 

defects.  The C. elegans ZP domain protein LET-653 strongly affects development of the 

excretory canal cell, which forms part of a tubular epithelium (Jones and Baillie, 1995).  In 

let-653 mutants, the apical luminal surface expands into large cysts and vacuoles, a phenotype 

consistent with rupture of the tubular epithelium or deformation of its apical surface (Buechner et 
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al., 1999).  Similarly, the C. elegans ZP domain protein FBN-1 localizes to the surface of the 

developing embryo and helps cells to resist mechanical deformation (Kelley et al., 2015).  In 

wild-type embryos, the pulling force of embryo elongation is transmitted to the pharynx via 

connective cells at the mouth opening. In fbn-1 mutants, the apical surfaces of these cells deform, 

producing a long narrow channel that connects the mouth to a deeply-ingressed pharynx.   

Finally, in Drosophila tracheal tubes, the ZP domain proteins Dumpy and Piopio coat luminal 

apical surfaces, and Dumpy was recently shown to occupy a non-diffusible matrix that is 

mechanically coupled to stretching of the apical surface (Dong et al., 2014).  Loss of either 

protein causes tracheal tubes to rupture during elongation (Jaźwińska et al., 2003). These 

observations strongly suggest that ZP domain proteins also prevent the rupture or deformation of 

apical surfaces in other epithelia.  Intriguingly, human diseases associated with mutation of ZP 

domain proteins involve phenotypes that could reflect loss of epithelial integrity, such as cancer 

(DMBT1) and increased susceptibility to infection (Uromodulin) (Ligtenberg et al., 2007; 

Rampoldi et al., 2011). 

The central task of an epithelium is to maintain a barrier that separates outside from 

inside, which must withstand bending and pulling forces during development and beyond.  Our 

study of the ZP-domain-only protein DYF-7 suggests a unifying and possibly ancestral role for 

ZP domain proteins across epithelia: forming a meshwork of filaments at the apical surface to 

prevent rupture.  These filaments may impart elasticity directly, analogous to Tyvek, and they 

may also couple the apical surface of the epithelium to other components of the aECM. Other, 

tissue-specific roles of ZP domain proteins may be derived from this ancestral role.  First, 

differentially depositing ZP domain proteins across a tissue can create local differences in 
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elasticity to shape organs (for example, in morphogenesis of Drosophila denticles or, as was 

elegantly demonstrated in a recent study, to control the shape of Drosophila wings and legs) 

(Etournay et al., 2015; Fernandes et al., 2010; Ray et al., 2015).  Second, coupling an elastic 

matrix to mechanosensitive cells can lead to transduction of sound waves or other vibrations (for 

example, tectorins in the inner ear and NompA in Drosophila bristles) (Chung et al., 2001; Legan 

et al., 1997).  Some members of the family, such as endoglin and betaglycan, may have diverged 

so far that this ancestral filament-forming activity has been lost.  However, given these examples, 

an important question is whether some diseases caused by disruption of ZP domain proteins — 

especially cancer (DMBT1) and renal nephropathy (Uromodulin) —could involve an ancestral 

role of ZP domain proteins in the maintenance of epithelial integrity. 

!96



REFERENCES 

Bleil, J. D., and Wassarman, P. M. (1980). Structure and function of the zona pellucida: 
identification and characterization of the proteins of the mouse oocyte’s zona pellucida. Dev Biol 
76, 185-202. 

Bökel, C., Prokop, A., and Brown, N. H. (2005). Papillote and Piopio: Drosophila ZP-domain 
proteins required for cell adhesion to the apical extracellular matrix and microtubule 
organization. J Cell Sci 118, 633-642. 

Bork, P., and Sander, C. (1992). A large domain common to sperm receptors (Zp2 and Zp3) and 
TGF-beta type III receptor. FEBS Lett 300, 237-240. 

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77, 71-94. 

Brown, N. H. (2011). Extracellular matrix in development: insights from mechanisms conserved 
between invertebrates and vertebrates. Cold Spring Harb Perspect Biol 3,  

Brunati, M., Perucca, S., Han, L., Cattaneo, A., Consolato, F., Andolfo, A., Schaeffer, C., 
Olinger, E., Peng, J., Santambrogio, S., Perrier, R., Li, S., Bokhove, M., Bachi, A., Hummler, E., 
Devuyst, O., Wu, Q., Jovine, L., and Rampoldi, L. (2015). The serine protease hepsin mediates 
urinary secretion and polymerisation of Zona Pellucida domain protein uromodulin. Elife 4,  

Buechner, M., Hall, D. H., Bhatt, H., and Hedgecock, E. M. (1999). Cystic canal mutants in 
Caenorhabditis elegans are defective in the apical membrane domain of the renal (excretory) cell. 
Dev Biol 214, 227-241. 

Carlson, S. D., Hilgers, S. L., and Juang, J. L. (1997a). Ultrastructure and blood-nerve barrier of 
chordotonal organs in the Drosophila embryo. J Neurocytol 26, 377-388. 

Carlson, S. D., Hilgers, S. L., and Juang, J. L. (1997b). First developmental signs of the 
scolopale (glial) cell and neuron comprising the chordotonal organ in the Drosophila embryo. 
Glia 19, 269-274. 

Chaudhari, N., and Roper, S. D. (2010). The cell biology of taste. J Cell Biol 190, 285-296. 

Chung, Y. D., Zhu, J., Han, Y., and Kernan, M. J. (2001). nompA encodes a PNS-specific, ZP 
domain protein required to connect mechanosensory dendrites to sensory structures. Neuron 29, 
415-428. 

Darie, C. C., Biniossek, M. L., Gawinowicz, M. A., Milgrom, Y., Thumfart, J. O., Jovine, L., 
Litscher, E. S., and Wassarman, P. M. (2005). Mass spectrometric evidence that proteolytic 
processing of rainbow trout egg vitelline envelope proteins takes place on the egg. J Biol Chem 
280, 37585-37598. 

!97



Delling, M., DeCaen, P. G., Doerner, J. F., Febvay, S., and Clapham, D. E. (2013). Primary cilia 
are specialized calcium signalling organelles. Nature 504, 311-314. 

Di Schiavi, E., Riano, E., Heye, B., Bazzicalupo, P., and Rugarli, E. I. (2005). UMODL1/
Olfactorin is an extracellular membrane-bound molecule with a restricted spatial expression in 
olfactory and vomeronasal neurons. Eur J Neurosci 21, 3291-3300. 

Dickinson, D. J., Nelson, W. J., and Weis, W. I. (2011). A polarized epithelium organized by 
beta- and alpha-catenin predates cadherin and metazoan origins. Science 331, 1336-1339. 

Dong, B., Hannezo, E., and Hayashi, S. (2014). Balance between apical membrane growth and 
luminal matrix resistance determines epithelial tubule shape. Cell Rep 7, 941-950. 

Elderbroom, J. L., Huang, J. J., Gatza, C. E., Chen, J., How, T., Starr, M., Nixon, A. B., and 
Blobe, G. C. (2014). Ectodomain shedding of TβRIII is required for TβRIII-mediated 
suppression of TGF-β signaling and breast cancer migration and invasion. Mol Biol Cell 25, 
2320-2332. 

Etournay, R., Popović, M., Merkel, M., Nandi, A., Blasse, C., Aigouy, B., Brandl, H., Myers, G., 
Salbreux, G., Jülicher, F., and Eaton, S. (2015). Interplay of cell dynamics and epithelial tension 
during morphogenesis of the Drosophila pupal wing. Elife 4, e07090. 

Fernandes, I., Chanut-Delalande, H., Ferrer, P., Latapie, Y., Waltzer, L., Affolter, M., Payre, F., 
and Plaza, S. (2010). Zona pellucida domain proteins remodel the apical compartment for 
localized cell shape changes. Dev Cell 18, 64-76. 

Francis, R., and Waterston, R. H. (1991). Muscle cell attachment in Caenorhabditis elegans. J 
Cell Biol 114, 465-479. 

Fukuoka, S., Freedman, S. D., and Scheele, G. A. (1991). A single gene encodes membrane-
bound and free forms of GP-2, the major glycoprotein in pancreatic secretory (zymogen) granule 
membranes. Proc Natl Acad Sci U S A 88, 2898-2902. 

Giessel, A. J., and Datta, S. R. (2014). Olfactory maps, circuits and computations. Curr Opin 
Neurobiol 24, 120-132. 

Gregory, A. L., Xu, G., Sotov, V., and Letarte, M. (2014). Review: the enigmatic role of endoglin 
in the placenta. Placenta 35 Suppl, S93-9. 

Greve, J. M., and Wassarman, P. M. (1985). Mouse egg extracellular coat is a matrix of 
interconnected filaments possessing a structural repeat. J Mol Biol 181, 253-264. 

Hartenstein, V. (1988). Development of Drosophila larval sensory organs: spatiotemporal pattern 
of sensory neurones, peripheral axonal pathways and sensilla differentiation. Development 102, 
869-886. 

!98



Hawinkels, L. J., Kuiper, P., Wiercinska, E., Verspaget, H. W., Liu, Z., Pardali, E., Sier, C. F., and 
ten Dijke, P. (2010). Matrix metalloproteinase-14 (MT1-MMP)-mediated endoglin shedding 
inhibits tumor angiogenesis. Cancer Res 70, 4141-4150. 

Heiman, M. G., and Shaham, S. (2009). DEX-1 and DYF-7 establish sensory dendrite length by 
anchoring dendritic tips during cell migration. Cell 137, 344-355. 

Jaźwińska, A., and Affolter, M. (2004). A family of genes encoding zona pellucida (ZP) domain 
proteins is expressed in various epithelial tissues during Drosophila embryogenesis. Gene Expr 
Patterns 4, 413-421. 

Jaźwińska, A., Ribeiro, C., and Affolter, M. (2003). Epithelial tube morphogenesis during 
Drosophila tracheal development requires Piopio, a luminal ZP protein. Nat Cell Biol 5, 895-901. 

Jones, S. J., and Baillie, D. L. (1995). Characterization of the let-653 gene in Caenorhabditis 
elegans. Mol Gen Genet 248, 719-726. 

Jovine, L., Darie, C. C., Litscher, E. S., and Wassarman, P. M. (2005). Zona pellucida domain 
proteins. Annu Rev Biochem 74, 83-114. 

Jovine, L., Qi, H., Williams, Z., Litscher, E., and Wassarman, P. M. (2002). The ZP domain is a 
conserved module for polymerization of extracellular proteins. Nat Cell Biol 4, 457-461. 

Jovine, L., Qi, H., Williams, Z., Litscher, E. S., and Wassarman, P. M. (2004). A duplicated motif 
controls assembly of zona pellucida domain proteins. Proc Natl Acad Sci U S A 101, 5922-5927. 

Kelley, M., Yochem, J., Krieg, M., Calixto, A., Heiman, M. G., Kuzmanov, A., Meli, V., Chalfie, 
M., Goodman, M. B., Shaham, S., Frand, A., and Fay, D. S. (2015). FBN-1, a fibrillin-related 
protein, is required for resistance of the epidermis to mechanical deformation during C. elegans 
embryogenesis. Elife 4,  

Kolotuev, I. (2014). Positional correlative anatomy of invertebrate model organisms increases 
efficiency of TEM data production. Microsc Microanal 20, 1392-1403. 

Kolotuev, I., Schwab, Y., and Labouesse, M. (2010). A precise and rapid mapping protocol for 
correlative light and electron microscopy of small invertebrate organisms. Biol Cell 102, 
121-132. 

Legan, P. K., Rau, A., Keen, J. N., and Richardson, G. P. (1997). The mouse tectorins. Modular 
matrix proteins of the inner ear homologous to components of the sperm-egg adhesion system. J 
Biol Chem 272, 8791-8801. 

Li, X. J., and Snyder, S. H. (1995). Molecular cloning of Ebnerin, a von Ebner’s gland protein 
associated with taste buds. J Biol Chem 270, 17674-17679. 

!99



Ligtenberg, A. J., Veerman, E. C., Nieuw Amerongen, A. V., and Mollenhauer, J. (2007). Salivary 
agglutinin/glycoprotein-340/DMBT1: a single molecule with variable composition and with 
different functions in infection, inflammation and cancer. Biol Chem 388, 1275-1289. 

Lin, S. J., Hu, Y., Zhu, J., Woodruff, T. K., and Jardetzky, T. S. (2011). Structure of betaglycan 
zona pellucida (ZP)-C domain provides insights into ZP-mediated protein polymerization and 
TGF-beta binding. Proc Natl Acad Sci U S A 108, 5232-5236. 

Litscher, E. S., Qi, H., and Wassarman, P. M. (1999). Mouse zona pellucida glycoproteins mZP2 
and mZP3 undergo carboxy-terminal proteolytic processing in growing oocytes. Biochemistry 
38, 12280-12287. 

Llorca, O., Trujillo, A., Blanco, F. J., and Bernabeu, C. (2007). Structural model of human 
endoglin, a transmembrane receptor responsible for hereditary hemorrhagic telangiectasia. J Mol 
Biol 365, 694-705. 

Lynch, A. M., and Hardin, J. (2009). The assembly and maintenance of epithelial junctions in C. 
elegans. Front Biosci (Landmark Ed) 14, 1414-1432. 

Matveev, I. V., Adonin, L. S., Shaposhnikova, T. G., and Podgornaya, O. I. (2012). Aurelia 
aurita-Cnidarian with a prominent medusiod stage. J Exp Zool B Mol Dev Evol 318, 1-12. 

McDonald, K. L. (2014). Rapid embedding methods into epoxy and LR White resins for 
morphological and immunological analysis of cryofixed biological specimens. Microsc 
Microanal 20, 152-163. 

Micheva, K. D., and Smith, S. J. (2007). Array tomography: a new tool for imaging the 
molecular architecture and ultrastructure of neural circuits. Neuron 55, 25-36. 

Nagaraj, R., and Adler, P. N. (2012). Dusky-like functions as a Rab11 effector for the deposition 
of cuticle during Drosophila bristle development. Development 139, 906-916. 

Nguyen, P. A., Liou, W., Hall, D. H., and Leroux, M. R. (2014). Ciliopathy proteins establish a 
bipartite signaling compartment in a C. elegans thermosensory neuron. J Cell Sci 127, 
5317-5330. 

Oikonomou, G., Perens, E. A., Lu, Y., Watanabe, S., Jorgensen, E. M., and Shaham, S. (2011). 
Opposing activities of LIT-1/NLK and DAF-6/patched-related direct sensory compartment 
morphogenesis in C. elegans. PLoS Biol 9, e1001121. 

Pédelacq, J. D., Cabantous, S., Tran, T., Terwilliger, T. C., and Waldo, G. S. (2006). Engineering 
and characterization of a superfolder green fluorescent protein. Nat Biotechnol 24, 79-88. 

Plaza, S., Chanut-Delalande, H., Fernandes, I., Wassarman, P. M., and Payre, F. (2010). From A 
to Z: apical structures and zona pellucida-domain proteins. Trends Cell Biol 20, 524-532. 

!100



Prasadan, K., Bates, J., Badgett, A., Dell, M., Sukhatme, V., Yu, H., and Kumar, S. (1995). 
Nucleotide sequence and peptide motifs of mouse uromodulin (Tamm-Horsfall protein)--the 
most abundant protein in mammalian urine. Biochim Biophys Acta 1260, 328-332. 

Ramón y Cajal, S. (1995). Histology of the Nervous System of Man and Vertebrates Oxford 
University Press). 

Rampoldi, L., Scolari, F., Amoroso, A., Ghiggeri, G., and Devuyst, O. (2011). The rediscovery of 
uromodulin (Tamm-Horsfall protein): from tubulointerstitial nephropathy to chronic kidney 
disease. Kidney Int 80, 338-347. 

Ray, R. P., Matamoro-Vidal, A., Ribeiro, P. S., Tapon, N., Houle, D., Salazar-Ciudad, I., and 
Thompson, B. J. (2015). Patterned Anchorage to the Apical Extracellular Matrix Defines Tissue 
Shape in the Developing Appendages of Drosophila. Dev Cell 34, 310-322. 

Roggenbuck, D., Reinhold, D., Schierack, P., Bogdanos, D. P., Conrad, K., and Laass, M. W. 
(2014). Crohn’s disease specific pancreatic antibodies: clinical and pathophysiological 
challenges. Clin Chem Lab Med 52, 483-494. 

Sapio, M. R., Hilliard, M. A., Cermola, M., Favre, R., and Bazzicalupo, P. (2005). The Zona 
Pellucida domain containing proteins, CUT-1, CUT-3 and CUT-5, play essential roles in the 
development of the larval alae in Caenorhabditis elegans. Dev Biol 282, 231-245. 

Sebastiano, M., Lassandro, F., and Bazzicalupo, P. (1991). cut-1 a Caenorhabditis elegans gene 
coding for a dauer-specific noncollagenous component of the cuticle. Dev Biol 146, 519-530. 

Seeger-Nukpezah, T., and Golemis, E. A. (2012). The extracellular matrix and ciliary signaling. 
Curr Opin Cell Biol 24, 652-661. 

Shen, H. L., Xu, Z. G., Huang, L. Y., Liu, D., Lin, D. H., Cao, J. B., Zhang, X., Wang, Z. Q., 
Wang, W. H., Yang, P. Y., and Han, Z. G. (2009). Liver-specific ZP domain-containing protein 
(LZP) as a new partner of Tamm-Horsfall protein harbors on renal tubules. Mol Cell Biochem 
321, 73-83. 

Steinke, A., Meier-Stiegen, S., Drenckhahn, D., and Asan, E. (2008). Molecular composition of 
tight and adherens junctions in the rat olfactory epithelium and fila. Histochem Cell Biol 130, 
339-361. 

Stiernagle, T. (2006). Maintenance of C. elegans. WormBook 1-11. 

Sulston, J. E., Schierenberg, E., White, J. G., and Thomson, J. N. (1983). The embryonic cell 
lineage of the nematode Caenorhabditis elegans. Dev Biol 100, 64-119. 

!101



Ward, S., Thomson, N., White, J. G., and Brenner, S. (1975). Electron microscopical 
reconstruction of the anterior sensory anatomy of the nematode Caenorhabditis elegans. J Comp 
Neurol 160, 313-337. 

Yu, R. Y., Nguyen, C. Q., Hall, D. H., and Chow, K. L. (2000). Expression of ram-5 in the 
structural cell is required for sensory ray morphogenesis in Caenorhabditis elegans male tail. 
EMBO J 19, 3542-3555. 

Yu, W. M., and Goodrich, L. V. (2014). Morphological and physiological development of 
auditory synapses. Hear Res 311, 3-16.  

!102



CHAPTER 3

GRDN-1/Girdin and SAX-7/L1CAM position a neuron-glia attachment  

to couple dendrite extension to embryonic growth 

Ian G. McLachlan, Elizabeth R. Lamkin, and Maxwell G. Heiman

This chapter is adapted from a submitted manuscript.  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SUMMARY 

The shapes and attachments of cells determine the machinery of organs; for example, these 

features of neurons and glia establish the wiring of the brain. To understand how cell shapes and 

attachments develop, we used the C. elegans sensory neurons URX and BAG, which extend 

dendrites to the nose and attach to glia. Forward genetic screens for dendrite extension defects 

identified mutations in the cytoplasmic protein GRDN-1/Girdin and the adhesion molecule 

SAX-7/L1CAM. In wild-type embryos, URX and BAG dendrites extend by attaching to the nose 

early in development and then stretching during embryo elongation; in grdn-1 embryos, they fail 

to remain attached. GRDN-1 can promote dendrite attachment by acting in glia—it localizes to 

glial endings and causes localized accumulation of SAX-7, creating an adhesive compartment 

where dendrites attach. Thus, GRDN-1 and SAX-7 determine dendrite length by positioning a 

neuron-glia attachment site that couples dendrite extension to embryonic growth.  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INTRODUCTION 

 Throughout development, cells adopt specialized shapes, positions, and contacts, 

interlocking to build “a great mechanical system made up of an almost infinite multitude of 

smaller machines” (Wells, Huxley, and Wells, 1934). This remarkable assembly occurs in a 

highly dynamic environment where cells constantly divide, migrate, and encounter new 

neighbors. In this mixture, cells recognize specific partners and form cell-cell attachments that 

play important roles in morphogenesis: attachments act as handles by which cells exert 

mechanical force on their neighbors, and provide tethers that fasten cells together in the face of 

external forces. 

 Cell attachments occur between diverse cell types in vivo, but have mainly been studied 

experimentally in homogeneous populations of cultured epithelial cells (Green et al., 2010). 

Most studies focus on tight junctions, adherens junctions, and desmosomes, although in vivo 

some epithelial cells (e.g., in secretory glands) and most non-epithelial cells (e.g., myocytes, 

fibroblasts, neurons, and glia) use modified forms of these and other adhesive structures (Fawcett 

1961; Farquhar and Palade, 1963). We will use the generic term "cell attachments" to include all 

of these. Detailed mechanistic studies of model epithelia in vitro have shown that, initially, 

adhesion molecules are evenly distributed across the surfaces of individual cells. Then, after cells 

come into contact with each other, adhesion molecules are redistributed to cell contact sites and 

form stable cell attachments (Adams et al., 1998). In contrast, in complex tissues in vivo, 

relatively little is known about how appropriate partners recognize each other and localize 

adhesion molecules to form cell attachments. Here, we address this problem by examining the 

development of a cell attachment in vivo, and find that localization of cell adhesion molecules is 
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not a downstream consequence of cell contact but rather an upstream determinant of where cell 

attachments form. 

 The importance of forming proper cell attachments is strikingly illustrated in the nervous 

system, where the shapes and attachments of neurons and glia determine the paths of information 

flow. Glial cells play a major role in establishing these circuits. Their contributions to neuronal 

morphogenesis have been studied primarily in the context of guidance cues that direct neuron 

migration or axon and dendrite outgrowth. For example, radial glia serve as substrates for 

neuronal migration, and other glia provide long-range axon and dendrite guidance cues such as 

Netrin, Slit, Ephrin, and Semaphorin (Solecki, 2012; Lemke, 2001; Valnegri et al., 2015). 

Although such guidance cues often involve cell adhesion, they are fundamentally different from 

other cell attachments: guidance cues support the transitory migration of lamellipodia or growth 

cones across a substrate, while other cell attachments are stable punctate structures that provide 

mechanical support. Notably, because glia and neurons make extensive attachments to each 

other, it is interesting to consider whether glia might also shape neurons by transmitting 

mechanical force through these attachments, analogous to the mechanisms at play during 

epithelial morphogenesis.  

 The mammalian brain — with approximately 80 billion neurons and glia (Azevedo et al., 

2009) — poses an enormous challenge for dissecting the role of individual cell attachments in 

morphogenesis. A far more tractable system is the nematode C. elegans, in which the nervous 

system consists of precisely 302 neurons and 50 glia that make highly stereotyped cell-cell 

attachments at predictable anatomical positions (Sulston et al., 1983; White et al., 1986). Due to 

its facile genetics, C. elegans offers the promise of identifying the molecular mechanisms that 
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determine the shapes and attachments of every cell. In particular, the C. elegans head is an 

excellent model to investigate how neuron-glia attachments form and what functions they serve, 

as this subsystem contains a diverse set of neurons and glia that are organized into groups of 

sense organs (Ward et al., 1975). Each sensory neuron extends a single, typically unbranched, 

~100 µm-long dendrite to the tip of the nose, where it contacts specific glial partners. These 

neurons can be broadly divided into two classes based on how they interact with glia at the nose. 

“Glial-ensheathed” neurons have dendrite endings that are completely wrapped by their glial 

partners, called the sheath and socket glia. “Non-ensheathed” neurons have dendrites that form 

close and stereotyped lateral attachments to the sheath and socket glia, but do not enter the 

central channel formed by these glia (Ward et al., 1975; Doroquez et al., 2014).  

 In previous work, we showed that the extracellular matrix molecule DYF-7 is required 

for dendrite extension in one class of glial-ensheathed neurons, called the amphid neurons 

(Heiman and Shaham, 2009), and we recently found that DYF-7 is also required by all other 

glial-ensheathed head neurons (Chapter 2, this dissertation). In contrast, non-ensheathed neurons, 

including the gas-sensing neurons URX and BAG, are rarely affected in dyf-7 mutants, indicating 

that they use a different mechanism of dendrite extension. Because URX and BAG dendrite 

endings are closely associated with glia, we reasoned that understanding how their dendrites 

develop might shed light on mechanisms by which neurons and glia coordinate their shapes and 

attachments. We find that these dendrites extend by attaching to a neighboring glial cell, and that 

this neuron-glia attachment depends on a cell-intrinsic mechanism in the glial cell that localizes 

adhesion molecules to the presumptive attachment site.  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EXPERIMENTAL PROCEDURES 

 All strains were constructed in the N2 background and cultured under standard conditions 

(Brenner, 1974). Transgenic strains were generated with standard techniques (Mello and Fire, 

1995) with injection of 100 ng/µL of DNA (5-50µL per plasmid). Information for all strains and 

plasmids used in this study, as well as primers of general interest, are listed in Appendix 2.  

Microscopy and image processing 

 Animals were mounted on agar pads and immobilized with sodium azide. Image stacks 

were collected on a DeltaVision Core deconvolution imaging system (Applied Precision) with a 

UApo 40x/1.35 NA oil immersion objective, PlanApo 60x/1.42 NA oil immersion objective, or 

UPlanSApo 100x/1.40 NA oil immersion objective, and a Photometrics CoolSnap HQ2 camera 

(Roper Scientific). Image stacks were deconvolved with Softworx (Applied Precision).  

 Maximum projections were generated with contiguous optical sections in ImageJ (NIH), 

then linearly adjusted for brightness in Adobe Photoshop CS5. Multicolored images were created 

by placing each channel in a separate false-colored screen layer in Photoshop. Figures were 

assembled in Adobe Illustrator CS5.  

Generation of itx-1pro glial expression constructs 

 To visualize inner and outer labial glial cells, we amplified a ~2.9 kb promoter fragment 

upstream of itx-1 from N2 genomic DNA and used it to drive the expression of GFP. Consistent 

with published results (Haklai-Topper et al., 2011), this promoter drives expression in glial cells 

and throughout the gut. As the strong gut expression hindered imaging, we identified a 1,031 bp 
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region beginning at the the 5’ end of the ~2.9 kb itx-1 promoter that drives expression in glia, but 

not in the gut, when placed upstream of a myo-2 minimal promoter (Okkema et al., 1993). 

Forward genetic screens  

 We isolated alleles of grdn-1 and sax-7 in three independent, nonclonal, visual genetic 

screens. In all screens, L4 stage animals were mutagenized using 70 mM ethyl methanesulfonate 

(EMS, Sigma) at approximately 22°C for 4 hours. Nonclonal F2 progeny were examined on a 

Nikon SMZ1500 stereomicroscope with an HR Plan Apo 1.6x objective, and animals with 

aberrant dendrite morphologies were recovered to individual plates. For details of mutations, see 

Appendix 2.  

 ns302, ns303 — isolated from a screen for URX dendrite defects in genotype ynIs78 X 

(flp-8pro:GFP) 

 hmn1, hmn3, hmn4, hmn7, hmn8, hmn12 — isolated from a screen for URX dendrite 

defects in genotype ynIs78 X (flp-8pro:GFP) 

 hmn147, hmn159 — isolated from a screen for BAG dendrite defects in genotype oyIs82 

X (flp-17pro:GFP) 

Genetic mapping of mutations 

 With standard linkage mapping and SNP analysis, we mapped ns303 to an interval 

between 18.57 Mb and 18.70 Mb on chromosome V. Genomic sequence analysis identified a 

mutation (W8stop) in the previously uncharacterized gene Y51A2D.15, which we named grdn-1. 

As no fosmid covering this region was available, we confirmed this as the causative mutation by 
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rescuing the URX dendrite extension phenotype with a GRDN-1 cDNA driven by a ~4.5 kb 

grdn-1 promoter. Additional grdn-1 alleles from the screens were identified by non-

complementation to ns303 and confirmed by Sanger sequencing. 

 hmn3 was mapped to a ~1 Mb interval on chromosome IV containing sax-7 by a one-step 

whole-genome-sequencing and SNP mapping strategy (Doitsidou et al, 2010). Sequence analysis 

identified a candidate mutation in sax-7, and we confirmed this mutation by rescuing the URX 

dendrite extension phenotype in hmn3 with the WRM0631cG07 fosmid and by non-

complementation to the previously described sax-7(ky146) allele (Zallen et al., 1999). Additional 

sax-7 alleles were identified by non-complementation to hmn3 and confirmed by Sanger 

sequencing. 

Embryo imaging 

 To prepare slides for imaging, adult hermaphrodites were dissected to release early-stage 

embryos, which were then mounted in water on slides with 2% agarose pads and covered with a 

coverslip. Young embryos (prior to twitching, ~1.5-fold) were imaged live, but older embryos 

were arrested to prevent movement. Embryo arrest was accomplished by applying 15-50 one-

second pulses of 405nm excitation light; this treatment reliably caused embryo twitching 

movements to cease within 20 minutes without morphological damage to the neurons of interest.  

Quantification of dendrite lengths 

 Dendrite lengths were measured using the segmented line tool in ImageJ (NIH). The 

dendrite was traced from the point where it joins the cell body to the point where it ends at the 
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nose, then normalized by the distance from the cell body to the nose to account for variance in 

the size of the animal. All dendrite lengths were measured in L4 stage animals, except where 

noted. 

Quantification of GRDN-1 puncta and URX+Glia GRASP 

 To quantify the localization of GRDN-1 puncta relative to the URX dendrite (Fig. 

3.10D), we imaged L1 stage animals expressing flp-8pro:GFP, itx-1pro:YFP-GRDN-1, and 

itx-1pro:myr-mCherry. A segmented line was drawn in ImageJ along the URX dendrite, from the 

point closest to the nose until the point where it joins the cell body. The beginning and end points 

of the URX dendrite were measured. When a punctum of glial YFP-GRDN-1 was directly 

adjacent to the URX dendrite in the x-, y-, or z-dimension, it was scored as an adjacent punctum 

and its position along the URX dendrite was recorded.  

 To quantify the extent of URX+Glia GRASP and the relative localization of GRDN-1 

(Fig. 3.10G), we used a similar approach. However, because we could not concurrently label the 

URX dendrite, (1) we could not measure GRDN-1 puncta associated with URX posterior to the 

GRASP signal and (2) we could not be certain that all GRDN-1 puncta at the nose tip were 

associated with URX. Therefore, we measured and plotted all puncta at the nose tip, as they were 

typically in the same z-plane as puncta which clearly associated with the GRASP signal; this 

causes a discrepancy in the number of puncta at the nose between Fig. 3.10D and 3.10G. 
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Quantification of SAX-7 localization 

 All SAX-7 localization quantification was performed in backgrounds that contained glial 

SAX-7-YFP and glial myristyl-mCherry. Socket glial cells that did not overlap with the 

processes of others were selected for analysis, which typically favored those nearest to the 

objective lens. We were not biased towards the specific glial cells which interact with URX 

(dorsal IL socket) or BAG (lateral IL socket). For each glial cell, an average projection 

containing the distal ~25 µm of the process (the shortest observed length of a socket glial 

process) was generated in ImageJ. The process was traced using a 2-pixel (~.17 µm) wide 

segmented line, then single-pixel intensity line profiles of the YFP (SAX-7) and mCherry (glial 

membrane) channels were obtained. Background values for each channel were obtained by 

measuring the average intensity of a boxed area outside the animal, then subtracted from the 

measured intensity values. The YFP/mCherry ratio was computed for each point along the glial 

process in each animal, and the ratios for each animal were normalized to the average YFP/

mCherry ratio across the entire glial process. Consequently, the average SAX-7 fluorescence 

ratio across the glial process is defined as 1; relative enrichment is greater than 1, and relative 

depletion is less than 1. Plots were smoothed with a running average of 5 pixels (~0.43 µm actual 

distance).  

Statistical analysis 

 The data were initially recorded in Microsoft Excel or Apple Numbers using the methods 

described above, and statistical analysis was performed using R version 3.2.3 (https://www.r-

project.org/). 
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Mosaic analysis of GRDN-1 activity 

 Animals of genotype grdn-1(ns303) V; ynIs78 X (flp-8pro:GFP) carried an unstable 

extrachromosomal transgene array that included the fully-rescuing grdn-1pro:GRDN-1 construct 

and flp-8pro:CFP. To obtain animals that were mosaic for the presence of the array without bias 

with regard to the presence of the array in URX, we selected animals in which one URX dendrite 

was full length and one was short, scored using only the integrated GFP marker on a 

fluorescence-equipped dissecting stereomicroscope. Each mosaic animal was then mounted on a 

slide and imaged as described above (“Microscopy and Image Processing”), with each URX 

neuron scored for the presence or absence of the array as indicated by the expression of 

flp-8pro:CFP.  
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RESULTS 

A new class of mutants disrupts dendrite extension in URX and BAG neurons 

 To identify factors required for the extension of non-glial-ensheathed sensory dendrites, 

we conducted separate genetic screens for mutants in which URX or BAG dendrites fail to 

extend to the nose. Briefly, we performed random chemical mutagenesis of strains bearing 

fluorescent markers in either URX or BAG, and then visually screened populations of mutant 

animals to isolate individuals with aberrant dendrite morphology. Ten of the mutants we isolated 

for dendrite extension defects in one of the neurons (eight mutants from URX screen; two 

mutants from BAG screen) exhibit defects in the other neuron as well, suggesting that URX and 

BAG may use a common molecular mechanism for dendrite extension. 

 We initially focused on a mutant (ns303) that displays a completely penetrant phenotype 

in URX and also strongly affects BAG (Fig. 3.1). In this mutant, URX dendrites fail to extend to 

the nose (54/54 dendrites) and are 64.2±12.2% of their normal length (Fig. 3.1E,G). BAG 

dendrites are affected with weaker penetrance, as ~29% of dendrites fail to extend to the nose 

(16/56 dendrites). The affected BAG dendrites extend to 63.4±11.0% of their normal length, 

similar to the length of short URX dendrites (Fig. 3.1E,G). To determine if the ns303 mutation 

also affects other classes of sensory neurons, we used a panel of strains bearing fluorescent 

markers for another non-ensheathed neuron (URY) as well as representative neurons for each of 

the four classes of glial-ensheathed sensory neurons in the head (amphid, AWB; cephalic, CEP; 

inner labial, IL2; outer labial, OLQ) (Fig. 3.1B-C; additional amphid neurons AWA and AWC, 

Fig. 3.2). The dendrites of most of these neurons are full length in the mutant background, 

indicating that this mutation does not affect sensory dendrite extension generally (Fig. 3.1E-G).  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Figure 3.1. Isolation of mutants that selectively affect URX and BAG dendrite extension 

(A) Cartoon schematic of a representative glial-ensheathed (IL2, orange) and non-ensheathed 

(URX, green) sensory neuron in wild-type animals, showing dendrite endings positioned inside 

the glial channel or laterally along the glial surface, respectively (glia, gray; Sh, sheath; So, 

socket). (B,C) Non-ensheathed (B) and glial-ensheathed (C) neurons expressing cell type-

specific fluorescent markers. URX, green (flp-8pro); BAG, blue (flp-17pro); URY, purple 

(tol-1pro); AWB, pink (str-1pro); CEP, red (dat-1pro); IL2, orange (klp-6pro); OLQ, yellow 

(ocr-4pro). Additional amphid neurons (AWA, AWC) are in Fig. 3.2. Scale bar, 10µm.  

 Arrowheads, dendrite endings. (D) Cartoon schematic of the dendrite phenotype observed in 

mutants. (E,F) Non-ensheathed (E) and glial-ensheathed (F) neurons, as in B and C, in a 

representative mutant (ns303). (G) Quantification of dendrite lengths as a fraction of nose length 

for each neuron type in wild-type (left column) and ns303 mutant (right column) animals. 

Colored bars represent individual dendrites (n≥47 per column); black bars represent means. 

Shaded areas represent the wild-type mean ± 5 s.d. for each neuron type; the percent of mutant 

dendrites in this range ("full-length dendrites") is given. Ranges: URX, >91.9%; BAG, >90.8%; 

URY, >84.3%; AWB, >89.0%; CEP, >92.4%; IL2, >90.5%; OLQ, >93.6%.  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Figure 3.1 (continued). Isolation of mutants that selectively affect URX and BAG dendrite 

extension  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Figure 3.2. Amphid dendrites are differentially affected in ns303 mutants 

Quantification of dendrite lengths as a fraction of nose length for AWA and AWC amphid 

neurons in wild-type (left column) and ns303 mutant (right column) animals. Colored bars 

represent individual dendrites (n≥50 per column); black bars represent means. Shaded areas 

represent the wild-type mean ± 5 s.d. for each neuron type; the percent of mutant dendrites in 

this range ("full-length dendrites") is given. Ranges: AWA, >90.2%; AWC, >91.3%.  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Although dendrite extension defects are also seen in some amphid neurons (AWA, AWB), they 

are rare or absent in others (AWC) (Fig. 3.2). Additionally, several amphid neurons exhibit 

aberrant cilia morphology, and AWC dendrites occasionally form branches (not shown; Inna V. 

Nechipurenko and Piali Sengupta, personal communication). Mutant animals are grossly normal 

in appearance and behavior, suggesting that the ns303 mutation does not cause broad defects in 

nervous system development. Moreover, there are no obvious abnormalities in the cell bodies or 

axons of URX or BAG, or in their expression of cell-type-specific markers (flp-8, URX; flp-17, 

BAG; egl-13, URX and BAG), suggesting that the neurons are otherwise healthy.  

GRDN-1 is required for URX and BAG dendrite extension 

 We found that six recessive mutations (ns302, ns303, hmn1, hmn4, hmn7, and hmn8) 

define a single complementation group. Using standard mapping approaches, we found that these 

alleles affect a previously uncharacterized gene, which we named grdn-1 after its similarity to 

mammalian Girdin and other members of the Hook-related protein family (HKRP). These are 

soluble cytoplasmic factors that are implicated in a variety of cellular processes, including 

cytoskeletal interactions, G-protein signaling, and cell adhesion (Garcia-Marcos et al., 2015; 

Houssin et al., 2015).  

 The grdn-1 gene is predicted to encode three protein isoforms: GRDN-1a (1319 aa) 

contains Hook and coiled-coil domains, which have been suggested to mediate microtubule 

binding and homodimerization, respectively, in other family members; a positively-charged 

segment that is present in all HKRP family members; and a putative PDZ-binding motif, 

composed of the tripeptide GCV, at its carboxyl terminus (Fig. 3.3A). GRDN-1b (1222 aa)  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Figure 3.3. GRDN-1/Girdin is necessary for URX and BAG dendrite extension  

(A) Schematic of GRDN-1 indicating alleles and conserved domains. HKRP, Hook-related 

protein domain. Regions present in each isoform are shown below. See Fig. 3.4 for rescuing 

activity of GRDN-1a cDNA. (B,C) Dendrite lengths of URX and BAG, respectively, as a 

fraction of nose lengths. Colored lines represent individual dendrites (n≥48 per genotype); black 

bars represent means. Shaded areas represent the wild-type mean ± 5 s.d.; dendrites in this range 

(URX, >91.9%; BAG, >90.8%) were scored as full length. (D,E) Percent of dendrites scored as 

full length for URX and BAG, respectively. Error bars, standard error of proportion.  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shares most of its sequence with GRDN-1a, but by alternative splicing acquires a smaller 79-aa 

carboxyl terminus that lacks the GCV motif. GRDN-1c (1153 aa) is produced from an alternative 

transcriptional start site, and lacks the amino-terminal Hook domain. Notably, a C-terminal 

domain that confers guanine nucleotide exchange activity in mammalian HKRP family members 

(Garcia-Marcos, Ghosh, and Farquhar, 2009) is absent from the GRDN-1 sequence.  

 The mutations we isolated are predicted to either truncate the protein or disrupt splicing, 

and provide clues as to which isoforms and domains are required for dendrite extension. Three 

alleles (ns303, ns302, and hmn7) lie outside the GRDN-1c coding sequence, while one allele 

(hmn8) lies outside the GRDN-1b coding sequence, suggesting that GRDN-1a is likely to be the 

isoform required for dendrite extension. hmn8 is predicted to truncate only the carboxyl-terminal 

26 aa of GRDN-1a yet exhibits a strong phenotype in URX, suggesting that the PDZ-binding 

GCV motif is required for dendrite extension. Consistent with these predictions, we found that 

GRDN-1a cDNA is sufficient to completely rescue URX dendrite extension, and this activity is 

severely reduced if we delete the GCV motif (Fig. 3.4). Finally, although ~75% of the grdn-1 

coding sequence is shared between all three isoforms, only two alleles (hmn4 and hmn1) affect 

this shared region, and they are predicted to spare most of the GRDN-1b isoform. This suggests 

that each of our alleles may retain some grdn-1 activity (i.e., they are hypomorphic), and 

mutations that abolish all three isoforms may have pleiotropic defects. Consistent with this 

prediction, a known deletion allele (tm6493) causes embryonic lethality (Inna V. Nechipurenko 

and Piali Sengupta, personal communication).  

 Quantification of the dendrite extension defects across the allelic series revealed that all 

grdn-1 alleles affect both URX and BAG (Fig. 3.3B-E). The penetrance of the phenotype is  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Figure 3.4. The GRDN-1 C-terminal tripeptide is required for URX dendrite extension 

Quantification of URX dendrite lengths in wild-type or grdn-1(ns303) animals bearing full-

length GRDN-1a cDNA (+GRDN-1) or GRDN-1a cDNA lacking the C-terminal tripeptide motif 

(+ΔGCV). n≥44 per genotype; error bars, standard error of proportion. Compared to no cDNA 

grdn-1 control: +GRDN-1, +ΔGCV, p<.001. Compared to wild-type control: +ΔGCV, p<.001. 

Fisher’s exact test with Bonferroni correction 
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always greater in URX than in BAG. Individual alleles affect the two neurons differently; for 

example, one allele (hmn8) that causes highly penetrant defects in URX affects BAG very 

weakly and, conversely, the allele (hmn4) with the most penetrant defects in BAG shows the 

weakest effect on URX. This suggests that grdn-1 may act differently on each neuron to promote 

dendrite extension. Throughout this work, we use the ns303 allele as it causes highly penetrant 

defects in both neurons, is predicted to truncate GRDN-1a close to its amino terminus, and 

allows us to explore functions of GRDN-1 that cannot be addressed in the lethal null.  

URX and BAG dendrites form by retrograde extension 

 To determine the mechanism by which GRDN-1 promotes dendrite extension, we asked 

whether URX and BAG dendrites form by anterograde extension, in which a dendritic process 

emerges from a stationary cell body, or by retrograde extension, as we described previously for 

the glial-ensheathed amphid dendrites, in which the dendrite ending remains anchored in place 

while the cell body moves away (Heiman and Shaham, 2009). If dendrites form by anterograde 

extension, it would imply that GRDN-1 acts by promoting neurite outgrowth, possibly by 

regulating cytoskeletal dynamics; in contrast, if dendrites form by retrograde extension, it would 

imply that GRDN-1 acts by promoting neurite anchoring, possibly through cell adhesion. 

 To visualize URX and BAG dendrite extension in wild-type embryos, we expressed a 

GFP reporter under the control of 3.5kb of egl-13 upstream sequence, which drives expression in 

URX and BAG shortly after their birth (Gramstrup Petersen et al., 2013). These neurons develop 

during a stage of embryogenesis when the embryo rapidly twitches, making time-lapse imaging 

difficult. Consequently, we developed a method for rapidly arresting embryo movement and 
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development, and collected images of ~120 arrested wild-type embryos. We then took advantage 

of the highly stereotyped nature of C. elegans embryogenesis to arrange these embryos into a 

pseudo-time-course based on morphological stages of embryo elongation (Fig. 3.5A-C).  

 At the earliest stages where we could conclusively identify URX and BAG, the dendrites 

of both neurons were already partially extended and contacted the presumptive nose (Fig. 3.5A). 

At later developmental stages, the cell bodies are positioned further away from the nose, and the 

dendrites correspondingly have increased in length to maintain contact with the nose. We then 

compared the lengths of individual dendrites to the distance between the neuronal cell body and 

the presumptive nose. A retrograde extension model predicts that dendrite length will increase at 

the same rate as the distance from cell body to the nose. Indeed, we found that dendrites undergo 

a five-fold or greater increase in length, from ~5-10 µm to ~50 µm, that corresponds exactly to 

an increasing distance from the cell body to the nose (Fig. 3.5B-C, 3G-H). Unlike amphid 

neurons, where migrating cell bodies have leading edges suggestive of active cell migration 

(Heiman and Shaham, 2009), URX and BAG cell bodies at this stage have already adopted their 

mature morphologies, including the presence of axons that extend laterally. Thus, URX and BAG 

dendrites form by retrograde extension, with the stretching force likely deriving from overall 

embryo elongation rather than active cell migration. 

  

GRDN-1 couples URX and BAG dendrite length to embryo elongation 

 Next, to determine which step in dendrite extension requires grdn-1, we performed the 

same analysis on mutant embryos. We found that URX and BAG undergo their initial 

polarization normally and form nascent dendrites that contact the presumptive nose (Fig. 3.5D).  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Figure 3.5. GRDN-1 couples dendrite extension to embryo elongation 

(A-C) URX and BAG dendrite extension in wild-type embryos expressing egl-13pro:GFP at 1.5-

fold (A), 2-fold (B), and pretzel (C) stages. Green symbols, URX; blue symbols, BAG; arrow, 

cell body; arrowhead, dendrite ending; asterisk, presumptive nose.  

(D-F) Same as (A-C) except in grdn-1(ns303) animals. (G, H) Scatter plot of URX (G) and BAG 

(H) dendrite lengths versus distance from the cell body to the nose in wild-type (filled circles) 

and grdn-1 (open circles) animals. n≥70 per genotype.  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However, during the elongation phase of dendrite extension, we often observed URX and BAG 

dendrites that had become displaced from the nose, suggesting that grdn-1 is necessary to 

maintain attachment of the dendrites to their proper targets (Fig. 3.5E-H). URX dendrites in 

grdn-1 embryos remain attached to the nose up to a length of ~15-20 µm; in embryos where the 

cell body is more than 20 µm from the nose, however, all dendrites are shorter than in wild-type 

embryos and fail to contact the nose. Full-length BAG dendrites were observed in grdn-1 

embryos at all stages, consistent with the incomplete penetrance we observed in mature BAG 

neurons. At stages where the BAG cell body is <18 µm from the nose, dendrites are always full 

length; at later stages, ~30% of dendrites are shorter than in wild-type embryos and fail to 

contact the nose. Thus, GRDN-1 is not required for the initial formation of URX or BAG 

dendrites, but is required to maintain attachment at the nose as dendrites elongate. 

  The distribution of dendrite lengths in grdn-1 embryos mirrors that of older animals, 

suggesting that the phenotype can be explained entirely by defects arising during embryogenesis. 

To test this idea, we measured dendrite lengths post-embryonically in grdn-1 animals during the 

first and fourth larval stages (L1 and L4). We found that the distribution of URX and BAG 

dendrite lengths, expressed as a percent of nose length, is indistinguishable at these stages, 

despite an approximately two-fold increase in absolute length (Fig. 3.6). Thus, defects in URX 

and BAG dendrite extension arise in the embryo, and are then followed by linear scaling of the 

shortened dendrite as the nose elongates during larval growth. This suggests that detachment 

from the nose tip may be accompanied by mis-attachment of the dendrite at a different position.  
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Figure 3.6. URX and BAG dendrite lengths scale in larval stages in grdn-1 mutants 

Quantification of URX (green) and BAG (blue) dendrite lengths, as percent of nose lengths, in 

grdn-1(ns303) mutant animals at L1 and L4 larval stages. Different individuals were scored at 

each stage. Error bars, standard deviation. 
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GRDN-1 is sufficient in glia, but not neurons, to promote dendrite extension 

 To determine the cells in which grdn-1 acts to promote dendrite extension, we expressed 

the GRDN-1a cDNA under control of cell-type-specific promoters in grdn-1 mutant animals and 

assayed rescue of the dendrite extension defect. As a positive control, we observed nearly 

complete rescue of both URX and BAG dendrites when this cDNA was driven by a 4.5kb grdn-1 

promoter sequence (Fig. 3.7A, Fig. 3.8B-D). In contrast, we observed almost no rescue when the 

cDNA was placed under control of URX- or BAG-specific promoters (flp-8pro and flp-17pro, 

respectively) (Fig. 3.7A, Fig. 3.8B-D). Similarly, we observed no rescue with a combined URX/

BAG promoter expressed shortly after the cells are born (egl-13pro) or a pan-neuronal promoter 

(rab-3pro) (Fig. 3.7A, Fig. 3.8B-D; for unknown reasons, egl-13pro:GRDN-1a enhances the 

grdn-1 phenotype in BAG). These results indicate that grdn-1 expression in URX and BAG is 

not sufficient for dendrite extension.  

 Cell-type-specific promoters sometimes fail to recapitulate the developmental timing or 

expression levels of the endogenous promoter. Therefore, we also performed mosaic analysis 

using grdn-1 animals bearing an extrachromosomal element that contains the GRDN-1a cDNA 

under control of its own 4.5kb promoter sequence together with a marker allowing us to score 

the presence or absence of this construct in URX itself (Fig. 3.7B). Across individuals, the 

presence or absence of this construct in all somatic cells correlates almost perfectly with full-

length or short URX dendrites, respectively. Therefore, rare individuals in which the left and 

right URX neurons are different (e.g. one short dendrite and one full-length dendrite) are likely 

to represent mosaic animals in which the extrachromosomal element has undergone stochastic 

loss in certain cell lineages. If grdn-1 acts cell-autonomously, then the URX neuron with a full-  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Figure 3.7. GRDN-1 can act in glia to promote dendrite extension 

(A) Quantification of URX dendrite lengths in grdn-1(ns303) animals bearing grdn-1 cDNA 

under control of the indicated promoters (n≥34 per genotype). Error bars, standard error of 

proportion. Compared to no cDNA grdn-1 control, dpy-7pro, p<0.05; ptr-10pro, pros-1pro, 

itx-1pro, p<.0001; Fisher’s exact test with Bonferroni correction. See Fig. 3.8 for scatter plots of 

individual URX and BAG dendrite lengths. (B) Results of mosaic analysis, in which 

grdn-1(ns303) animals with a stably-inherited URX marker (flp-8pro:GFP) also carried an 

unstably-inherited rescuing transgene array consisting of grdn-1pro:GRDN-1 cDNA and the 

URX marker flp-8pro:CFP. Animals in which only the left- or right-hand URX dendrite was full 

length were selected as probable mosaics, and scored for the presence (yellow) or absence (gray) 

of the rescuing array in each URX neuron. (C, D) Wild-type embryo (C) and L1 stage larva (D) 

expressing a grdn-1pro:his-24-mCherry transcriptional reporter and the glial marker 

itx-1pro:myristyl-GFP. Arrowheads, example cells expressing both markers. Scale bars, 5 µm.  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Figure 3.7 (continued). GRDN-1 can act in glia to promote dendrite extension  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Figure 3.8. Additional characterization of URX and BAG dendrite extension in grdn-1 

mutants 

(A) Wild-type (left) and grdn-1(ns303) (right) animals expressing itx-1pro::GFP to mark glia. (B) 

Quantification of BAG dendrite lengths in grdn-1(ns303) animals bearing grdn-1 cDNA under 

control of the indicated promoters (n≥40 per genotype). Error bars, standard error of proportion. 

(C,D) Scatter plots of individual URX (C) and BAG (D) dendrite lengths, as fraction of nose 

lengths, in grdn-1(ns303) animals bearing grdn-1 cDNA under control of the indicated 

promoters. Shaded areas represent the wild-type mean ± 5 s.d. for each neuron type. The data 

presented in these panels is summarized as percent of neurons with full-length dendrites (i.e., 

fraction of dendrites falling in the shaded areas) in Fig. 3.7A (URX) and 3.8B (BAG).  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Figure 3.8 (continued). Additional characterization of URX and BAG dendrite extension in 

grdn-1 mutants  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length dendrite would always carry the construct, while the neuron with a short dendrite would 

almost always lack the construct. However, in addition to this class of animals (Class I, 23%), we 

also observed two classes of animals in which URX neurons had full-length dendrites but lacked 

the construct (Classes II and III, 16% together), indicating that the presence of the construct in 

URX is not necessary for rescue. Similarly, we observed two classes of animals in which URX 

neurons had short dendrites despite carrying the construct (Classes II and IV, 65% together), 

indicating that the presence of the construct in URX is not sufficient for rescue. Thus, grdn-1 

promotes URX dendrite extension in a non-cell-autonomous manner. 

 Due to the close association of IL socket glia with URX and BAG dendrites near the nose 

tip, we reasoned that grdn-1 might act in glia to promote dendrite extension. We placed the 

GRDN-1a cDNA under the control of three different promoters expressed in IL and OL glia 

(ptr-10pro, pros-1pro, and itx-1pro) (Yoshimura et al., 2008; Murray et al., 2012; Haklai-Topper et 

al., 2011). We found that each of these constructs rescued about half of the URX dendrites to full 

length (Fig. 3.7A, Fig. 3.8C). Thus, grdn-1 can act in glia to promote URX dendrite extension. In 

BAG, we observed mild but not significant rescue using glial promoters, so we can not conclude 

whether grdn-1 is sufficient in glia for BAG dendrite extension. In these experiments, incomplete 

rescue may have been obscured by the weak baseline penetrance of the BAG dendrite defects (Fig. 

3.8B,D). Incomplete rescue of dendrite extension in either neuron could be caused by inappropriate 

timing of expression, since these promoters only become active near the stage when grdn-1 defects 

arise, or could reflect a requirement for grdn-1 in additional cells. Expression of GRDN-1a cDNA 

under control of a hypodermal promoter (dpy-7pro) produced a lower level of rescue in URX, 

consistent with the idea that grdn-1 may not act solely in glia.  
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 We next examined the embryonic and larval expression pattern of grdn-1 to determine if 

it is normally expressed in glia. We generated a grdn-1 transcriptional reporter and found that it 

is broadly expressed in the embryo from late gastrulation onwards. To visualize glial cells, we 

identified a 1kb element within the itx-1 promoter that is expressed in embryonic and larval glia 

and excludes the bright gut expression seen with the full-length promoter (see Materials and 

Methods). By examining co-expression of these markers, we found that a subset of glial cells 

express grdn-1, including the IL socket glia that contact URX and BAG (Fig. 3.7C). This 

expression persists into early larval stages (Fig. 3.7D), but is absent in adult animals. 

Importantly, these glia appear normal in grdn-1 mutants, and still extend full-length processes to 

the nose where they form specialized endings that wrap around glial-ensheathed dendrites (Fig. 

3.8A). Thus, grdn-1 is normally expressed broadly, including in some glia, at the time of dendrite 

extension, and its expression in glia is sufficient to promote URX dendrite extension. 

GRDN-1 localizes within glia to sites of neuron-glia contact 

 To determine how GRDN-1 acts in glia to promote dendrite extension, we asked where it 

localizes within glial cells. We generated a superfolderGFP(sfGFP)-GRDN-1a fusion protein 

under control of the grdn-1 promoter and confirmed that it rescues dendrite defects in 

grdn-1(ns303) mutant animals (data not shown). We found that sfGFP-GRDN-1 localizes in 

punctate structures in the embryo and larva, with particular densities surrounding the nose, 

including the endings of glia (Fig. 3.9). To more closely examine the localization of GRDN-1 

within glia, we next expressed sfGFP-GRDN-1 under control of the glial itx-1 promoter. We  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Figure 3.9. GRDN-1 localizes to glial endings 

(A) Wild-type embryo expressing GFP-GRDN-1 under control of the grdn-1 promoter. Asterisk, 

presumptive nose. (B) Wild-type larva expressing GFP-GRDN-1 (green) under control of the 

grdn-1 promoter, and myristyl-mCherry (magenta) in glia (itx-1pro). Inset, glial endings. 
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found that glial-expressed GRDN-1 localizes in some embryos near dendrite endings (Fig. 

3.10A) and, in L1 animals, it consistently localizes at points where the URX and BAG dendrite 

tips are closely apposed to a glial cell (Fig. 3.10B,C). In all cases, the URX dendrite terminates 

near a focus of glial-expressed GRDN-1 at the nose (n=30/30, Fig. 3.10D). The localization of 

these puncta at the nose is highly stereotyped across animals, while the number and position of 

additional GRDN-1 puncta are more variable (2.6±1.0 total puncta per glial cell). This 

stereotyped localization of GRDN-1 in glia at a position adjacent to dendrite endings is 

suggestive of a neuron-glia contact site. 

 To identify the site where URX and glia make direct cell-cell contact, we adapted a cell-

contact labeling system designed to mark synaptic contacts (GRASP; GFP Reconstitution Across 

Synaptic Partners) that was previously used to label neuron-glia contacts in the C. elegans nerve 

ring (Feinberg et al., 2008; Shao et al, 2013). In this system, two complementary fragments of 

GFP are expressed on the extracellular faces of neighboring cells, such that fluorescence is 

reconstituted only at sites where their plasma membranes come into molecular contact. We 

expressed the two fragments, CD4-spGFP1-10 and CD4-spGFP11, in URX and glia respectively 

(URX+Glia GRASP) together with a cytoplasmic fluorescent marker in URX for reference. We 

observed reconstituted fluorescence signals of variable lengths at dendrite endings (Fig. 3.10E), 

suggesting that the apposition of neuron and glia membranes is not restricted to a single point but 

rather ranges over ~3-30 µm along the distal dendrite (Fig. 3.10G). As a control, no signal was 

observed when either GFP fragment was expressed alone (data not shown). In grdn-1 mutants, 

we found that although dendrites no longer extend to the nose tip, the neuron and glia 

membranes are still in contact at the dendrite ending (Fig. 3.10E). This suggests that the role of  

!136



Figure 3.10. GRDN-1 localizes within glia to sites of neuron-glia contact 

(A) Wild-type embryo expressing glial GFP-GRDN-1 (itx-1pro, green) and BAG mCherry 

(egl-13pro, purple). Arrowhead, glial-expressed GRDN-1 at BAG dendrite ending. (B, C) L1 

stage larvae expressing glial YFP-GRDN-1 (itx-1pro, yellow), glial myristyl-mCherry (itx-1pro, 

red), and CFP (blue) in either URX (B, flp-8pro) or BAG (C, flp-17pro). Arrowheads, glial-

expressed YFP-GRDN-1 at URX/BAG dendrite endings. See Fig. 3.9 for grdn-1pro:GFP-

GRDN-1. (D) Positioning of glial YFP-GRDN-1 along the URX dendrite. Each line represents a 

single URX dendrite, and the position of any YFP-GRDN-1 punctum directly adjacent to that 

dendrite in any direction is indicated by a black dot. (E) Wild-type (left) or grdn-1 (right) animals 

expressing URX mCherry (flp-8pro, purple) and URX+Glia GRASP (itx-1pro:CD4-spGFP1-10 

and flp-8pro:CD4-spGFP11, green). White and gray arrowheads, anterior and posterior extents of 

URX+Glia GRASP signal respectively. Asterisks, autofluorescence at mouth opening; as the 

GRASP signal is faint, additional autofluorescence throughout the head is also visible. (F) Wild-

type animal expressing glial mApple-GRDN-1 (itx-1pro, purple) and URX+Glia GRASP 

(green). Arrowhead, glial mApple-GRDN-1 at the anterior extent of the URX+Glia GRASP 

signal. (G) Positioning of glial mApple-GRDN-1 (black dots) along the URX+Glia GRASP 

signal (green lines). Each line represents one URX-glia pair. Because URX is not labeled, only 

mApple-GRDN-1 puncta directly adjacent to the GRASP signal in any direction were scored.  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Figure 3.10 (continued). GRDN-1 localizes within glia to sites of neuron-glia contact  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grdn-1 is to set the proper position of the neuron-glia contact site rather than to create it.  

 To determine whether GRDN-1 itself localizes to wild-type neuron-glia contacts, we 

introduced glial-expressed mApple-GRDN-1 in combination with URX+Glia GRASP. We found 

that glial-expressed GRDN-1 localized in 34 of 35 animals to a punctum that marked the most 

anterior extent of the neuron-glia contact (Fig. 3.10F-G). This suggests a model in which 

GRDN-1 acts within glia to promote the formation of a neuron-glia attachment site near the 

dendrite ending, with this attachment possibly "zipping up" to variable extents along the 

remainder of the dendrite. 

SAX-7 is required for URX and BAG dendrite extension 

 How does the cytoplasmic protein GRDN-1 promote formation of a neuron-glia contact? 

We reasoned that it might act in conjunction with a cell-surface adhesion protein in glia, and 

mutants that disrupt this factor should exhibit the same phenotype as grdn-1. Indeed, we found 

that the remaining four mutants isolated in our original screens for URX and BAG dendrite 

defects form a complementation group, and by conventional mapping approaches we identified 

the relevant gene as sax-7 (Fig. 3.11A). sax-7 encodes a transmembrane cell adhesion molecule, 

related to mammalian L1CAM, that is expressed in all cells and acts broadly in the nervous 

system (Chen et al., 2001; Sasakura et al., 2005). SAX-7 is required to maintain neurite 

fasciculation and cell body positions over the life of the animal (Zallen et al., 1999; Sasakura et 

al., 2005; Benard et al., 2012), and it acts in hypodermis to pattern the dendritic arbors of body 

wall neurons (Dong et al., 2013; Salzberg et al., 2013). L1CAM family members are also known 

to mediate neuron-glia adhesion in other systems (Grumet and Edelman, 1984; Stoeckli et al.,  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Figure 3.11. sax-7 is required for URX and BAG dendrite extension and may act with 

grdn-1 

(A) Schematic of SAX-7 indicating alleles and conserved domains. Ig, immunoglobulin; FNIII, 

fibronectin type III; TM, transmembrane. Regions present in each isoform are shown below. 

(B,C) Dendrite lengths of URX and BAG, respectively, as a fraction of nose lengths. Colored 

lines represent individual dendrites (n≥48 per genotype); black bars represent means. Shaded 

areas represent the wild-type mean ± 5 s.d.; dendrites in this range (URX, >91.9%; BAG, 

>90.8%) were scored as full length. (D,E) Percent of dendrites scored as full length for URX and 

BAG, respectively, in wild-type or sax-7(hmn12) animals alone (–) or bearing sax-7 cDNA under 

control of the indicated promoters (n≥49 per genotype). Error bars, standard error of proportion. 

Compared to no cDNA sax-7 control, URX: grdn-1pro, flp-8pro, itx-1pro, flp-8pro+itx-1pro, p<.

01; BAG: grdn-1pro, flp-17pro, flp-17pro+itx-1pro, p<.01; Fisher’s exact test with Bonferroni 

correction.  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Figure 3.11 (continued). sax-7 is required for URX and BAG dendrite extension and may 

act with grdn-1 
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1997); thus, SAX-7 is a promising candidate to bridge glial GRDN-1 activity and URX or BAG 

dendrites.  

 Like mutations in grdn-1, mutations in sax-7 affect both URX and BAG dendrite 

extension (Fig. 3.11B,C); however, unlike grdn-1 mutations, sax-7 mutations exhibit weaker 

effects on URX than BAG. The effects on dendrite extension are specific to URX and BAG: 

none of the other head sensory neurons we examined showed similar defects in dendrite 

extension (Fig. 3.12A), although they exhibit previously described defects in the maintenance of 

cell body positions, axon positions, and dendrite fasciculation. Glial morphology is grossly 

normal at a stage when the dendrite extension phenotype is already present, shortly after 

hatching (Fig. 3.12B), though glial processes develop aberrant morphologies later as the animal 

ages.  

 Two of the sax-7 alleles we isolated (hmn12 and hmn159) result in an identical nucleotide 

change despite arising from separate screens for URX and BAG, respectively; another allele 

(ky146) that results in the same codon change has also been isolated by another group screening 

for a different phenotype (Zallen et al., 1999). These alleles are predicted nulls that truncate the 

protein prior to the transmembrane domain (Sasakura et al., 2005). Notably, when we generated 

sax-7(hmn12); grdn-1(ns303) mutants, we found that the two mutations enhance each other for 

both URX and BAG dendrite extension phenotypes (Fig. 3.11B,C). Thus, the partial extension of 

URX and BAG dendrites in grdn-1 mutants depends on sax-7. Since the grdn-1(ns303) mutation 

is predicted to retain some activity, this is consistent with sax-7 and grdn-1 acting either together 

or in parallel to promote neuron-glia adhesion. These results may explain why neuron-glia 

contacts are present but mislocalized in grdn-1 mutants; a short dendrite may adhere to the  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Figure 3.12. sax-7 does not affect dendrite extension in other neuron types 

(A) Quantification of dendrite lengths as a fraction of nose length for the indicated neuron types 

in wild-type (left column) and sax-7(hmn12) mutant (right column) animals. Colored bars 

represent individual dendrites (n≥50 per column); black bars represent means. Shaded areas 

represent the wild-type mean ± 5 s.d. for each neuron type; the percent of mutant dendrites in 

this range ("full-length dendrites") is given. (B) sax-7(hmn12) mutant animal at L1 stage 

expressing myristyl-mCherry in glia (itx-1pro).  

!143



 

Figure 3.12 (continued). sax-7 does not affect dendrite extension in other neuron types  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incorrect location on the glial cell in a SAX-7-dependent manner. 

 To determine if sax-7 also acts in glial cells to promote dendrite extension, we expressed 

a SAX-7 cDNA in the sax-7 mutant background under cell-type-specific promoters and assayed 

rescue of the dendrite extension phenotypes. When the SAX-7 cDNA is expressed under control 

of the grdn-1 promoter, it produces strong rescue of both URX and BAG dendrite extension (Fig. 

3.11D,E). Dendrite extension is partially rescued by expression of neuron-specific (flp-8pro for 

URX, flp-17pro for BAG) or glial (itx-1pro) promoters, indicating that SAX-7 is capable of 

acting in either cell type, presumably in heterophilic interactions with another cell adhesion 

molecule. Rescue of dendrite extension is greatest, however, when SAX-7 is co-expressed in the 

neuron and glial cell, consistent with SAX-7 acting in a homophilic manner to mediate neuron-

glia contact (Fig. 3.11D,E).  

GRDN-1 recruits SAX-7 to glial endings 

 If GRDN-1 and SAX-7 act together to position a neuron-glia contact, then we predict that 

SAX-7 would also localize to glial endings at the nose tip. We expressed SAX-7-YFP in glia 

together with mApple-GRDN-1 and found that SAX-7 localizes throughout the glial membrane, 

but is enriched at glial endings where dendrite contact occurs (Fig. 3.13A). SAX-7 and GRDN-1 

only occasionally co-localize with each other and often occupy distinct domains, suggesting that 

there may not be a direct physical interaction between the two proteins (Fig. 3.13A). We 

considered the possibility that SAX-7 might appear enriched at glial endings simply because 

there is higher membrane density in this part of the cell. Therefore, we used myristyl-mCherry 

(myr-mCherry) as a marker of bulk membrane, and quantified the ratio of SAX-7-YFP to myr-  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Figure 3.13. GRDN-1 is required to localize SAX-7 to glial endings 

(A) Wild-type animal expressing SAX-7-YFP (yellow) and mApple-GRDN-1 (red) in glia 

(itx-1pro) and CFP in URX (blue, flp-8pro). Pairwise relationships for all markers at the glial 

endings are shown at right. (B) Wild-type (left) or grdn-1 (right) animals expressing SAX-7-YFP 

(yellow) and myristyl-mCherry (red) in glia (itx-1pro). Insets, enrichment or depletion of SAX-7-

YFP at glial endings. See Fig. 3.14 for mApple-GRDN-1 localization in sax-7 animals. (C) 

grdn-1 animal expressing sfGFP-GRDN-1∆GCV (green) and myristyl-mCherry (red) in glia 

(itx-1pro). Inset, glial endings. (D) Same as B, but in grdn-1 animals expressing wild-type 

GRDN-1 (left) or GRDN-1∆GCV (right) transgenes. Scale bars, 5 µm. (E) Intensity of SAX-7-

YFP fluorescence, normalized to total membrane (myristyl-mCherry, see Experimental 

Procedures), along the glial process in wild-type (gray) or grdn-1 (red) animals. Lines represent 

averaged intensities (n≥18 glia); shaded areas represent standard error of proportion. (F) 

Distribution of SAX-7-YFP fluorescence intensity in the most distal 1 µm portion of glial 

endings (boxed region in E). Colored bars represent individual glia; black bars represent means. 

p<.0001, Mann-Whitney U test. (G,H) Same as E and F, but in grdn-1 animals expressing wild-

type GRDN-1 (WT, gray) or GRDN-1∆GCV (∆GCV, red) transgenes. p<.01, Mann-Whitney U 

test.  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Figure 3.13 (continued). GRDN-1 is required to localize SAX-7 to glial endings  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mCherry along the glial process (see Experimental Procedures). We found that a subset of glia 

exhibit up to two-fold enrichment of SAX-7 at glial endings relative to the rest of the glial 

process (Fig. 3.11B, 3.11E-F). We performed the same quantification in grdn-1 animals, and 

found that SAX-7 is depleted in all glial endings, up to four-fold relative to the glial process (Fig. 

3.11B, 3.11E-F). This depletion is not due to relocalization of glial SAX-7 to sites where 

shortened dendrites now contact the glial cell; thus, the position of the dendrite does not instruct 

SAX-7 localization. In contrast, glial GRDN-1 properly localizes to glial endings in sax-7 

mutants (Fig. 3.14). Together, these results show that GRDN-1 acts upstream of SAX-7 to 

promote dendrite extension.  

 Because the PDZ-binding motif of GRDN-1 is required for its function (Fig. 3.4), we 

asked whether it might mediate protein-protein interactions that are required for the localization 

of GRDN-1 to glial endings or the recruitment of SAX-7. We found that sfGFP-GRDN-1∆GCV 

localizes properly to glial endings, so its PDZ-binding motif is not required for localization, but 

instead presumably mediates interactions with other proteins required for dendrite extension 

(Fig. 3.13C). Next, we tested whether the GRDN-1 PDZ-binding motif is required to recruit 

SAX-7 to glial endings. We expressed either full-length GRDN-1 or GRDN-1∆GCV in grdn-1 

animals under control of the endogenous grdn-1 promoter and quantified the localization of glial-

expressed SAX-7-YFP. We found that full-length GRDN-1, but not GRDN-1∆GCV, is sufficient 

to rescue SAX-7 enrichment at glial endings (Fig. 3.13D, 3.13G-H). These results support a 

model in which GRDN-1 localizes to glial endings and, through its PDZ-binding motif, recruits 

SAX-7 to the glial ending where neuron-glia contacts will form.  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Figure 3.14. sax-7 is not required for GRDN-1 localization in glia 

sax-7(hmn-12) mutant animal expressing YFP-GRDN-1 (green) and myristyl-mCherry 

(magenta) in glia (itx-1pro). Inset, glial endings. 
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DISCUSSION 

A localized glial attachment causes dendrites to extend by stretch 

 Glia shape neurons through a variety of mechanisms, including guidance cues, signaling, 

and direct engulfment of synapses (Lemke 2001; Schafer et al., 2012; Clarke and Barres, 2013; 

Syed et al., 2016). Here, we provide evidence for an additional mechanism that involves using a 

glial attachment site to harness the mechanical force of embryo elongation, thus causing 

dendrites to grow by stretch. Our studies support the following model: GRDN-1 localizes near 

glial endings and, through its PDZ-binding motif, recruits SAX-7 to a compartment near the 

endings of glial cells. We will refer to this preformed adhesive site as the ansula, from the Latin 

word for a small handle or hook used for attachment. URX and BAG are born near the nose and 

attach their dendrites to the ansula via SAX-7 and other adhesion molecules. As the embryo 

elongates, the distance between the URX and BAG cell bodies and their attachment at the ansula 

increases, generating a tensile force on the intervening dendrites that causes them to stretch 

proportionally. In grdn-1 mutants, SAX-7 is depleted from the ansula but persists along the glial 

process; the URX and BAG dendrites therefore attach aberrantly at other positions along the glial 

process, leading to variable-length dendrites that nevertheless scale with larval growth.  

 What kind of cell attachment is this? Ultrastructurally, apical junctions consisting of 

closely-spaced tight junctions and adherens junctions, as found in epithelia, are observed 

between glia and their ensheathed neurons but not between glia and the non-ensheathed neurons 

URX and BAG (Ward et al., 1975). Likewise, at the molecular level, we have recently shown 

that the apical junction marker AJM-1 localizes to junctions between glia and ensheathed 

neurons, but we have not detected it at the glia:URX interface (not shown). Thus, the URX and 
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BAG attachments are different from apical junctions. Nevertheless, they share some relevant 

features: SAX-7 is also a component of epithelial junctions and, like the epithelial adhesion 

molecule E-cadherin, it can recruit ankyrin and other scaffolding proteins to the plasma 

membrane (Chen et al., 2001; Kithatil et al., 2007; Lynch et al., 2012). Interestingly, SAX-7 

localizes to contacts between all cells in early embryos, beginning at the 2-cell stage, suggesting 

a widespread role in non-epithelial cell attachments (Chen et al., 2001). Determining whether 

other epithelial junction components, such as cadherin and ankyrin, are present at the glial 

attachment to URX and BAG is an important future direction, but will be challenging to resolve 

due to the nearby apical junctions with glial-ensheathed neurons. Indeed, it is remarkable that 

glia can distinguish URX and BAG from ensheathed neurons and generate structurally distinct 

attachments, given that these neuron-glia contacts are only ~500 nm apart. 

  Positioning of an attachment site through subcellular localization of SAX-7/L1CAM can 

be viewed as part of a broader theme now emerging across systems. L1CAMs were first 

identified as being required for neuron-glia adhesion in the developing brain (Grumet and 

Edelman, 1984) and have since been implicated in neuron-glia interactions that drive 

myelination, axon tract formation, and subcellular targeting of axons (Seilheimer et al., 1989; 

Chen and Hing, 2008; Ango et al., 2008). SAX-7 was recently shown to be localized in stripes on 

the C. elegans hypodermis that guide the outgrowth of branched dendrites of the 

mechanosensory neuron PVD (Dong et al., 2013; Salzberg et al., 2013). In that case, the 

mechanism of SAX-7 localization is passive, by exclusion from pre-existing contacts between 

the hypodermis and underlying muscle sarcomeres—the stripes are essentially the "empty 

spaces" remaining on the plasma membrane—and SAX-7 seems to act in that context as a 
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substrate for neurite outgrowth rather than at a cell attachment site that transmits mechanical 

force (Liang et al., 2015). Despite these differences, these systems have converged on the use of 

subcellular localization of SAX-7 in non-neuronal cells to pattern neurons. This strategy may 

also be used in the mammalian brain, as the L1CAM family member CHL1 is expressed in 

Bergmann glia but is restricted to a subset of glial processes that interact with Purkinje cell 

dendrites and stellate cell axons (Ango et al., 2008). The mechanism of localization in this case is 

not known, but it is noteworthy that two independent transcript-profiling studies found that 

Girdin is 4.9-and 3.7-fold enriched in glial over non-glial cells in mouse juvenile brain and adult 

cortex, respectively (Cahoy et al., 2008; Lovatt et al., 2007). Thus, mammalian glia might also 

actively localize L1CAM family adhesion molecules, possibly via Girdin, as we have shown 

here in C. elegans.  

GRDN-1/Girdin may strengthen cell-cell attachments undergoing tensile stress 

 Like SAX-7, GRDN-1 is broadly expressed in the embryo, suggesting a widespread role 

in establishing or maintaining cell attachments. Mammalian Girdin is also broadly expressed 

outside the nervous system; this expression includes skeletal muscle, tendons, and blood vessels, 

all structures that undergo considerable tensile stress (Asai et al., 2012). Cyclic tension induces 

Girdin expression in osteoblasts (Hu et al., 2015) and the related HKRP family member Gipie is 

upregulated by mechanical stretch in endothelial cells (Matsushita et al., 2011), suggesting a 

shared role for HKRP family members in resisting mechanical stress at cell attachments. 

Consistent with this hypothesis, Girdin is required for adherens junction formation in epithelial 

cells (Sasaki et al., 2015; Ichimiya et al., 2015; Houssin et al., 2015) and phosphorylated Girdin 
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accumulates at focal adhesions to maintain their integrity (Omori et al., 2015; Lopez-Sanchez et 

al., 2015). Girdin is also upregulated in gliomas—brain or spinal tumors arising from glial cells

—as well as other cancers, and reducing Girdin levels inhibits the ability of glial tumor cells to 

adhere and migrate (Gu et al., 2014; Ni et al., 2015). Finally, Girdin localizes to attachment sites 

between migrating neuroblasts, suggesting that in mammals it also acts at neuronal attachments 

undergoing mechanical stress (Wang et al., 2011). Situated at cell attachments at the interface 

between the plasma membrane and the cytoskeleton, Girdin is ideally suited to act in tension-

sensing mechanisms during cell morphogenesis or migration.  

 Ha et al. recently reported that the loss of Girdin results in pleiotropic defects in the 

development of ciliated mechanosensory neurons in Drosophila, including absence of ~60% of 

the neurons, clustering of cell bodies, degeneration of dendrites, and loss of cilia (Ha et al., 

2015). Intriguingly, these Drosophila dendrites may also grow by a process similar to retrograde 

extension (Hartenstein, 1988; Mrkusich et al., 2010), and Girdin localizes at actin-rich structures 

near the dendrite endings suggestive of neuron-glia attachments, although it could not be 

determined whether it acts in the neurons, the surrounding glial-like support cells, or both. 

Nevertheless, these results strongly hint at an evolutionarily conserved role for Girdin in shaping 

sensory dendrites that form close contacts with glia. Drosophila mutants lacking L1CAM/

Neuroglian exhibit defects reminiscent of those described for Girdin, including disorganization 

of mechanosensory dendrites and clustering of neuronal cell bodies (Hall and Bieber, 1997), 

suggesting that an interplay between Girdin and L1CAM might also be conserved. 

 How does GRDN-1/Girdin organize cell attachments? GRDN-1 is unlikely to interact 

directly with SAX-7 because they occupy adjacent but non-overlapping domains in the ansula. 
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Instead, our data suggest a model where GRDN-1 acts in a scaffolding and/or signaling capacity 

to organize a subcellular compartment that is enriched in adhesion molecules, likely by recruiting 

a PDZ domain-containing protein through its carboxy-terminal GCV motif. Candidate PDZ 

domain proteins include members of the Disheveled pathway (MIG-5, DSH-1, and DSH-2) and 

the cell polarity protein PAR-3, which interact with HKRP family members in other contexts 

(Oshita et al., 2003; Hilger and Mann, 2012; Ohara et al, 2012). GRDN-1 was shown to bind 

DSH-1 in a genome-wide survey of PDZ binding proteins (Lenfant et al., 2010), and both 

mammalian Girdin and Daple can bind Disheveled (Hilger and Mann, 2012; Oshita et al., 2003). 

Mammalian Girdin interacts with Par-3 to determine epithelial cell polarity (Ohara et al., 2012; 

Sasaki et al., 2015), suggesting that a PAR-3/GRDN-1 interaction could also occur in glia to 

establish a polarized subcompartment. Notably, expression of our GRDN-1 constructs is detected 

only in embryos and young larvae, while cell adhesion molecules such as SAX-7 persist into 

adulthood. Thus, GRDN-1 acts through a PDZ domain-containing protein to position adhesive 

compartments during development, as cell attachments are forming and under the greatest 

morphogenetic stress, and may not be required later to maintain these attachments against the 

stresses generated by the movement of adult tissues.  

Distinct mechanisms for dendrite scaling during organismal growth 

 Finally, URX and BAG dendrite extension is mechanistically distinct from what we 

previously reported for glial-ensheathed neurons, although both involve stretching of dendrites 

due to mechanical force. We recently provided evidence that, because glial-ensheathed neurons 

form epithelial junctions with glia and have an apical surface exposed to the environment, they 
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constitute a sensory epithelium analogous to the mammalian inner ear or olfactory epithelium 

(see Chapter 2). We showed that this neuron-glia epithelium resists mechanical stretch through 

the action of DYF-7, a filament-forming extracellular protein that coats its apical surface. 

However, because most neurons in the mammalian brain are not embedded in epithelia and 

DYF-7 family proteins are not expressed there, it was unclear how to extend these findings to the 

mammalian central nervous system. In contrast, the interaction of URX and BAG dendrites with 

glia is non-epithelial, does not require DYF-7, and resembles interactions found in the 

mammalian central nervous system. For example, dendrites of cerebellar Purkinje cells form 

tight associations with Bergmann glia (Lordikipanidze and Dunaevsky, 2005), and these glia 

form ansula-like microdomains that contact synapses (Grosche et al., 1999; Lippman et al., 

2008). The cerebellum more than triples in volume during the first year of life (Knickmeyer et 

al., 2008) and neurons here and elsewhere in the body must scale in size to keep pace with 

organismal growth. Our results provide a mechanism for how dendrite morphogenesis might be 

coupled to growth.  

 Additionally, we demonstrate that such scaling mechanisms can be used to introduce new 

morphological features to a cell. By selectively stabilizing endpoints while allowing the dendrite 

to be deformable under tension, the animal can use the general mechanism of tissue growth to 

extrude a dendrite from an otherwise undifferentiated shape. This has the benefit of robustness: 

the connectivity of the neural circuit is not only maintained throughout normal growth of the 

organism, but it is also resistant to evolutionary changes in the shape and sizes of surrounding 

tissues. In such a mechanism, organismal growth itself acts as a morphogen: the topology of cell 

attachments is established early in development, then dendrites and axons are simply stretched 
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into their final shapes as the organism grows. Our results provide a framework for thinking about 

how preformed adhesion compartments can determine cell attachment sites and, ultimately, cell 

shape. 
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CHAPTER 4

Genetic determinants of URX dendrite morphology 

Ian G. McLachlan and Maxwell G. Heiman  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INTRODUCTION 

 Cell shape is essential to cell function, and this is especially apparent in highly polarized 

cells such as neurons, which have distinct compartments specialized to receive, process, and 

relay information from cell to cell. Dendrites, the neuronal compartments that most commonly 

receive synaptic input, often develop highly branched morphologies and exquisitely specific 

patterns of connectivity. Here, we use the simple, unbranched, C. elegans sensory dendrites as 

our models to uncover the basic cellular mechanisms and biophysical principles that underlie 

dendrite extension (Ward et al., 1975). To identify novel regulators of dendrite morphogenesis in 

vivo, we performed a forward genetic screen for mutant animals with defects in the dendrites of 

URX sensory neurons. We obtained five “classes” of URX mutant, and this chapter provides our 

initial characterization of four of these classes of these mutants.  

EXPERIMENTAL PROCEDURES 

 Descriptions of general methods for Caenorhabditis elegans maintenance, transgenesis, 

mutagenesis, microscopy, image processing, and quantification of dendrite lengths can be found 

in Chapter 3. Information on strains and plasmids can be found in Appendix 3.  

Genetic mapping of mutations 

 hmn2, hmn5, and hmn6 were each mapped to ~1 Mb intervals by a one-step whole-

genome sequencing and SNP mapping strategy (Doitsidou et al., 2010). Candidate mutations 

were confirmed as causative by rescuing the URX dendrite phenotype with injections of the 

following fosmid DNA: 
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 hmn2: WRM065bA04 

 hmn5: WRM0615aA10 

 hmn6: WRM066dD12 

hmn51 was identified as an allele of mapk-15 by non-complementation to hmn5 and Sanger 

sequencing. For nucleotide changes, see Appendix 3.  

Mosaic analysis of MAPK-15 activity 

 Animals of genotype mapk-1(hmn5) V; ynIs78 X (flp-8pro:GFP) carried an unstable 

extrachromosomal transgene array that included the fully rescuing WRM0615aA10 fosmid and 

flp-8pro:mCherry. To obtain animals that were mosaic for the array, we selected animals in which 

the array was expressed in one URX neuron but not the other. Each mosaic animal was then 

mounted on a slide and imaged, with each URX neuron scored for the presence or absence of the 

array (as indicated by the presence or absence of flp-8pro:mCherry) and whether the dendrite 

was wild-type or overgrown.  

RESULTS

Isolation of URX dendrite morphogenesis mutants 

 To identify genes required for normal URX dendrite morphogenesis, we chemically 

mutagenized hermaphrodites bearing an integrated GFP reporter for URX (flp-8pro::GFP; Kim 

and Li, 2004) and visually screened non-clonal F2 progeny for individuals with defective URX 

dendrites. Wild-type URX neurons are bipolar, with cell bodies situated posterior to the nerve 
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ring, and project a single axon into the nerve ring and a single unbranched dendrite to the tip of 

the nose (Fig. 4.1A). From this screen, we isolated 17 recessive mutants that affect URX 

morphogenesis. Eight of these mutants exhibit shortened URX dendrites with few other 

morphological defects (Class I mutants). These fall into complementation groups that defined 

grdn-1 (six alleles) and sax-7 (two alleles) and are reported in Chapter 3.  

 The remaining nine mutants could be grouped into four additional classes based on 

phenotype: (Class II) pleiotropic morphological defects including short or distorted dendrites, 

mispositioned cell bodies, and axon misrouting (hmn11, hmn14, hmn15, hmn16); (Class III) 

complete loss of flp-8pro::GFP expression in URX (hmn13); (Class IV) a swelling near the 

dendrite ending that occasionally becomes a branch (hmn2); and (Class V) overgrowth of the 

URX dendrite (hmn5, hmn6, hmn17). Here, I will briefly review the phenotypic characterization 

of the Class II-IV mutants, and then provide a more detailed analysis of Class V. 

Class II mutants (hmn11, hmn14, hmn15, and hmn16) exhibit pleiotropic morphological 

defects 

 One class of mutants we identified show a variety of defects in URX morphology. The 

mutant hmn15 is representative of this class (Figure 4.1B-D). hmn15 animals have highly 

disorganized URX dendrites and axons that do not follow their normal paths. When dendrites are 

present, they are blebbed and kinked (Fig. 4.1C). The dendrites are often missing entirely (Fig. 

4.1B,D), but rarely of partial length, distinct from grdn-1 and sax-7 mutants. Furthermore, URX 

cell bodies are occasionally mispositioned posteriorly in hmn15 mutants. The hmn11 and hmn14  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Figure 4.1. hmn15 and hmn16 mutants have extensive defects in URX morphogenesis 

URX neurons in (A) wild-type, (B-D) hmn15, and (E-G) hmn16 backgrounds. Scale bar, 10 µm.  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phenotypes are similar to this mutant (not shown). We do not know if any of these mutations fail 

to complement each other, but given their phenotypic similarity, it is likely.  

 hmn16 is similar to hmn15, hmn11, and hmn14, except there are more instances of partial 

length URX dendrites than dendrites that are entirely absent (Fig. 4.1E-G). Overall, the 

morphology of the hmn16 URX neurons appears more structured than in the other set of mutants. 

Another difference from hmn15 is that the URX cell body is occasionally mispositioned in the 

anterior ganglion; in these cases, URX looks very similar to a BAG neuron with a short dendrite 

(Fig. 4.1F; see also Fig. 3.1). The causative mutations have not yet been mapped for any of these 

strains.  

The Class III mutant hmn13 causes loss of URX cell fate 

 Several mutants have previously been isolated for URX cell fate defects in similarly 

designed screens—such as EGL-13/SoxD and AHR-1/Spineless—and it is possible that hmn13, 

which results in the loss of URX marker expression, is allelic to one of these (Gramstrup 

Petersen et al., 2013; Qin et al., 2006). Furthermore, egl-13 also regulates BAG cell fate, and 

mutations in egl-13 can produce sporadic morphological defects in BAG neurons that retain 

marker expression (Elizabeth Lamkin, personal communication), so it is possible that the above 

Class II mutants with pleiotropic defects may also affect factors that regulate URX cell identity. 

That is, the pleiotropic defects of Class II mutants could arise by more weakly penetrant 

disruptions of cell fate specification. Since URX and BAG cell identity are related, it is also 

possible, though highly speculative, that the Class II hmn16 mutation causes a partial URX-to-
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BAG conversion. For these reasons, Class II and III mutants can be tentatively grouped together 

as cell fate mutants. 

The Class IV mutant tni-3(hmn2) produces an ectopic branch in the distal URX dendrite 

 The following three lines of evidence indicate that hmn2 is an allele of tni-3: first, whole-

genome sequencing of recombinants revealed a premature termination mutation in tni-3 (Fig. 

4.2A); second, this mutation was homozygous in all affected recombinants analyzed and thus 

cosegregates with the phenotype; and, third, a fosmid bearing wild-type tni-3 rescues the 

phenotype. 

 tni-3 encodes one of four troponin I homologs in C. elegans.Troponin I is a component of 

the troponin complex, which is part of the contraction machinery of skeletal and cardiac muscle 

(Seidman and Seidman, 2001). The troponin complex binds to tropomyosin and actin in a 

calcium-dependent manner to regulate muscle contraction. Troponin I is the inhibitory subunit of 

the complex; calcium entry releases troponin I inhibition of actin-myosin binding, and thus, 

allows for muscle contraction to occur (Seidman and Seidman, 2001). In humans, mutations in 

Troponin I are associated with familial cardiomyopathies (Kimura et al., 1997; Willott et al., 

2010). In C. elegans, RNAi against tni-3 suggests that it is required for the normal contraction of 

egg-laying muscles (Ruksana et al., 2005). tni-3 is expressed in head, vulval, and rectal muscle 

cells (Takashima et al., 2012). What role the troponin complex plays in the nervous system is 

unclear, but mutations in the related troponin I unc-27 lead to defects in male ray axon guidance 

due to defective muscle structure (Jia and Emmons, 2006). 
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Figure 4.2. tni-3(hmn2) animals have small ectopic branches in the distal URX dendrite 

(A) Schematic of TNI-3 protein indicating hmn2 allele and conserved domains. TnC, Troponin 

C. (B) URX neuron in a tni-3(hmn2) mutant animal. Arrowheads, ectopic branches. Scale bar, 10 

µm. 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  tni-3(hmn2) mutants have kinks or swellings in their distal URX dendrites that can 

become small branches (Fig. 4.2B). This kink or swelling occurs in most individuals (n=13/16) 

and at a stereotyped position along the length of the dendrite, 80.4±3.4% of the distance from the 

cell body to the dendrite ending. In 7/13 cases, this position was marked by formation of a short 

branch, while in the remaining 6/13 it was marked by a kink or swelling. Given its reported 

expression pattern (muscle with no observed expression in neurons) a plausible hypothesis is that 

the loss of tni-3 activity in head muscle leads to patterning defects, and the URX dendrite 

undergoes ectopic growth as a secondary consequence of this. The location of the branch 

suggests that it could be invading into the space between dorsal muscle cells in the head (Altun 

and Hall, 2009).  

Class V mutants disrupt mapk-15 and sma-1 and lead to URX dendrite overgrowth 

 Three mutants, hmn5, hmn6, and hmn17, exhibit overgrown URX dendrites. Rather than 

ceasing growth at the nose tip, in these mutants the URX dendrites continue to extend around the 

nose and back towards the cell body (Fig. 4.3A-C). Despite this overgrowth, URX dendrites 

largely remain unbranched, except for small specializations at the nose where the wild-type 

dendrites typically end. While hmn5 mutants have normal head and body sizes (Fig. 4.3A), hmn6 

and hmn17 animals have smaller head and body sizes (Fig 4.3B-C).  

 By whole-genome sequencing of pooled recombinants, hmn5 was mapped to an interval 

containing the predicted gene C05D10.2, which contains a premature stop codon in the mutant 

(Fig. 4.3D). Furthermore, both a fosmid bearing wild-type C05D10.2 and a transgene encoding 

wild-type C05D10.2 can rescue the hmn5 defects. C05D10.2 is homologous to the mammalian  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Figure 4.3. mapk-15 and sma-1 mutants have overgrown URX dendrites 

URX neurons in (A) mapk-15(hmn5), (B) sma-1(hmn6), and (C) hmn17 mutant animals. 

Arrowheads, end of overgrown region. Scale bar, 10 µm. (D) Schematic diagram of MAPK-15 

protein indicating alleles and conserved domains. (E) Schematic diagram of SMA-1 protein 

indicating hmn6 allele and conserved domains. SH3, SRC homology 3 domain. PH, pleckstrin 

homology domain.  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MAP kinase ERK8/MAPK15, so we refer to it as mapk-15 here. We later isolated another allele, 

mapk-15(hmn51), in a separate screen described below. The N-terminus of MAPK-15 is highly 

conserved and includes domains and residues typical of MAP kinases. MAPK-15 also includes 

an LC3-interacting domain characteristic of its mammalian homolog; this domain can bind 

ATG8-like proteins to stimulate autophagy (Colecchia et al., 2012; Colecchia et al., 2015). In 

addition to its role in autophagy, mammalian MAPK15 is activated in response to DNA damage, 

its activity is regulated by several oncogenes, and it is upregulated in several cancers (Iavarone et 

al., 2006; Xu et al., 2010; Jin et al., 2015; Rossi et al., 2016) The C-terminus of MAPK-15 is 

divergent and does not contain any known domains. There is no reported nervous system 

function for mammalian MAPK15.  

 hmn6 was mapped to sma-1 by the strategy described above, and is predicted to produce 

a premature stop in the protein (Fig. 4.3E). sma-1 encodes a beta-H spectrin, which is expressed 

in epithelial cells and links the cytoskeleton to the apical plasma membrane (McKeown et al., 

1998; Praitis et al., 2005). Mutations affecting sma-1 lead to a smaller body size due to defects in 

embryonic elongation. In the C. elegans pharynx, sma-1 mutations cause pharyngeal glands to 

overgrow their normal territories as a consequence of defects in the surrounding pharyngeal 

muscle (Raharjo et al., 2011). hmn17 has not yet been mapped, but it has similar phenotypes to 

sma-1(hmn6), except that it is slower to grow and brood size is smaller, so it may be allelic to 

sma-1.  

 Both mapk-15(hmn5) and sma-1(hmn6) lead to marked overgrowth of the URX dendrite 

(Fig. 4.4). In L4 stage animals, 44.4% of URX dendrites were overgrown in mapk-15(hmn5) 

animals (n=24/54), while 17.5% URX dendrites were overgrown in sma-1(hmn6) animals  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Figure 4.4. Quantification of mapk-15 and sma-1 dendrite lengths 

(A) Quantification of wild-type, mapk-15, and sma-1 dendrite lengths (as percent of nose length) 

at L4 stage. (B) Quantification of mapk-15 dendrite lengths (as percent of nose length) at L1, L4, 

and 2-day adult stages.  

!174



(n=10/57). The average URX dendrite lengths, as a percent of nose length, were 109.3±15.7% in 

mapk-15(hmn5) and 101.5±9.2% in sma-1(hmn6) compared to 96.3±0.9% in wild-type controls 

(Fig. 4.4A). Additionally, the mapk-15(hmn5) phenotype is dependent on animal age (Fig. 4.4B). 

L1 stage larvae have a much lower penetrance of the overgrowth phenotype than L4 stage 

animals (4%; n=2/50). Two-day adults, in contrast, show greater penetrance (74%; n=37/50) and 

also have longer dendrites on average (125.4±21.6% of nose length) than L4 animals. Thus, the 

mapk-15 overgrowth phenotype becomes progressively stronger with age.  

URX overgrows onto the lateral dendrite bundle in mapk-15(hmn5) mutants 

 Given that URX and BAG both rely on grdn-1 and sax-7 for dendrite extension (Chapter 

3), we hypothesized that BAG dendrite extension may also be defective in mapk-15(hmn5) 

animals. However,we found that BAG dendrites are normal in the mapk-15(hmn5) background 

(Fig. 4.5A). This shows that genetic pathways specific to URX morphogenesis can be identified, 

despite URX and BAG sharing similar requirements for the grdn-1-sax-7 pathway., 

 Since the BAG dendrite extends in the lateral nerve bundle, this background allowed us 

to determine if the overgrown URX dendrite preferentially extends along the neighboring lateral 

nerve, or if it is attaching to other cells. We found that in 12/13 cases, when the URX dendrite 

overgrows, it fasciculates with the lateral dendrite bundle (Fig. 4.5B). In 1/13 cases, the 

overgrown URX dendrite appeared to grow back on its own bundle or itself. This suggests that 

the URX dendrite has a particular affinity for the lateral dendrite bundle over others. Because of 

the normal association between URX and the dorsal IL socket glial cell (Doroquez et al., 2014), 

we hypothesize that the overgrown URX dendrite fasciculates with the IL socket of the lateral  

!175



 

Figure 4.5. URX overgrows onto the lateral dendrite bundle in mapk-15(hmn5) mutants 

(A,B) A mapk-15(hmn5) animal with BAG (A) or BAG and URX (B) neurons labeled. Scale bar, 

10 µm.  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bundles. This apparent preference for the lateral IL socket—rather than the ventral or opposite 

dorsal socket—may be due to distance or physical barriers. 

mapk-15 acts cell-autonomously in URX to restrict dendrite extension  

 To determine the cells in which mapk-15 normally functions, we generated a 

transcriptional reporter by driving NLS-mCherry with 1,673 bp of sequence upstream of the 

mapk-15 coding sequence. This promoter region is sufficient for rescue of the URX dendrite 

extension phenotype when driving expression of the mapk-15 genomic sequence (not shown). 

The reporter is expressed in many sensory neurons in the head of the worm, including URX (Fig. 

4.6A), and some unidentified neurons in the tail, most likely the phasmid sensory neurons (Fig. 

4.6B). The reporter does not appear to be expressed in the IL glial cells that associate with URX.  

 To determine if mapk-15 acts cell-autonomously to prevent URX overgrowth, we 

performed mosaic analysis with mapk-15(hmn5) animals bearing an extrachromosomal array 

containing a rescuing fosmid with the mapk-15 genomic sequence together with a marker 

allowing us to score the presence or absence of the array in URX. When the fosmid is expressed 

in all cells, it gives complete rescue of the URX overgrowth phenotype. To select for mosaic 

animals, we picked animals which expressed the array in only one of the two URX neurons, and 

scored dendrite overgrowth at adult stages (Fig. 4.6C). If mapk-15 acts cell autonomously, we 

would expect rescue of the phenotype to tightly correlate with presence of the array in URX. 

Consistent with this, 36/36 URX neurons that contained the fosmid had wild-type dendrite length 

(no overgrowth), thus showing a perfect correlation between the presence of the array in URX 

and rescue of the mapk-15 phenotype. In contrast, among URX neurons that did not contain the  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Figure 4.6. mapk-15 is expressed in sensory neurons, including URX 

(A,B) L4 stage larvae expressing a mapk-15pro:NLS-mCherry transcriptional reporter (magenta) 

and the URX marker flp-8pro:GFP in the head (A) and tail (B). (C) Example of a 

mapk-15(hmn5) animal with mosaic expression of a rescuing mapk-15 fosmid. URX with 

fosmid, magenta; URX without fosmid, green. Scale bars, 10 µm.  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fosmid, only 10/36 had wild-type dendrite length (i.e., 26/36, or 72%, exhibited the overgrowth 

phenotype). This proportion is consistent with the 74% penetrance of the overgrowth phenotype 

in the mapk-15(hmn5) strain (Fig. 4.4), suggesting that the transgene cannot rescue the 

phenotype non-cell-autonomously. Thus, mapk-15 is likely necessary in URX to suppress URX 

dendrite growth.  

The mapk-15 phenotype is modified by environmental conditions 

 We observed that animals which had been growing on plates starved of food often 

showed a more extreme overgrowth phenotype, occasionally including complex branching of the 

dendrite. For example, Fig. 4.7 shows a mapk-15(hmn5) animal which was part of a population 

washed from a starved plate onto fresh food, and allowed to grow to adult stage. The URX 

neurons of this animal show extreme branching that is never observed in well-fed animals of the 

same age on uncrowded plates. Thus far, we have been unable to replicate this result—or obtain 

significant differences in length or penetrance of overgrowth—with experiments testing single 

conditions. Possible reasons for this shift include developmental starvation or transition from 

dauer (an arrested developmental stage that C. elegans enter in response to harsh environmental 

conditions), oxygen deprivation, density of neighbors, or chemical cues released by neighbors of 

different ages (see Discussion). The observations that the overgrowth phenotype is progressive 

with age and can be modified by environmental conditions suggest that the mapk-15 mutant may 

be disrupting a normal pathway that regulates URX dendrite development rather than creating a 

purely pathological phenotype.  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Figure 4.7. The mapk-15 phenotype is modified by environmental conditions 

Adult mapk-15(hmn5) animal recovered from a starved plate, with URX labeled.
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URX overgrowth mutants are enhancers of the sax-7 short dendrite phenotype 

 Because mapk-15 and sma-1 result in dendrite overgrowth while sax-7 results in failure to 

fully extend, we reasoned that we could analyze double mutants between these classes to 

establish epistasis relationships. To this end, we generated mapk-15(hmn5); sax-7(hmn12) and 

sax-7(hmn12); sma-1(hmn6) animals. We found that these double mutants exhibit short 

dendrites, showing that sax-7 is epistatic to both mapk-15 and sma-1 (Fig. 4.8A-B). Surprisingly, 

these double mutants actually show a more severe dendrite extension defect than sax-7 alone, 

showing that the overgrowth mutants enhance the short dendrite phenotype of sax-7(hmn12) 

(Fig. 4.8A-B); or in other words, mutations which cause the URX dendrite to overgrow on their 

own cause the dendrite to be much shorter when paired with a mutation that normally produces 

short dendrites. mapk-15; sax-7 animals can exhibit extreme phenotypes such as missing 

dendrites (Fig. 4.8A) as well as milder enhancement with partial length dendrites (not shown). A 

possible explanation for this result is that mapk-15 and sma-1 may function at two different 

times: in the developing embryo to act together with sax-7 to anchor the URX dendrite to glial 

cells and promote dendrite extension, and later in larval and adult stages to negatively regulate 

further extension of URX dendrites.  

 Additionally, in an independent screen for enhancers of sax-7, we isolated a new allele of 

mapk-15 that also produces shorter URX dendrites in a sax-7 background (Fig. 4.3D; Fig. 4.8C). 

This enhancer allele, mapk-15(hmn51), causes overgrown dendrites similar to mapk-15(hmn5) 

when crossed out of the sax-7 background (not shown). mapk-15(hmn51) is predicted to generate 

a missense mutation (D203N) in MAPK-15.  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Figure 4.8. mapk-15 and sma-1 enhance the short dendrite phenotype of sax-7 

URX neurons in (A) mapk-15(hmn5); sax-7(hmn12), (B) sax-7(hmn12); sma-1(hmn6), and (C) 

mapk-15(hmn51); sax-7(hmn3) mutant animals. Scale bars, 10 µm.  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DISCUSSION 

Distinct classes of mutants uncover stages of URX dendrite development 

 The phenotypes of mutants recovered from our screen suggest that we have isolated 

genes that act at different stages of URX dendrite morphogenesis. Class III mutants fail to 

specify URX identity, while Class II mutants have occasional fate defects along with heavily 

disrupted shapes. This suggests that Class II mutants may be partial fate defects; a marker of 

URX identity remains on in these animals, but the expression of factors required for normal 

URX morphogenesis may be altered. Alternatively, Class II mutants may have defects in genes 

essential for many morphogenetic processes, and URX may die as a consequence of failed 

morphogenesis. This will be resolved in part by mapping the causative mutations.  

 Class I mutants affect developmental dendrite extension, where the genes they encode are 

required to establish a neuron-glia contact that couples dendrite extension to embryonic 

elongation (Chapter 3). Class V mutants, in contrast, show progressive phenotypes that appear 

later in development and worsen as the animal ages. The URX dendrite appears to travel through 

at least two stages of extension: the initial extension of the dendrite in the embryo, and later 

expansion of the sensory ending in the adult. Our intriguing result that Class V mutants can 

enhance the Class I mutant sax-7 suggests that these developmental periods may require 

overlapping molecular mechanisms.  

Adhesion and actin: common themes among URX dendrite extension mutants 

 Four of the mutants we have mapped have an obvious connection to adhesion, the actin 

cytoskeleton, or both. GRDN-1 is required to localize an adhesive neuron-glia interaction and its 
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homolog Girdin is an actin-binding protein that accumulates at cell-cell contacts (Chapter 3, 

Houssin et al., 2015); SAX-7/L1CAM is an adhesion molecule that interacts with actin via 

ankyrin (Zhou et al., 2008); SMA-1/βH-spectrin cross-links actin at the apical membrane and 

interacts with adhesive transmembrane proteins via ankyrin (McKeown et al., 1998); and TNI-3/

Troponin I is expected to bind actin (Ruksana et al., 2005).  

 It remains to be seen which cells SMA-1 and TNI-3 act in to control URX dendrite 

extension; for example, are they acting cell-autonomously in the neuron to regulate its 

cytoskeletal dynamics or adhesive properties, or are they acting in surrounding muscle and have 

a secondary effect on neuronal morphology? Regardless of the answer to this question, it is clear 

that adhesion and actin are important regulatory points in the control of URX shape. 

  

URX sensory ending morphology may be dynamically regulated 

 We find that the phenotype of the Class V (URX overgrowth) mutant mapk-15 is 

sensitive to environmental conditions. Intriguingly, the shape of the wild-type URX sensory 

ending is variable from animal-to-animal, suggesting that it may be sensitive to environment as 

well (Altun and Hall, 2009). Thus, mapk-15 may normally regulate a dynamic response of the 

sensory ending to environmental conditions.  

 URX is an oxygen-sensing neuron that is activated in response to elevations in 

atmospheric oxygen (Zimmer et al., 2009). The physiological oxygen sensors are soluble 

guanylate cyclases, which bind heme and localize to the URX sensory ending (Cheung et al., 

2004; Gross et al., 2014). Consequently, oxygen levels are a sensible environmental variable for 

the URX ending to respond to. C. elegans can be conditioned to prefer different oxygen levels by 
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mechanisms that involve changes in URX response properties, but it is not known if there are 

concomitant changes to sensory ending morphology (Cheung et al., 2005; Gross et al., 2014).  

 Mammalian MAPK-15 regulates autophagy, an intracellular process that degrades 

damaged proteins and organelles (Colecchia et al., 2012) and in the nervous system, protects 

against neurodegeneration (Hara et al., 2006; Komatsu et al., 2006). While highly speculative, it 

is possible that URX, as an oxygen-sensor, must rapidly turn over protein and membrane in its 

sensory ending due to oxidative damage. Thus, mapk-15 mutants could represent a defect in 

sensory ending homeostasis: autophagy is lost while normal growth processes continue, and thus 

membrane accumulates in the ending and it overgrows its normal territory. This idea is not 

without precedent; basal autophagy prevents continuous cilium growth by degrading proteins 

required for ciliary transport (Pampliega et al., 2013). Regardless, this set of mutants will be 

useful in furthering our understanding of the mechanisms that regulate dendrite morphogenesis. 

ACKNOWLEDGEMENTS 

We thank Alex Boyanov and Oliver Hobert for assistance with whole-genome sequencing. 

!185



REFERENCES 

Altun, Z.F. and Hall, D.H. (2009). Muscle system, somatic muscle. In WormAtlas. 

Cheung, B.H.H., Arellano-Carbajal, F., Rybicki, I., and de Bono, M. (2004). Soluble guanylate 
cyclases act in neurons exposed to the body fluid to promote C. elegans aggregation behavior. 
Curr. Biol. 14, 1105–1111. 

Cheung, B.H.H., Cohen, M., Rogers, C., Albayram, O., and de Bono, M. (2005). Experience-
dependent modulation of C. elegans behavior by ambient oxygen. Curr. Biol. 15, 905–917. 

Colecchia, D., Strambi, A., Sanzone, S., Iavarone, C., Rossi, M., Dall’Armi, C., Piccioni, F., 
Verrotti di Pianella, A., and Chiariello, M. (2012). MAPK15/ERK8 stimulates autophagy by 
interacting with LC3 and GABARAP proteins. Autophagy 8, 1724–1740. 

Colecchia, D., Rossi, M., Sasdelli, F., Sanzone, S., Strambi, A., and Chiariello, M. (2015). 
MAPK15 mediates BCR-ABL1-induced autophagy and regulates oncogene-dependent cell 
proliferation and tumor formation. Autophagy 11, 1790–1802. 

Doitsidou, M., Poole, R.J., Sarin, S., Bigelow, H., and Hobert, O. (2010). C. elegans mutant 
identification with a one-step whole-genome-sequencing and SNP mapping strategy. PLoS ONE 
5, e15435. 

Gramstrup Petersen, J., Rojo Romanos, T., Juozaityte, V., Redo Riveiro, A., Hums, I., 
Traunmüller, L., Zimmer, M., and Pocock, R. (2013). EGL-13/SoxD specifies distinct O2 and 
CO2 sensory neuron fates in Caenorhabditis elegans. PLoS Genet. 9, e1003511. 

Gross, E., Soltesz, Z., Oda, S., Zelmanovich, V., Abergel, Z., and de Bono, M. (2014). 
GLOBIN-5-dependent O2 responses are regulated by PDL-1/PrBP that targets prenylated soluble 
guanylate cyclases to dendritic endings. J. Neurosci. 34, 16726–16738. 

Hara, T., Nakamura, K., Matsui, M., Yamamoto, A., Nakahara, Y., Suzuki-Migishima, R., 
Yokoyama, M., Mishima, K., Saito, I., Okano, H., et al. (2006). Suppression of basal autophagy 
in neural cells causes neurodegenerative disease in mice. Nature 441, 885–889. 

Houssin, E., Tepass, U., and Laprise, P. (2015). Girdin-mediated interactions between cadherin 
and the actin cytoskeleton are required for epithelial morphogenesis in Drosophila. Development 
142, 1777–1784. 

Iavarone, C., Acunzo, M., Carlomagno, F., Catania, A., Melillo, R.M., Carlomagno, S.M., 
Santoro, M., and Chiariello, M. (2006). Activation of the Erk8 mitogen-activated protein (MAP) 
kinase by RET/PTC3, a constitutively active form of the RET proto-oncogene. J. Biol. Chem. 
281, 10567–10576. 

!186



Jia, L., and Emmons, S.W. (2006). Genes that control ray sensory neuron axon development in 
the Caenorhabditis elegans male. Genetics 173, 1241–1258. 

Jin, D.-H., Lee, J., Kim, K.M., Kim, S., Kim, D.-H., and Park, J. (2015). Overexpression of 
MAPK15 in gastric cancer is associated with copy number gain and contributes to the stability of 
c-Jun. Oncotarget 6, 20190–20203. 

Kim, K., and Li, C. (2004). Expression and regulation of an FMRFamide-related neuropeptide 
gene family in Caenorhabditis elegans. J. Comp. Neurol. 475, 540–550. 

Kimura, A., Harada, H., Park, J.E., Nishi, H., Satoh, M., Takahashi, M., Hiroi, S., Sasaoka, T., 
Ohbuchi, N., Nakamura, T., et al. (1997). Mutations in the cardiac troponin I gene associated 
with hypertrophic cardiomyopathy. Nat. Genet. 16, 379–382. 

Komatsu, M., Waguri, S., Chiba, T., Murata, S., Iwata, J., Tanida, I., Ueno, T., Koike, M., 
Uchiyama, Y., Kominami, E., et al. (2006). Loss of autophagy in the central nervous system 
causes neurodegeneration in mice. Nature 441, 880–884. 

McKeown, C., Praitis, V., and Austin, J. (1998). sma-1 encodes a betaH-spectrin homolog 
required for Caenorhabditis elegans morphogenesis. Development 125, 2087–2098. 

Pampliega, O., Orhon, I., Patel, B., Sridhar, S., Díaz-Carretero, A., Beau, I., Codogno, P., Satir, 
B.H., Satir, P., and Cuervo, A.M. (2013). Functional interaction between autophagy and 
ciliogenesis. Nature 502, 194–200. 

Praitis, V., Ciccone, E., and Austin, J. (2005). SMA-1 spectrin has essential roles in epithelial cell 
sheet morphogenesis in C. elegans. Dev. Biol. 283, 157–170. 

Qin, H., Zhai, Z., and Powell-Coffman, J.A. (2006). The Caenorhabditis elegans AHR-1 
transcription complex controls expression of soluble guanylate cyclase genes in the URX 
neurons and regulates aggregation behavior. Dev. Biol. 298, 606–615. 

Raharjo, W.H., Ghai, V., Dineen, A., Bastiani, M., and Gaudet, J. (2011). Cell architecture: 
surrounding muscle cells shape gland cell morphology in the Caenorhabditis elegans pharynx. 
Genetics 189, 885–897. 

Rossi, M., Colecchia, D., Ilardi, G., Acunzo, M., Nigita, G., Sasdelli, F., Celetti, A., Strambi, A., 
Staibano, S., Croce, C.M., et al. (2016). MAPK15 upregulation promotes cell proliferation and 
prevents DNA damage in male germ cell tumors. Oncotarget. 

Ruksana, R., Kuroda, K., Terami, H., Bando, T., Kitaoka, S., Takaya, T., Sakube, Y., and 
Kagawa, H. (2005). Tissue expression of four troponin I genes and their molecular interactions 
with two troponin C isoforms in Caenorhabditis elegans. Genes Cells 10, 261–276. 

!187



Seidman, J.G., and Seidman, C. (2001). The genetic basis for cardiomyopathy: from mutation 
identification to mechanistic paradigms. Cell 104, 557–567. 

Takashima, Y., Kitaoka, S., Bando, T., and Kagawa, H. (2012). Expression profiles and unc-27 
mutation rescue of the striated muscle type troponin I isoform-3 in Caenorhabditis elegans. 
Genes Genet. Syst. 87, 243–251. 

Ward, S., Thomson, N., White, J.G., and Brenner, S. (1975). Electron microscopical 
reconstruction of the anterior sensory anatomy of the nematode caenorhabditis elegans. J. Comp. 
Neurol. 160, 313–337. 

Willott, R.H., Gomes, A.V., Chang, A.N., Parvatiyar, M.S., Pinto, J.R., and Potter, J.D. (2010). 
Mutations in Troponin that cause HCM, DCM AND RCM: what can we learn about thin filament 
function? J. Mol. Cell. Cardiol. 48, 882–892. 

Xu, Y.-M., Zhu, F., Cho, Y.-Y., Carper, A., Peng, C., Zheng, D., Yao, K., Lau, A.T.Y., Zykova, 
T.A., Kim, H.-G., et al. (2010). Extracellular signal-regulated kinase 8-mediated c-Jun 
phosphorylation increases tumorigenesis of human colon cancer. Cancer Res. 70, 3218–3227. 

Zhou, S., Opperman, K., Wang, X., and Chen, L. (2008). unc-44 Ankyrin and stn-2 gamma-
syntrophin regulate sax-7 L1CAM function in maintaining neuronal positioning in 
Caenorhabditis elegans. Genetics 180, 1429–1443. 

Zimmer, M., Gray, J.M., Pokala, N., Chang, A.J., Karow, D.S., Marletta, M.A., Hudson, M.L., 
Morton, D.B., Chronis, N., and Bargmann, C.I. (2009). Neurons detect increases and decreases 
in oxygen levels using distinct guanylate cyclases. Neuron 61, 865–879. 

!188



CHAPTER 5 

Conclusion and future directions 
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Molecularly distinct mechanisms of dendrite extension 

 In this dissertation, I described two distinct mechanisms by which dendrites rely on 

neighboring glial cells in order to extend. In both cases, adhesion to a glial cell produces a stable 

attachment that allows the dendrite to resist the forces generated in retrograde extension and 

“stretch” as the cell body moves away from the nose. However, the nature of these attachments 

and the molecular mechanisms that govern their maintenance are distinct.  

 Glial-ensheathed dendrites (e.g. amphid dendrites) form tight junctions on glia to form a 

sensory epithelium. This sensory epithelium is stabilized by apical extracellular matrix, which 

includes the ZP domain protein DYF-7. In the absence of DYF-7, dendrites become short when 

this sensory epithelium ruptures, and the neuron and sheath glial cell become displaced from the 

socket and hypodermis that compose the rest of the epithelium (Figure 5.1; see also figure 2.11).  

 Non-ensheathed dendrites are not embedded in this epithelium, but are instead 

accessories to it; rather than form tight junctions onto sheath glia, the non-ensheathed dendrites 

form adhesive contacts on socket glia. In this case, a specific compartment within the glial cell 

(the “ansula”) is organized to compel the dendrite to attach. GRDN-1 is normally required to 

localize SAX-7 to the ansula, so when GRDN-1 is absent, SAX-7 (and presumably other 

adhesion molecules) fail to localize properly. The dendrite seems to “slip” and adhere to the 

incorrect location on the glial cell, and can extend only to partial-length (Figure 5.2).   

 The class of dendrite overgrowth mutants appears to be specific to URX; no overgrowth 

mutant has been isolated from any other forward screen for dendrite extension mutants 

undertaken in our lab, and the mapk-15 mutation does not appear to affect BAG dendrite  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Figure 5.1. Model of DYF-7 activity on glial-ensheathed dendrites 

(A) In wild-type animals, DYF-7 forms filaments on the apical surface of the amphid sensory 

epithelium. These filaments help the epithelium to maintain its integrity against the forces 

generated by retrograde extension. (B) When DYF-7 is absent, the epithelium ruptures at the 

sheath:socket interface, and both the glial-ensheathed neuron and the sheath glial cell are short.  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Figure 5.2. Model of GRDN-1 and SAX-7 activity on non-ensheathed dendrites 

(A) In wild-type animals, GRDN-1 localizes within glia to neuron-glia contact points, and is 

required for the localization of SAX-7 to the glial ansula. SAX-7 creates an adhesive connection 

between the dendrite and the ansula, which allows the dendrite to remain properly connected at 

the nose during retrograde extension. (B) When GRDN-1 is absent, SAX-7 fails to localize to the 

ansula, and therefore the dendrite is short.  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extension. Thus, in addition to the broad classes of glial-ensheathed and non-ensheathed neurons, 

individual neuron types have specific mechanisms that confer their dendrite morphologies.  

 How does the work described here generalize to other nervous systems? ZP domain 

proteins are expressed in human sensory epithelia, including the nose, tongue, and ear. The C. 

elegans sensillum is a basic structural module seen throughout other sensory systems, and thus 

the mechanisms by which sensory cells obtain their shapes are likely to be conserved in complex 

sensory epithelia. The neurons of the mammalian olfactory epithelium, which are surrounded by 

support cells and send cilia out to the apical membrane, have a structure that appears particularly 

suited to stabilization by apical matrix. The ZP domain protein UMODL1/olfactorin is expressed 

in this epithelium, and it would be interesting to determine if it functions like DYF-7 (di Schiavi 

et al., 2005).  

 The interactions between non-ensheathed glia neurons and their glia more closely 

resemble dendrite-astrocyte interactions in the mammalian brain, as these interactions are 

adhesive but they do not involve tight junctions. L1CAM is a known neuron-glia adhesion 

molecule, and our results provide a novel mechanism for how this adhesion molecule can be 

localized to specific compartments to direct cell-cell adhesion with precision. L1CAM family 

members can control dendrite targeting (Ango et al., 2008), and focal enrichment of L1CAM or 

other adhesion molecules via Girdin could presumably be used to finely sculpt synaptic 

connections and couple dendrite morphogenesis to growth in the central nervous system.  
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Future directions 

 What is the DYF-7 receptor? DYF-7 localizes with precision to several apical surfaces 

when misexpressed, suggesting that it recognizes a common feature of these surfaces. While 

integrin-mediated adhesion to basal ECM is well-studied, far less is known about the 

mechanisms that link the cell surface to apical ECM. Despite conducting several unbiased 

screens for dendrite defects in glial-ensheathed neurons, we have not obtained receptor 

candidates; this could be either because the receptor is redundant with others or because it is 

essential for embryogenesis. In the former case, an enhancer screen in a weak dyf-7 mutant may 

uncover the receptor; in the latter case, we could attempt candidate RNAi screens for cell-surface 

receptors or in vitro screens for DYF-7 binding partners.  

 Is there a ZP code? The C. elegans genome encodes ~40 ZP domain proteins, and at 

least two of these (DEX-1 and FBN-1) also contribute to amphid dendrite extension (Heiman and 

Shaham, 2009 and unpublished results). Given that ZP domain proteins can multimerize with 

each other and are known to have tissue-specific expression patterns in other organisms, and that 

non-amphid glial-ensheathed dendrites are weakly affected in dyf-7 mutants, it is possible that 

there is a combinatorial “matrix code” to stabilize distinct sense organs. Gilleland et al. partially 

tested this hypothesis by looking at multiple sense organs in six individual ZP domain protein 

mutants and found no hits, but it remains a compelling idea to test further (Gilleland et al., 2015).  

 How do other non-ensheathed neurons extend dendrites? Of the panel of neurons we 

tested in this dissertation, only URY is unaffected by both dyf-7 and grdn-1. URY is a non-

ensheathed neuron that associates with outer labial (OL) glia; this is distinct from URX and 

BAG, which are non-ensheathed neurons that associate with inner labial (IL) glia. It is a 
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plausible expectation that URY would have similar adhesive requirements for glial-dependent 

dendrite extension as other non-ensheathed neurons. If so, then it will be exciting to explore the 

mechanisms that create specific OL glia-URY contacts and compare them to the grdn-1/sax-7-

dependent IL glia-URX and IL glia-BAG contacts.  

 What determines the shape of the neuron-glia contact? Both URX and BAG wrap 

their sensory endings around the IL socket glia. BAG encircles the glial cell in a particularly 

impressive manner, completely wrapping around a protrusion on the end of the socket (Doroquez 

et al., 2014). grdn-1 and sax-7 mutants entirely break this contact; what are the mechanisms that 

dictate the finer morphology of the contact?  

 How does Girdin establish an adhesive compartment? Our data suggest that grdn-1 

acts to establish and position a glial attachment site for growing dendrites. However, the 

mechanisms by which Girdin does this are still unclear. First, what is the nature of the ansula? 

When grdn-1 is absent, SAX-7 cannot enter the ansula, but myristyl-mCherry can, suggesting 

that the ansula is a restricted compartment that requires “permission” for transmembrane proteins 

to enter. We can test this hypothesis by expressing generic transmembrane proteins and 

observing whether they are unable to enter the ansula; if so, we can then begin to identify the 

sequences that allow a transmembrane protein like SAX-7 to be trafficked into the ansula. 

Furthermore, it will be interesting to explore what proteins GRDN-1 interacts with in order to 

establish the ansula. Because GRDN-1 does not appear to localize precisely with SAX-7, it likely 

regulates SAX-7 localization indirectly through other machinery. Since the PDZ-binding motif of 

GRDN-1 is required for SAX-7 localization, PDZ-containing proteins such as PAR-3 and 

DSH-1/Dishevelled are compelling candidates.  
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 Is the URX sensory ending responsive to oxygen concentration? Our results suggest 

that the URX sensory ending in mapk-15 mutants is variable depending on environmental 

conditions, and previously reported results suggest that environment has a mild effect on wild-

type sensory ending morphology as well. First, it will be important to establish whether the URX 

overgrowth is, in fact, an overgrowth of the sensory ending. This can be determined by 

expressing a tagged guanylate cyclase (e.g. GCY-35) in the mapk-15 mutant, since this protein 

localizes to the sensory ending. Second, we can test how the URX sensory endings of both wild-

type and mutant animals respond to prolonged exposure to higher or lower oxygen 

concentrations. If mapk-15 regulates homeostatic membrane turnover in response to oxidative 

damage, we might see increased growth at high oxygen concentrations; alternatively, membrane 

addition could occur as a way to increase oxygen-sensing pathways, and thus be suppressed in 

high-oxygen conditions. Finally, we can see if mutants in oxygen-sensing, hypoxia avoidance, 

and/or autophagy pathways modify the mapk-15 phenotype. For example, the TAX-4 cGMP-

gated channel is required for calcium responses to atmospheric oxygen, and HIF-1 is essential 

for adaptation to hypoxic environments (Gray et al., 2004; Jiang et al., 2001) 

 Together, the work described in this dissertation sets the stage for many future 

experiments to determine how dendrite morphogenesis is controlled through specific interactions 

with other cells and the environment.  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APPENDIX 1 — SUPPLEMENTAL TABLES FOR CHAPTER 2 

Strains

Strain Genotype Figure

CHB370 oyIs44 V; dyf-7(ns119) X; hmnEx97 2.1

CHB443 oyIs44 V; dyf-7(ns119) X; hmnEx151 2.1

CHB436 oyIs44 V; dyf-7(ns119) X; hmnEx145 2.1

CHB440 dyf-7(ns119) X; hmnEx149 2.2B

CHB1613 hmnEx865 2.2C

CHB1615 hmnEx867 2.2D

CHB1939 hmnEx1105 2.3A

CHB1477 hmnEx730 2.3A

CHB1481 hmnEx762 2.3B

CHB1343 hmnEx660 2.3B

CHB1557 hmnEx821 2.3C

CHB1475 hmnEx756 2.3C

CHB1530 hmnEx799 2.3D

CHB558 oyIs44 V; dyf-7(ns119) X; hmnEx216 2.3E

CHB436 oyIs44 V; dyf-7(ns119) X; hmnEx145 2.3F

CHB1566 hmnEx801 2.4A

CHB1612 hmnEx864 2.4B

CHB1665 hmnEx824 2.4C

CHB1532 dyf-7(ns119) X; hmnEx801 2.6A

CHB1556 dyf-7(ns119) X; hmnEx864 2.6B

CHB1560 dyf-7(ns119) X; hmnEx824 2.6C

CHB1743 oyIs44 V; hmnEx954 2.7B

CHB1745 oyIs44 V; hmnEx955 2.7B

CHB1741 oyIs44 V; hmnEx953 2.7B,C

CHB1739 oyIs44 V; hmnEx952 2.7C

CHB1742 oyIs44 V; dyf-7(ns119) X; hmnEx954 2.7E

CHB1744 oyIs44 V; dyf-7(ns119) X; hmnEx955 2.7E

CHB1740 oyIs44 V; dyf-7(ns119) X; hmnEx953 2.7E,F

CHB1738 oyIs44 V; dyf-7(ns119) X; hmnEx952 2.7F
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Stably integrated transgenes: 

Extrachromosomal transgenes: 

CHB1 wild type 2.8A, 2.9

CHB157 dyf-7(ns119) X 2.8B, 2.10

CHB1970 hmnIs27 2.8C

Allele Plasmids Reference

oyIs44 odr-1pro:RFP, lin-15(+) P. Sengupta, unpublished

hmnIs27 pCW11, pDP#MM051 this study

Allele Plasmids

hmnEx97 pMH285, pRF4

hmnEx145 pCW11, pRF4

hmnEx149 pCW13, pRF4

hmnEx151 pCW12, pRF4

hmnEx216 pCW32, pCW33, pRF4

hmnEx660 pIL11, pIL12, pRF4

hmnEx730 pCW94, pIL34, pMH339

hmnEx756 pCW93, pIL23, pMH2

hmnEx762 pCW31, pMH28, pRF4

hmnEx799 pCW34, pIL1, pRF4

hmnEx801 pKM15, pKM16, pMH91, pMH130 

hmnEx821 pCW32, pCW33, pIL44, pIL45, pRF4

hmnEx824 pCW95, pIL34, pIL41

hmnEx864 pIL43, pIL34, pMH130

hmnEx865 pCW17, pRF4

hmnEx867 pIL46, pRF4

hmnEx952 pMH434, pMH421, pRF4

hmnEx953 pEL5, pMH457, pRF4

hmnEx954 pMH419, pMH428, pRF4

hmnEx955 pMH424, pMH431, pRF4

hmnEx1105 pCW11, pMH406, pRF4
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Plasmids

Plasmid Description Expression Notes

pCW11 dyf-7pro:DYF-7(ZP-sfGFP) SuperfolderGFP (sfGFP) inserted at 
position 3 (Fig. 2.1) between ZP 
domain and CFCS

pCW12 dyf-7pro:DYF-7(ZPN-sfGFP-ZPC) sfGFP inserted at position 2 (Fig. 
2.1) between ZPN and ZPC 

pCW13 dyf-7pro:DYF-7(ZP-sfGFP)-mCherry

pCW17 dyf-7pro:DYF-7(ZP-sfGFP, ∆CFCS) ∆CFCS as in pMH21 (Heiman and 
Shaham, 2009)

pCW31 dex-1pro:DYF-7(ZP-sfGFP) broadly in 
embryo head

dex-1pro as in pMH17 (Heiman and 
Shaham, 2009); see pCW11

pCW32
hsp-16.41pro:DYF-7(ZP-sfGFP) hsp-16.41pro from pPD49.83 

(Andrew Fire); see pCW11

pCW33
hsp-16.2pro:DYF-7(ZP-sfGFP) hsp-16.2pro from pPD49.78 

(Andrew Fire); see pCW11

pCW34 pha-4pro:DYF-7(ZP-sfGFP) embryo gut pha-4pro from pMH16 (Heiman and 
Shaham, 2009); see pCW11

pCW93 F16F9.3pro:AJM-1-CFP amphid sheath F16F9.3pro from pMH2 (Heiman 
and Shaham, 2009); 2630-bp 
fragment of AJM-1 cDNA 
(ATGGATGCA..AATCCACTG) 
was amplified from wild-type 
animals, after (Köppen et al., 2001)

pCW94 odr-1pro:AJM-1-CFP amphid AWC and 
(weakly) AWB

odr-1pro after (L'Etoile and 
Bargmann, 2000); see pCW93

pCW95 grl-2pro:AJM-1-CFP amphid socket grl-2pro after (Hao et al., 2006); see 
pCW93

pDP#MM051 unc-119(+) (Maduro and Pilgrim, 1995)

pEL5 flp-17pro:CFP BAG flp-17pro after (Kim and Li, 2004)

pIL1 pha-4pro:myristyl-mCherry embryo gut See pCW34

pIL11 
grl-2pro:DLG-1-YFP amphid socket 558-bp fragment of DLG-1 cDNA 

(ATGCATTCG..GTGGTTGAA) 
was amplified from wild-type 
animals, after (Lockwood et al., 
2008)

pIL12 F16F9.3pro:DLG-1-CFP amphid sheath See pCW93, pIL11

pIL23 

F16F9.3pro:ERM-1-YFP amphid sheath See pCW93; ERM-1 cDNA 
sequence was amplified from 
yk1728e07 (Yuji Kohara, gift from 
Verena Göbel)

pIL34 gcy-5pro:AJM-1-YFP amphid ASER gcy-5pro after (Yu et al., 1997); see 
pCW93
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pIL41
grl-2pro:mApple amphid socket See pCW95; mApple was a gift 

from Erin Cram

pIL43 gcy-5pro:AJM-1-CFP amphid ASER See pIL34, pCW93

pIL44 hsp-16.2pro:myristyl-mCherry See pCW33

pIL45 hsp-16.41pro:myristyl-mCherry See pCW32

pIL46
dyf-7pro:DYF-7(∆ZP, sfGFP)-
mCherry

pKM15 grl-2pro:YFP amphid socket See pCW95

pKM16 F16F9.3pro:CFP amphid sheath See pCW93

pMH2 F16F9.3pro:mCherry amphid sheath (Heiman and Shaham, 2009)

pMH28 dex-1pro:mCherry broadly in 
embryo head

(Heiman and Shaham, 2009)

pMH91 gcy-7pro:mCherry amphid ASEL gcy-7pro after (Yu et al., 1997)

pMH130 gcy-5pro:mCherry amphid ASER See pIL34

pMH285 dyf-7pro:DYF-7(sfGFP-ZP) sfGFP inserted at position 1 (Fig. 
2.1) between signal peptide 
sequence and ZP domain

pMH339 odr-1pro:mCherry amphid AWC and 
(weakly) AWB

See pCW94

pMH406 dyf-7pro:myristyl-mCherry

pMH419 dat-1pro:CFP CEP (Gilleland et al., 2015)

pMH421 flp-8pro:CFP URX (Gilleland et al., 2015)

pMH424 flp-3pro:YFP IL1 (Gilleland et al., 2015)

pMH428
ser-2prom3pro:YFP OLL ser-2prom3 after (Tsalik et al., 

2003)

pMH431
klp-6pro:CFP IL2 klp-6pro after (Peden and Barr, 

2005)

pMH434 tol-1pro:YFP URY (Gilleland et al., 2015)

pMH457 ocr-4pro:YFP OLQ ocr-4pro after (Tobin et al., 2002)

pRF4 rol-6(su1006) (Mello et al., 1991)
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APPENDIX 2 — SUPPLEMENTAL TABLES FOR CHAPTER 3 

Strain generated for this study

Strain Genotype Figures

CHB1519 grdn-1(ns303); hmnEx788[tol-1pro:GFP + pRF4] 3.1

CHB1507 grdn-1(ns303); ynIs78; hmnEx641[ocr-4pro:mCherry + pRF4] 3.1

CHB2227 grdn-1(ns303); hmnEx782[dat-1pro:GFP + flp-8pro:mCherry + pRF4] 3.1

CHB26 grdn-1(ns303) oyIs44; ynIs78 3.1

CHB1402 grdn-1(ns303); ynIs78 3.1, 3.3, 
3.6

CHB1410 grdn-1(ns303); oyIs82 3.1, 3.3, 
3.6

CHB1508 grdn-1(ns303); hmnEx644[itx-1pro(short):GFP + klp-6pro:mCherry + 
pRF4]

3.1, 3.8

CHB1307 hmnEx644[itx-1pro(short)myo-2pro:GFP + klp-6pro:mCherry + pRF4] 3.1, 3.8, 
3.12

CHB1517 hmnEx788[tol-1pro:GFP + pRF4] 3.1, 3.12

CHB1304 hmnEx641[ocr-4pro:mCherry + pRF4] 3.1, 3.12

CHB1506 hmnEx782[dat-1pro:GFP + flp-8pro:mCherry + pRF4] 3.1, 3.12

CHB6 grdn-1(ns302) oyIs44; ynIs78 3.3

CHB1403 grdn-1(hmn1); ynIs78 3.3

CHB1404 grdn-1(hmn4); ynIs78 3.3

CHB1405 grdn-1(hmn7); ynIs78 3.3

CHB1406 grdn-1(hmn8); ynIs78 3.3

CHB1409 grdn-1(ns302); oyIs82 3.3

CHB1411 grdn-1(hmn1); oyIs82 3.3

CHB1412 grdn-1(hmn4); oyIs82 3.3

CHB1413 grdn-1(hmn7); oyIs82 3.3

CHB1414 grdn-1(hmn8); oyIs82 3.3
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CHB1460 hmnEx741[egl-13pro:GFP + itx-1pro(short)myo-2pro:myr-mCherry+ 
pRF4]

3.5

CHB1490 grdn-1(ns303); hmnEx741[egl-13pro:GFP + 
itx-1pro(short)myo-2pro:myr-mCherry + pRF4]

3.5

CHB2073 hmnEx1200[grdn-1pro:HIS-24-mCherry + itx-1pro(short)myo-2pro:myr-
GFP + pRF4]

3.7

CHB2228 grdn-1(ns303); ynIs78; hmnEx1299[grdn-1pro:GRDN-1a + 
flp-8pro::CFP + pRF4]

3.7

CHB287 grdn-1(ns303); ynIs78; hmnEx56[grdn-1pro:GRDN-1a + pRF4] 3.7, 3.4

CHB476 grdn-1(ns303); ynIs78; hmnEx159[flp-8pro:GRDN-1a + pRF4] 3.7, 3.8

CHB1398 grdn-1(ns303); ynIs78; hmnEx701[egl-13pro:GRDN-1a + pRF4] 3.7, 3.8

CHB1390 grdn-1(ns303); ynIs78; hmnEx693[rab-3pro:GRDN-1a + pRF4] 3.7, 3.8

CHB2077 grdn-1(ns303); ynIs78; hmnEx1204[dpy-7pro:GRDN-1a + 
flp-17pro:mCherry + pRF4]

3.7, 3.8

CHB2229 grdn-1(ns303); ynIs78; hmnEx697[ptr-10pro:GRDN-1a + pRF4] 3.7, 3.8

CHB2230 grdn-1(ns303); ynIs78; hmnEx698[itx-1pro:GRDN-1a + pRF4] 3.7, 3.8

CHB2231 grdn-1(ns303); ynIs78; hmnEx696[pros-1pro:GRDN-1a + pRF4] 3.7, 3.8

CHB1853 hmnEx1034[itx-1pro:sfGFP-GRDN-1a + egl-13pro:mCherry + pRF4] 3.9

CHB1746 hmnEx956[flp-8pro:CFP + itx-1pro:YFP-GRDN-1a + 
itx-1pro(short)myo-2pro:myr-mCherry]

3.9

CHB1749 hmnEx959[flp-17pro:CFP + itx-1pro:YFP-GRDN-1a + 
itx-1pro(short)myo-2pro:myr-mCherry]

3.9

CHB1815 hmnEx999[flp-8pro:CD4-spGFP(1-10) + itx-1pro(short)myo-2pro:CD4-
spGFP(11) + itx-1pro:mApple-GRDN-1a + pRF4]

3.9

CHB2069 grdn-1(ns303); hmnEx1195[itx-1pro(short)myo-2pro:CD4-spGFP(11) + 
flp-8pro:CD4-spGFP(1-10) + flp-8pro:mCherry + pRF4]

3.9

CHB2068 hmnEx1195[itx-1pro(short)myo-2pro:CD4-spGFP(11) + flp-8pro:CD4-
spGFP(1-10) + flp-8pro:mCherry + pRF4]

3.9

CHB1408 sax-7(hmn12); ynIs78 3.11
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CHB1407 sax-7(hmn3); ynIs78 3.11

CHB1038 sax-7(hmn147); oyIs82 3.11

CHB1416 sax-7(hmn12); oyIs82 3.11

CHB1415 sax-7(hmn3); oyIs82 3.11

CHB1509 sax-7(hmn12); grdn-1(ns303); ynIs78 3.11

CHB1510 sax-7(hmn12); grdn-1(ns303); oyIs82 3.11

CHB2062 sax-7(hmn12); oyIs82; hmnEx1189[itx-1pro:SAX-7s + pRF4] 3.11

CHB2063 sax-7(hmn12); ynIs78; hmnEx1189[itx-1pro:SAX-7s + pRF4] 3.11

CHB2064 sax-7(hmn12); oyIs82; hmnEx1191[grdn-1pro:SAX-7s + pRF4] 3.11

CHB2065 sax-7(hmn12); ynIs78; hmnEx1191[grdn-1pro:SAX-7s + pRF4] 3.11

CHB2066 sax-7(hmn12); ynIs78;[flp-8pro:SAX-7s + pRF4] 3.11

CHB2067 sax-7(hmn12); ynIs78; hmnEx1194[flp-8pro:SAX-7s + itx-1pro:SAX-7s 
+ pRF4]

3.11

CHB1807 sax-7(hmn12); oyIs82; hmnEx991[flp-17pro:SAX-7s + pRF4] 3.11

CHB1808 sax-7(hmn12); oyIs82; hmnEx992[flp-17pro:SAX-7s + itx-1pro:SAX-7s 
+ pRF4]

3.11

CHB2072 grdn-1(ns303); hmnEx1199[itx-1pro:sfGFP-GRDN-1aΔGCV + 
itx-1pro(short)myo-2pro:myr-mCherry + pRF4]

3.13

CHB2070 grdn-1(ns303); hmnEx1198[grdn-1pro:GRDN-1a + flp-8pro:CFP + 
itx-1pro:SAX-7s-YFP + itx-1pro(short)myo-2pro:myr-mCherry]

3.13

CHB2071 grdn-1(ns303); hmnEx1197[grdn-1pro:GRDN-1aΔGCV + flp-8pro:CFP 
+ itx-1pro:SAX-7s-YFP + itx-1pro(short)myo-2pro:myr-mCherry]

3.13

CHB1816 hmnEx1000[flp-8pro:CFP + itx-1pro:SAX-7s-YFP + itx-1pro:mApple-
GRDN-1]

3.13

CHB1818 hmnEx997[flp-8pro:CFP + itx-1pro:SAX-7s-YFP + 
itx-1pro(short)myo-2pro:myr-mCherry]

3.13

CHB1813 grdn-1(ns303); hmnEx997[flp-8pro:CFP + itx-1pro:SAX-7s-YFP + 
itx-1pro(short)myo-2pro:myr-mCherry]

3.13

CHB1302 grdn-1(ns303); ynIs78; hmnEx639[grdn-1pro:GRDN-1aΔGCV + pRF4] 3.4
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Strains generated in previous studies

CHB1469 grdn-1(ns303); oyIs82; hmnEx750[flp-17pro:GRDN-1a + pRF4] 3.8

CHB2232 grdn-1(ns303); oyIs82; hmnEx693[rab-3pro:GRDN-1a + pRF4] 3.8

CHB2233 grdn-1(ns303); oyIs82; hmnEx701[egl-13pro:GRDN-1a + pRF4] 3.8

CHB1394 grdn-1(ns303); oyIs82; hmnEx697[ptr-10pro:GRDN-1a + pRF4] 3.8

CHB1395 grdn-1(ns303); oyIs82; hmnEx698[itx-1pro:GRDN-1a + pRF4] 3.8

CHB1393 grdn-1(ns303); oyIs82; hmnEx696[pros-1pro:GRDN-1a + pRF4] 3.8

CHB2076 grdn-1(ns303); oyIs82; hmnEx1203[flp-17pro:GRDN-1a + 
itx-1pro:GRDN-1a + pRF4]

3.8

CHB1511 hmnEx785[grdn-1pro:sfGFP-GRDN-1a + itx-1pro(short)myo-2pro:myr-
mCherry + pRF4]

3.9

CHB1513 sax-7(hmn12); oyIs82; hmnEx641[ocr-4pro:mCherry + pRF4] 3.11

CHB1514 sax-7(hmn12); hmnEx644[itx-1pro(short)myo-2pro:GFP + 
klp-6pro:mCherry + pRF4]

3.11

CHB1515 sax-7(hmn12); hmnEx782[dat-1pro:GFP + flp-8pro:mCherry + pRF4] 3.11

CHB2234 sax-7(hmn12); hmnEx788[tol-1pro:GFP + pRF4] 3.11

CHB70 sax-7(hmn12); oyIs44 3.11

CHB2235 sax-7(hmn12); hmnEx959[flp-17pro:CFP + itx-1pro:YFP-GRDN-1a + 
itx-1pro(short)myo-2pro:myr-mCherry]

3.14

ID Genotype Figure Source/Reference

CHB4 oyIs44[odr-1pro:dsRed] 3.1, 3.12 Lanjuin et al., 2003 (as 
PY2417)

PY1089 kyIs104[str-1pro:GFP] 3.2 Troemel et al., 1997

PY8658 grdn-1(ns303); 
kyIs104[str-1pro:GFP]

3.2 Inna Nechipurenko and Piali 
Sengupta

PY6101 oyIs61[gpa-4Δpro:GFP] 3.2 Olivier-Mason et al., 2013
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Plasmids

PY8836 oyIs61[gpa-4Δpro:GFP] 
grdn-1(ns303)

3.2 Inna Nechipurenko and Piali 
Sengupta

CHB1929 ynIs78[flp-8pro:GFP] 3.1, 3.2, 3.3, 3.4, 3.7, 3.8, 
3.11, 3.12

Kim and Li, 2004  
(as NY2078)

CHB851 oyIs82[flp-17pro:GFP, 
unc-122pro:dsRed]

3.1, 3.3, 3.12 Astrid Cornils and Piali 
Sengupta (as PY8503)

ID Name

pEL3 flp-17pro:GRDN-1a

pEL5 flp-17pro:CFP

pEL7 flp-17pro:mCherry

pEL15 itx-1pro(short)myo-2pro:CD4-spGFP(11)

pEL25 egl-13pro:mCherry

pIM5 grdn-1pro:GRDN-1a

pIM8 flp-8pro:GRDN-1a

pIM20 grdn-1pro:GRDN-1aΔGCV

pIM38 itx-1pro(short)myo-2pro:myr-mCherry

pIM39 itx-1pro(short)myo-2pro:myr-GFP

pIM44 rab-3pro:GRDN-1a

pIM45 dpy-7pro:GRDN-1a

pIM47 itx-1pro:sfGFP-GRDN-1a

pIM48 egl-13pro:GFP

pIM49 egl-13pro:GRDN-1a

pIM50 grdn-1pro:sfGFP-GRDN-1a

pIM53 pros-1pro:GRDN-1a

pIM54 ptr-10pro:GRDN-1a

!207



 

pIM55 itx-1pro:GRDN-1a

pIM57 itx-1pro:YFP-GRDN-1a

pIM61 itx-1pro:SAX-7s-YFP

pIM62 itx-1pro:sfGFP-GRDN-1aΔGCV

pIM67 itx-1pro:SAX-7s

pIM68 flp-17pro:SAX-7s

pIM69 flp-8pro:SAX-7s

pIM93 itx-1pro:mApple-GRDN-1a

pIM94 flp-8pro:CD4-spGFP(1-10)

pIM95 grdn-1pro:SAX-7s

pIM96 grdn-1pro:HIS-24-mCherry

pMH407 dat-1pro:GFP

pMH415 tol-1pro:GFP

pMH421 flp-8pro:CFP

pMH445 klp-6pro:mCherry

pMH458 ocr-4pro:mCherry

pMH462 flp-8pro:mCherry
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Primers

 

Name Sequence

grdn-1pro_fwd AGTATCAGCCTGCAGGCTTCGTAAATCTACAAAACATTTTCAACGTGC

grdn-1pro_rev GAGATTCGGCGCGCCCCTTGATATTTTCGCTTGTTTTTTTTTTCAGAAG
G

egl-13pro_fwd GATACCTGCAGGTGGGAGTTTGGTGCTTCC

egl-13pro_rev GATAGGCGCGCCGTCTACGGCTGATGCTGG

pros-1pro_fwd TAGCTCCTGCAGGGGTGATATCGAAAGTAACCAACG

pros-1pro_rev TAGCTGGCGCGCCTGAGATTGATGACGTCACTAGC

itx-1pro_fwd TGATCCCTGCAGGCGGTAAAATTGCAAAATAAATTG

itx-1pro_rev TGATCGGCGCGCCGGTACGGCTGAAATAGAGAGC

itx-1pro(short)_rev TGTTGGCGCGCCTCTCTGCGTGTCTTTGCC
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Mutant alleles — Substitutions are bracketed with the mutant sequence underlined. Uppercase 

corresponds to predicted exons; lowercase to predicted introns. 

Allele Sequence

grdn-1(ns302) atttttca[g>a]CGACTGCG

grdn-1(ns303) GAAAACTG[G>A]AGCCATCC

grdn-1(hmn1) tctagGAT[C>T]AACTCAGC

grdn-1(hmn4) TACTGACC[C>T]AGAACAAG

grdn-1(hmn7) AAATCAGC[C>T]AGTTTTAC

grdn-1(hmn8) ATTTACCC[C>T]AAAACCCT

sax-7(hmn3) TGAAGGAG[g>a]taggacat

sax-7(hmn12) ACTTGCAT[G>A]GAATGGTG

sax-7(hmn147) TCACAATG[G>A]AGAACTCA

sax-7(hmn159) ACTTGCAT[G>A]GAATGGTG
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APPENDIX 3 — SUPPLEMENTAL TABLES FOR CHAPTER 4 

Strains 

Plasmids 

Genotype Figures

ynIs78[flp-8pro:GFP] 4.1

hmn15; ynIs78[flp-8pro:GFP] 4.1

hmn16; ynIs78[flp-8pro:GFP] 4.1

tni-3(hmn2); ynIs78[flp-8pro:GFP] 4.2

mapk-15(hmn5); ynIs78[flp-8pro:GFP] 4.3, 4.4, 4.7

sma-1(hmn6); ynIs78[flp-8pro:GFP] 4.3, 4.4

hmn17; ynIs78[flp-8pro:GFP] 4.3

mapk-15(hmn5); ynIs78[flp-8pro:GFP + Ex[flp-17pro:mCherry + WRM0615aA10] 4.5

mapk-15(hmn5); ynIs78[flp-8pro:GFP + Ex[mapk-15pro:NLS-mCherry] 4.6

mapk-15(hmn5); sax-7(hmn12); ynIs78[flp-8pro:GFP] 4.8

sax-7(hmn12); sma-1(hmn6); ynIs78[flp-8pro:GFP] 4.8

mapk-15(hmn51); sax-7(hmn3); ynIs78[flp-8pro:GFP] 4.8

Plasmid Name

pEL7 flp-17pro:mCherry

pIM99 mapk-15pro:NLS-mCherry

WRM0615aA10 mapk-15 fosmid
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Mutant alleles — Substitutions are bracketed with the mutant sequence underlined. Uppercase 

corresponds to predicted exons; lowercase to predicted introns. 

Allele Sequence

tni-3(hmn2) GGCAAAGAAG[A->T]AGGGAACCGC

mapk-15(hmn5) GCAACAAGAT[G->A]GTACAGAAGT

mapk-15(hmn51) AAAAGGAGTG[G->A]ATATGTGGAG

sma-1(hmn6) CAGAAAACAA[C->T]GAGGTGTCCG

!213


