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Abstract

Dendrites from a single neuron may be highly branched but typically do not overlap. This self-

avoidance behavior has been shown to depend on cell-specific membrane proteins that trigger 

mutual repulsion. Here we report the surprising discovery that a diffusible cue, the axon guidance 

protein UNC-6/Netrin, is required for self-avoidance of sister dendrites from the PVD nociceptive 

neuron in C. elegans. We used time lapse imaging to show that dendrites fail to withdraw upon 

mutual contact in the absence of UNC-6/Netrin signaling. We propose a model in which the 

UNC-40/DCC receptor captures UNC-6/Netrin at the tips of growing dendrites for interaction 

with UNC-5 on the apposing branch to induce mutual repulsion. UNC-40/DCC also responds to 

dendritic contact through an additional pathway that is independent of UNC-6/Netrin. Our 

findings offer a new model for how an evolutionarily conserved morphogenic cue and its cognate 

receptors can pattern a fundamental feature of dendritic architecture.

Sensory neurons form highly branched networks of dendritic processes. Despite the 

complexity of these structures, dendrites arising from a given neuron rarely overlap. This 

phenomenon of self-avoidance is widely observed and is presumptively employed to 

maximize coverage of the receptive field1-3. Studies in Drosophila have revealed that the 

cell surface proteins Dscam, turtle and Flamingo can mediate self-avoidance and thus 

suggest that physical contact between sister dendrites is sufficient to trigger mutual 

repulsion4-8. Differential expression of the large number of available Dscam isoforms offers 
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an elegant solution to the problem of distinguishing self vs non-self by providing unique 

combinations of markers for specific neuron types. A much smaller array of distinct Dscam 

isoforms is produced in mammals, however, and thus is unlikely to account for the majority 

of self-avoidance decisions in vertebrate neural development9. Overall, the molecular roles 

of other determinants of dendritic architecture are also poorly understood3. In contrast, the 

outgrowth of axons have been linked to a wide array of guidance cues and receptors. For 

example, the extracellular protein, UNC-6/Netrin, is secreted from specific donor cells to 

generate a graded signal that directs axon growth10-12. UNC-6/Netrin can also function as a 

short-range cue on either the membrane of the secreting cell or after capture by distal 

guidepost cells to direct local axon trajectory13-17. The axon guidance function of UNC-6/

Netrin is evolutionarily conserved and depends on interaction with specific receptor proteins 

including UNC-40/DCC and UNC-5 18,19. Here we exploit the morphological simplicity of 

the PVD nociceptive neuron20-23 in the model organism C. elegans and its accessibility to 

live cell imaging to detect a new function for UNC-6/Netrin in dendritic self-avoidance. We 

also show that this mechanism depends on physical contact between sister dendrites. Our 

finding provides the first example of a diffusible cue in this role and therefore expands the 

repertoire of potential self-avoidance components to include other established extracellular 

signaling molecules and the pathways that they control.

PVD neurons exhibit dendritic self-avoidance

PVD neurons display a highly branched network of sensory processes in which a collection 

of dendritic trees or “menorahs” is rooted in a common 10 dendrite (Fig.1a, b)21,24-26. This 

well-ordered and non-overlapping array of PVD dendrites is generated by a combination of 

defined branching events and an error correction mechanism in which sister dendrites are 

repelled by mutual contact24,25. The patterning role of self-avoidance is strikingly evident in 

the outgrowth of 3o dendrites. In each menorah, paired 3o dendrites project along a 

sublateral nerve cord in either an anterior or posterior direction (Fig.1a,b). We used time-

lapse imaging to establish that growth continues until the tip of one 3o dendrite contacts 

another 30 branch pointing in the opposite direction24. Touch evokes rapid withdrawal that 

results in an eventual gap between 3o dendrites from adjacent menorahs. This mechanism 

readily accounts for the observation that the inter-tip gap distance is constant between 

flanking 30 dendrites but that adult branch length and termination points are highly variable 

for PVD neurons in different animals (Fig.1c). As an additional test of a self-avoidance 

model, we used a mutant of the egl-46/Zn finger/Nerfin transcription factor to reduce the 

overall number of PVD menorahs24. This genetic background effectively widens the spacing 

between the branch initiation points of adjacent 30 dendrites (Fig.1d). Thus, this approach 

uses a genetic strategy to answer the question: If repulsion specifies the regular layout of 

PVD dendrites, what is the consequence of branch ablation? Our results show that 30 

branches are significantly longer in the egl-46 mutant but that the inter-tip gap is maintained 

(Fig.1e)24. Thus, these observations rule out models in which branch length is determined by 

a fixed yardstick or defined by external landmarks but favor the idea that the non-

overlapping PVD dendritic architecture is achieved through a contact-dependent mechanism 

of self-recognition.
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UNC-6 signaling is required for dendritic self-avoidance

We generated a PVD expression profile24 and used genetic analysis of known axon 

guidance molecules suggested by this list to test for potential roles in dendritic 

morphogenesis (supplemental table 1). We noted that genetic ablation of the UNC-6 

receptors UNC-40/DCC and UNC-5 altered several aspects of PVD morphology 

(supplemental figure 124,26) including the aberrant occurrence of overlaps between flanking 

menorahs in the adult (Fig.2a). We used time-lapse imaging to establish that this mutant 

phenotype arises from a self-avoidance defect. In the wild type, 3o dendrites from adjacent 

menorahs grow toward each other but quickly retract with over > 50% regressing within 3 

minutes of contact and < 13% still touching at the 10 min mark; ultimately, less than 1% of 

wild-type 3o dendrites overlap with each other (Fig.2b, d, supplemental movie 1, 

supplemental figure 2). In contrast, in unc-40(e271) mutants, a majority (76%) of adjacent 

3o dendrites failed to withdraw within 10 min of contact and almost one third (29%) never 

regressed (Fig.2a,c,e) (supplemental movie 2, supplemental figure 2). Similar defects were 

captured in time-lapse movies of unc-5(e152) (supplemental movie 3, supplemental figure 

2). Motivated by these results, we examined the mutant unc-6(ev400) and detected 3o self-

avoidance defects resembling those of unc-40/DCC and unc-5 mutants (Fig.2a). If these 

genes function in a common pathway, double mutants between unc-6 and each of its 

receptors should fail to enhance the self-avoidance defect of either single mutant. This 

prediction is confirmed for the self-avoidance defect arising from the combination of unc-5 

and unc-6 which is comparable to that of either unc-5 or unc-6 alone (supplemental figure 

3). However, the unc-40 mutation enhances both the Unc-5 and Unc-6 single mutant self-

avoidance phenotypes. These results are consistent with model in which unc-40 exercises a 

role in self-avoidance that is independent of unc-6 signaling through unc-5. In addition, 

because neither unc-5 nor unc-6 enhance the Unc-40 self-avoidance defect (supplemental 

figure 3), we conclude that unc-40 also functions in the unc-6- and unc-5-dependent 

pathway. Here we describe experiments designed to establish the mechanism whereby 

UNC-6/Netrin and its receptors, UNC-40/DCC and UNC-5, mediate dendritic self-

avoidance.

Self-avoidance requires UNC-6 but not a graded UNC-6 signal

UNC-6 is secreted from ventral cells to direct axonal outgrowth and cell migration along the 

D/V body axis10,27. When this ventral source of UNC-6 is removed in unc-6(ev400) 

mutants, 18% of PVD 3o branches overlap per animal (Fig.3a,d). This defect is 

complemented by UNC-6 expression with the native unc-6 promoter (Fig.3d). Transgenic 

expression of UNC-6 in a ventral neuron (AVA) with the rig-3 promoter28 also improves the 

self-avoidance response (8% overlapping branches, p=0.02 vs unc-6) and thus indicates that 

UNC-6 expression from ventrally located cells is sufficient to mediate PVD 3o branch self-

avoidance (Fig.3d).

Although extracellular UNC-6 protein is presumptively distributed in a ventral to dorsal 

gradient, we did not observe a significant difference in the extent of self-avoidance errors in 

ventral vs. dorsal 3o branches in unc-6 (ev400) (supplemental figure 4). We next used a heat 

shock promoter (hsp16.2) to drive expression of UNC-6 in all cells29 and thereby directly 
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determine if a ventral to dorsal gradient of UNC-6 is required for self-avoidance. Although 

global expression of UNC-6 is known to disrupt axon guidance along the D/V axis29, 

ubiquitous UNC-6 expression in a wild-type background during multiple larval stages did 

not perturb PVD 3o branch self-avoidance (Fig.3b,d).

We reasoned that UNC-6/Netrin might function as a permissive cue in this case such that a 

specific source or gradient of UNC-6/Netrin is not necessary provided sufficient ligand is 

available. This idea is substantiated by our finding that global expression of UNC-6/Netrin 

in unc-6(ev400) with the heat shock promoter before the L3 larval stage rescues 3o branch 

self-avoidance (9% overlapping branches, p=0.04 vs unc-6) (Fig.3c,d). In addition, we 

showed that expression of UNC-6/Netrin in PVD with the F49H12.4 promoter30 also 

rescued unc-6 (ev400) self-avoidance defects (7% overlapping branches, p=0.01 vs unc-6) 

(Fig.3d). Based on these results, we conclude that PVD dendritic self-avoidance is 

independent of the UNC-6/Netrin gradient and therefore that UNC-6/Netrin does not 

provide a directional signal to repel dendritic outgrowth. We considered an alternative 

model in which the mere availability of UNC-6 is sufficient to trigger repulsion and next 

asked the question of when this function is required.

UNC-6 is required during the period when dendrites self-avoid

Time-lapse imaging established that PVD 3o branch self-avoidance occurs during the L3 

larval stage24. If UNC-6 is directly involved in self-avoidance then UNC-6 function should 

be required during this period. We used a conditional unc-6 allele (rh46) to test this idea in 

temperature shift experiments that regulate temporal UNC-6 activity31.

unc-6(rh46) mutants grown at the restrictive temperature (25C) display a self-avoidance 

defect (28% of overlapping 3o branches, Fig.3g) comparable to that of the unc-6(ev400) null 

allele (p=0.14 ev400 vs rh46) which therefore suggests that the rh46 point mutation results 

in a dysfunctional UNC-6 protein at restrictive temperature31. The self-avoidance defect is 

weaker but still significant at 15C (Fig.3g, 8% of overlapping 3o branches, p =0.006 vs 25C 

control, p=0.047 vs N2) indicating that the rh46 mutant UNC-6 protein is only partially 

active at permissive temperature. We shifted unc-6(rh46) animals from restrictive 

temperature (25C) to permissive temperature (15C) at succeeding developmental stages 

(Fig.3f,g). unc-6(rh46) larvae downshifted at the L2/L3 transition and then maintained at 

permissive temperature until the adult, showed a self-avoidance defect comparable to that of 

control animals grown continuously at 15C (Fig.3g, 10% overlapping branches, p = 0.007 vs 

25C control). In contrast, downshifts to permissive temperature (i.e., restoration of UNC-6 

activity) after the L2/L3 transition resulted in a self-avoidance defect as severe as 

unc-6(rh46) animals grown continuously at the restrictive temperature (Fig.3g, p = 0.42 for 

L3/L4, p = 0.86 for L4/YA vs 25C control). These results indicate that self-avoidance does 

not depend on UNC-6 function during embryonic and early larval development but that 

UNC-6 is required after the beginning of the L3 stage. Similar temperature upshift 

experiments confirmed that loss of UNC-6 function during the L3 larval period enhances the 

rh46 self-avoidance defect but later shifts to restrictive temperature (i.e., L3/L4 or L4/YA) 

after 30 branch outgrowth is complete do not result in a severe branch overlap phenotype 

(supplemental figure 5). Thus, our results are consistent with a model in which UNC-6 
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function is required for self-avoidance during a brief developmental window in the L3 larval 

stage in which 30 dendrites are actively engaged in outgrowth and contact-dependent 

repulsion. This finding is important because it argues against the possibility that UNC-6/

Netrin signaling fulfills an earlier, indirect role in which it primes PVD dendrites for self-

avoidance by regulating expression32, for example, of an alternative set of interacting 

components.

UNC-40/DCC and UNC-5 function cell-autonomously in PVD

Genetic ablation of UNC-5 and UNC-40 resulted in significant overlap of 3o dendrites (Fig.

2a). Because UNC-5 and UNC-40 have been previously shown to function as receptors for 

UNC-6/Netrin and because UNC-5 and UNC-40 transcripts are enriched in our PVD 

microarray data set24, we reasoned that UNC-5 and UNC-40 are likely to act in PVD to 

prevent overlap of 3o dendrites. This model predicts that expression of UNC-5 and 

UNC-40/DCC in PVD should be sufficient to restore self-avoidance to the corresponding 

unc-5 or unc-40 mutants.

Expression of UNC-40 with its endogenous promoter in unc-40(e271) reduced the frequency 

of overlapping branches from 29% to 5% (p = 3E−5 vs unc-40) (Fig.4d). UNC-40 expression 

with the PVD promoters F49H12.430 or ser2prom333 also showed significant rescue (8% 

overlapping 3o branches, p=5E−7 vs unc-40) (Fig.4c,d). Thus, these results are indicative of 

the cell-autonomous function of UNC-40 in PVD. We have previously noted that a 

significant fraction of PVD 20 branches fasciculate with motor neuron commissures that also 

project from the ventral to dorsal side of the animal24. To determine if PVD dendritic self-

avoidance is indirectly compromised by commissural axon guidance defects in 

unc-40(e271)18, we restored UNC-40 expression to ventral cord motor neurons with the 

unc-25 promoter34. Motor neuron expression of UNC-40 largely rescued commissural axon 

outgrowth to the dorsal cord, as expected18 (supplemental fig 6) but did not restore PVD 

self-avoidance (Fig.4d).

In similar experiments, expression of UNC-5 under its endogenous promoter resulted in a 

significantly reduced fraction of overlapping branches in the unc-5(e152) mutant (Fig.5d) 

(7%, p = 8.56E-5 vs unc-5). A cell-autonomous role for UNC-5 in PVD is consistent with 

our finding that UNC-5 expression with the F49H12.4 promoter also rescues the Unc-5 self-

avoidance defect (Fig.5b,d, p = 1.8E−4 vs unc-5). Restoration of UNC-5 expression in motor 

neurons did not complement unc-5(e152) PVD self-avoidance errors (Fig.5d) but does repair 

the uncoordinated phenotype that arises from misguided motor axon outgrowth (data not 

shown)35,36. The results of these cell-specific rescue experiments show that UNC-5 function 

is required in the PVD dendrites to prevent overlap of 3o branches.

UNC-40/DCC localizes UNC-6/Netrin to PVD dendrites

Consistent with the hypothesis that UNC-40/DCC function is required in PVD dendrites, 

PVD expression of a functional GFP-tagged UNC-40 protein (UNC-40∷GFP)29 resulted in 

distinct GFP puncta in PVD processes (Fig.4f). Moreover, UNC-40∷GFP puncta can be 

readily seen at the tips of 3o dendrites where contact-dependent self-avoidance occurs (Fig.

4f,h).
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We considered the possibility that UNC-6 functions as a contact-dependent repellent and 

tested this idea with an experiment designed to detect UNC-6 at the surface of PVD 

dendrites. We used the endogenous UNC-6 promoter to drive expression of UNC-6∷YFP37. 

Although this transgenic line rescues Unc-6 axon guidance defects and therefore must 

secrete a functional UNC-6∷YFP protein, UNC-6∷YFP is too diffuse to detect in a wild-

type animal outside of the ventral cells in which it is expressed (supplemental figure 7)37. To 

enhance the sensitivity of this assay, we expressed mCherry-labeled-UNC-40/DCC in PVD. 

In this background, UNC-6∷YFP is strikingly evident as YFP puncta that overlap with 

mCherry∷UNC-40 (Fig.4g,h). In contrast, expression of UNC-5 in PVD rescued the Unc-5 

self-avoidance defect (Fig.5d) did not result in detectable localization of UNC-6∷YFP on 

PVD (data not shown). These results are consistent with a model in which UNC-40/DCC, 

but not the UNC-5 receptor, captures UNC-6 from the extracellular space at the surface of 

PVD dendrites. This idea is supported by our finding that PVD expression of a truncated 

UNC-40 protein lacking the UNC-6-binding extracellular domain 

(PVD∷UNC-40deltaECTO) fails to restore 3o branch self-avoidance in unc-40 (e271) (20% 

overlapping dendrites, p=0.23 vs unc-40) whereas PVD expression of intact UNC-40/DCC 

protein is sufficient (Fig.4d). To rule out the possibility of a dominant negative effect, we 

determined that the PVD∷UNC-40deltaECTO protein does not disrupt self-avoidance in a 

wild-type background (data not shown).

UNC-6 bound to UNC-40 functions as a short-range cue

Our results show that UNC-6/Netrin secreted from a ventral source can be captured by 

UNC-40/DCC at the surface of PVD dendrites. Because PVD sister dendrite repulsion 

depends on direct contact, we wondered if UNC-6 bound to UNC-40 at the tips of touching 

30 dendrites could trigger this response. In this model, UNC-40/DCC might adopt a role in 

which it positions UNC-6/Netrin at this critical location to activate withdrawal of an 

apposing dendrite. This idea mirrors the observation that Drosophila UNC-40/Fra/DCC can 

sequester exogenous NetrinB at the surface of guidepost cells to steer local axon outgrowth 

in a contact-dependent mechanism13. Our model predicts that UNC-6/Netrin protein 

tethered to the UNC-40/DCC receptor can function as a short-range cue. To test this idea, 

we used a chimeric protein in which UNC-6 is fused to the extracellular region of UNC-40 

and expressed it in PVD. This membrane bound form of UNC-6/Netrin 

(PVD∷UNC-6∷UNC-40) rescued the dendritic self-avoidance defects of unc-6 (ev400) (8% 

overlapping 3o branches, p=0.02 vs unc-6) (Fig.3d). Expression in AVA interneurons in the 

ventral nerve cord with the rig-3 promoter28 (ventral∷UNC-6∷UNC-40), however, fails to 

restore self-avoidance to unc-6(ev400) and therefore confirms that the UNC-6∷UNC-40 

fusion protein is not released from the cell surface (supplemental figure 8). Thus, our results 

are consistent with a model in which UNC-40/DCC localizes exogenous UNC-6/Netrin to 

the surface of PVD dendrites where it functions as a short-range cue to trigger self-

avoidance. This configuration may be specifically required because PVD expression of 

UNC-6 fused to the N-terminus of a different transmembrane protein, NLG-1/Neuroligin 

(PVD∷UNC-6∷NLG-1),17 did not rescue self-avoidance in unc-6(ev400) (Fig.3d). The next 

problem to consider was how apposing PVD dendrites might detect this local UNC-40-

bound, UNC-6/Netrin ligand. Because of the well-established role of UNC-5 in mediating 
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repulsive responses to UNC-6/Netrin14,19,35, and our finding that UNC-5 expression in PVD 

is necessary for self-avoidance, we imagined that UNC-5 could provide this function

Self-avoidance is mediated by UNC-5 signaling

A mutation in the UNC-5 extracellular Ig domain that disrupts UNC-6/Netrin binding fails 

to rescue self-avoidance when expressed in unc-5(e152) (Fig.5d, 20% overlapping branches, 

p=0.83 vs unc-5). This finding is consistent with genetic results (supplemental figure 3) 

showing that unc-5 and unc-6 function in a common pathway to mediate self-avoidance and 

with the proposal that UNC-6 binding to UNC-5 is necessary for this interaction. Genetic 

analysis in C. elegans has shown that UNC-5 can mediate UNC-6-mediated repulsion either 

in concert with UNC-40 or independently36. These UNC-5 functions depend on specific 

conserved cytoplasmic domains; the Z-D sequence is necessary for UNC-40-independent 

signaling whereas the ZU-5 region is required for UNC-40-dependent activity36. To 

distinguish between these models, we tested mutant versions of the UNC-5 protein that lack 

either the ZU-D region (UNC-40-independent signaling) or the ZU-5 domain (UNC-40-

dependent signaling). Previous work has shown that UNC-5 localization is not disrupted by 

these mutations36. Transgenic expression of the UNC-5 protein lacking the Z-D domain 

(UNC-5deltaZD) did not restore self-avoidance to an unc-5 (e152) mutant (Fig.5c,d 22% 

overlapping branches, p=0.79 vs unc-5). In contrast, deletion of the ZU-5 region 

(UNC-5deltaZU-5) that is required for UNC-40-dependent signaling significantly improved 

the frequency of self-avoidance in comparison to the unc-5 (e152) mutant alone (Fig.5d, 9% 

overlapping branches, p=3E−4). These results are consistent with a model in which UNC-5-

mediated repulsion does not depend on interactions in cis with the UNC-40 protein but that 

UNC-40 function is required for localizing UNC-6/Netrin for binding in trans to UNC-5 at 

the apposing tip of the adjacent 30 dendrite.

UNC-40/DCC signaling is required for self-avoidance

Although the UNC-6∷UNC-40 fusion protein rescues the unc-6 mutant (Fig.3d) and 

therefore likely functions as a membrane-bound cue to trigger dendrite repulsion, 

UNC-6:UNC-40 does not restore self-avoidance to unc-40(e271) (Fig.4d). One explanation 

for this result is that unc-40 signaling is not active in the UNC-6∷UNC-40 fusion protein 

and that this UNC-40 function is necessary for self-avoidance. We tested this idea with a 

modified UNC-40 protein that lacks the intracellular domain (ICD) that mediates 

UNC-40/DCC downstream signaling38,39. Interestingly, PVD expression of this truncated 

UNC-40/DCC protein (PVD∷UNC-40deltaENDO) in unc-40(e271) fails to rescue dendrite 

repulsion (Fig.4d). Thus, our results indicate that UNC-40 provides the dual roles of 

capturing UNC-6 at the PVD cell surface for interaction with UNC-5 as well as activating a 

downstream pathway to mediate self-avoidance.

Discussion

Dendrites from a single neuron may be highly branched but rarely touch one another2,9. The 

absence of overlap arises from a mechanism in which sister dendrites are mutually repelled 

by transient encounters during outgrowth. The necessity of physical contact for self-
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avoidance is indicative of interaction between surface markers that trigger repulsion2. This 

model is substantiated by the recent discovery that membrane proteins can mediate self-

avoidance in Drosophila sensory neurons5-8. Here we describe a novel mechanism in the 

nematode, C. elegans, in which this self-recognition function is provided by a diffusible cue 

(supplemental figure 9).

Our results show that UNC-6/Netrin is secreted from ventral cells to modulate self-

avoidance of PVD sensory neuron dendrites in distal, lateral locations. We propose that 

UNC-6/Netrin is sequestered at the surface of PVD dendritic branches by the canonical 

receptor UNC-40/DCC where it is positioned to trigger a repulsive response upon contact 

with UNC-5 on the apposing dendrite. PVD self-avoidance also depends on UNC-40/DCC 

function in a separate pathway that does not require unc-5 and unc-6 (supplemental fig 9).

In some respects, our model parallels an earlier finding in Drosophila in which UNC-40/

Frazzled/DCC functions in guidepost cells to capture Netrin as a local guidance cue for 

nearby axons13,40,41. In this setting, however, the Netrin receptor in the responding cells is 

unknown and this signaling event occurs between separate cells. In the model that we have 

proposed, UNC-5 mediates a negative response to UNC-6 between spatially distinct 

membrane regions of the same cell. Netrin has also been shown to function as a short-range 

signal for axonal and dendritic guidance in other contexts and for defining the placement of 

synapses between specific neurons14-17. The phenomenon of self-avoidance that we have 

detected includes additional features that point to a complex mechanism. In addition to the 

proposed role for UNC-40/DCC of sequestering UNC-6/Netrin for interaction with UNC-5, 

our genetic evidence (supplemental fig 3) indicates that UNC-40/DCC also functions in a 

parallel self-avoidance pathway that does not involve unc-5 and unc-6. UNC-6-independent 

signaling by UNC-40/DCC has been previously observed18,32,42 and is suggestive of 

additional UNC-40/DCC activating ligands. Previous work has shown that UNC-5 and 

UNC-40 can signal independently of each other to mediate repulsion to UNC-6/

Netrin14,18,43,44 but our findings include the additional observation that this activity requires 

physical contact between apposing dendrites.

In addition to expanding the repertoire of self-avoidance proteins, our discovery that 

UNC-40/DCC and UNC-5 are involved suggests that other established UNC-6/Netrin 

signaling proteins could also be utilized to trigger repulsion. For example, we note that the 

UNC-6/Netrin pathway components UNC-34/Ena, CED-10/Rac and MIG-10/

Lamellipodin45-47 are highly expressed in PVD and therefore available for this role24. The 

significance of this possibility is underscored by the fact that little is known of the 

downstream mechanisms that reorganize the dendritic cytoskeleton to effect mutual 

repulsion48. For example, the intracellular proteins tricornered (trc) and furry (fry) are 

required for dendritic self-avoidance in a subset of Drosophila sensory neuron but 

mechanisms that activate these components are poorly defined7,49. In addition, the 

cytoplasmic domain of Dscam is necessary for self-avoidance but no downstream effectors 

have been identified6.

We have established that UNC-6/Netrin is required for self-avoidance of PVD dendrites. 

However, our results also point to additional mechanisms for regulating iso-neuronal 
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repulsion. We note that most (~ 65%) of PVD 30 dendrites undergo normal self-avoidance in 

strong loss-of-function alleles of UNC-6/Netrin pathway genes (Fig.2). This result parallels 

the observation that mutants in self-avoidance genes in Drosophila (e.g., Dscam, Turtle) and 

C. elegans (e.g., eff-1) are also incompletely penetrant6,8,25.

Although our results reveal a new role for UNC-6/Netrin signaling in dendritic self-

avoidance, the model that we have proposed involving a single cue and its receptors is 

unlikely to provide a general solution to the problem that individual neurons face of 

distinguishing self from non-self. The cell surface markers Dscam and protocadherins which 

can be expressed in many different alternative forms, are proposed to fulfill this role by 

providing unique combinations of labels for marking single neuron types in complex neural 

environments9. However, our discovery of a mechanism whereby an exogenous cue can be 

utilized to pattern dendritic self-avoidance suggests that other extracellular signals and their 

receptors could be similarly employed. This possibility significantly expands the potential 

utility of this self-avoidance strategy.

Nature Methods

Nematode Strains and Genetics

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

previously described 50.

Mutants used in this study—unc-6 (ev400); unc-6 (rh46); unc-5 (e152); unc-40 (e271); 

unc-129 (ev554); slt-1 (eh15); sax-3 (ky123); vab-2 (ju1); ptp-3 (ok244); madd-2 (ok2266); 

nid-1 (cg119). Some strains were provided by the Caenorhabditis Genetics Center, which is 

funded by the NIH National Center for Research Resources (NCRR). All studies in this 

work used C. elegans hermaphrodites.

Additional strains—NC1686 [wdIs51 (F49H12.4∷GFP + unc-119)]24; NC1687 [wdIs52 

(F49H12.4∷GFP + unc-119)]24; CX6488 [kyIs299, hsp16.2∷unc-6∷HA + ord-1∷RFP]29, 

YC149 [unc-6 (ev400); ghIs9 (unc-6∷venus + odr-1∷RFP)]37; CZ1200 [juIs76 

(unc-25∷GFP)]; NW1454 [unc-5 (e53); dpy-20 (e1282); evIs105 (pU5∷HA delta ZO-1)]; 

NW1151 [unc-5 (e53); evIs906 (pU5∷HA Ig # 1m + dpy-20)]; NW1180 [unc-5 (e53); 

evIs91 (pU5∷HA delta BamH1 + dpy-20)]; NW1137 [unc-5 (e53); evIs886 (pU5∷HA + 

dpy-20)]36

Transgenic strains generated by microinjection—NC2099 [pha-1 (e2123ts); 

wdEx682 (MVC119 (rig-3∷unc-6) + pBx (pha-1) + dat-1∷mcherry)]; NC2099 [pha-1 

(e2123ts); wdEx682 (MVC119 (rig-3∷unc-6) + pBx (pha-1) + dat-1∷mcherry); NC2182 

[pha-1 (e2123ts); wdEx692 (pCJS28, F49H12.4∷unc-6∷HA + pBx, pha-1 + 

dat-1∷mcherry)]; NC1893 [pha-1 (e2132ts); wdEx640 (F49H12.4∷unc-40∷mcherry + pBx 

(pha-1) + odr-1∷mcherry)]; NC2059 [pha-1 (e2123ts); wdEx662 (pCJS52 

(ser2prom3∷unc-40∷mcherry) + pBx (pha- 1) + dat-1∷mcherry)]; NC2098 [pha-1 

(e2123ts); wdEx681 (pCJS68 (unc-25∷unc-40∷mRFP) + pBx (pha-1) + dat-1::mcherry)]; 

TV1788 [unc-40 (e271); wyIs45; wyEx650 (unc-40 minigene w/ mcherry injected at 20 

ng/ul has co-selector marker GFP in coelomocytes)]; NC2301 [pha-1 (e2123ts); wdEx746 
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(pCJS93, F49H12.4∷unc-40∷GFP + pBx, pha-1 + pCJS85, dat-1∷mcherry)]; N2315 [pha-1 

(e2123ts); wdEx748 (pCJS98, F49H12.4::unc-40deltaECTO∷mcherry + dat-1∷mcherry + 

pBx, pha-1)]; NC2044 [pha-1 (e2123ts); wdEx660 (pCJS65 (unc-5∷unc-5∷CFP) + 

dat-1∷mcherry + pBx (pha-1))]; NC2247 [pha-1 (e2123); lon-2 (e678); wdEx716 (pCJS72, 

unc-25∷unc-5∷mRFP + dat-1∷mcherry + pBx)];

Molecular Biology

UNC-40, UNC-6 and UNC-5 expression plasmids were constructed using conventional 

cloning and gateway recombinase technology as previously described 10,29,35,51. Detailed 

descriptions of plasmids constructions are available on request.

Confocal Microscopy

Nematodes were immobilized with 15 mM levamisole on a 2% agarose pad in M9 buffer 24. 

Images were obtained in a Leica TCS SP5 confocal microscope. Z-stacks were collected 

with either 40X (1 um/step), 63X (0.75 um/step) or 100x (0.75 um/step) objectives; single 

plane projections were generated with Leica Application Suite Advanced Fluorescence 

software. Brightness and contrast were enhanced using Adobe Photoshop CS5.

Time-Lapse Imaging

Nematodes were imaged as previously described24. For each time point, the 40X, 63X or 

100X objective was used to collect a Z-stack (0.75 um/step) spanning the focal depth of the 

PVD neuron and its dendritic branches. Dendritic branch outgrowth at each time point was 

evaluated from a Z-projection. Larval stages were identified from morphological features: 

L2 (postdeirid); L3, L4, and young adult (vulval development) 52. At least three independent 

movies verified each example of dynamic dendritic growth described in this report.

Measuring 3o dendrites length

Images from L4 larval animals were measured using the vector tool in ImageJ.

Scoring self-avoidance defects

Each genotype was visualized in a PVD∷GFP reporter line (wdIs51 or wdIs52). At least 20 

animals (> 600 of 3o gaps) were visualized for each genotype. Confocal images were 

collected in a z-stack to span the depth of PVD with a step size of 1 um. PVD morphology 

was scored from Z-stack projections. A self-avoidance defect is identified as any two 

adjacent 3o branches that lack an intervening gap between them. Adjacent 3o branches are 

defined as physically linked to 2o branches that project from flanking locations on the PVD 

1o branch. The number of self-avoidance errors (i.e., absence of intervening space between 

3o branches of adjacent menorahs) was divided by the total number of potential 3o branch 

gaps per animal (i.e., number of 20 branches – 2]) to provide the fraction of overlapping 3o 

branches per animal. The average fraction of overlapping 3o branches for each genotype was 

calculated for histograms summarizing these results.

Statistical analysis

An unpaired Student’s t-test was used to calculate statistical significance.
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Heat Shock Experiments

Animals were heat shocked at the appropriate age as previously described 29. All animals 

were imaged at the late L4 larval stage after PVD development is complete.

Temporal requirement for UNC-6/Netrin

unc-6 (rh46) worms were maintained at the appropriate temperature 31 and treated with 

hypochlorite to release embryos for overnight incubation in M9 buffer. Synchronized L1s 

were placed on a bacterial lawn to initiate larval development and then shifted to either the 

permissive (15C) or restrictive (25) temperature at specific larval intervals (L2/L3 larval 

transition, L3/L4 larval transition, end of L4 larval stage) for growth until the late young 

adult stage for imaging. Animals grown at either the permissive or restrictive temperature 

throughout development were used as controls.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. UNC-6/Netrin signaling is required for contact-dependent self-avoidance
(a) Fluorescent image of PVD neuron labeled with GFP to show the non-overlapping pattern 

of PVD dendrites. Arrowheads denote gaps between 30 dendrites of adjacent menorahs. The 

single PVD axon (arrow) marks the location of the ventral nerve cord. (b) Tracing of PVD 

branches to show numbering scheme. (c) Tracings of 3o dendrites from dorsal (D) and 

ventral (V) regions of ten individual PVD neurons are denoted with matching colors. Note 

that 3o dendrites do not terminate at specific anatomical regions or exhibit a single length as 

would be expected if outgrowth were governed by external landmarks or limited by an 

intrinsic mechanism of length determination. (d) egl-46 mutants show fewer 2o branches and 

longer 3o dendrites (arrows). (e) PVD neurons have fewer 2o branches in egl-46 (n1076) 

mutants (32.3 + 5.3) than wild type (wt) (38.9 + 5.4). Despite the consequent reduction in 

the overall number of 3o branches in egl-46 mutants, the normal distance between the tips of 

adjacent 3o dendrites is maintained by extending the average outgrowth length of 3o 

dendrites. Error bars represent s.d.

Smith et al. Page 14

Nat Neurosci. Author manuscript; available in PMC 2012 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. UNC-6/Netrin signaling is required for contact-dependent self-avoidance
(a) 3o branches from adjacent menorahs overlap in unc-6 (ev400), unc-5(e152) and unc-40 

(e271) mutants more frequently than in wild type (wt). p<0.01. Error bars represent s.d. (b) 
Schematic showing 3o outgrowth, contact and retraction in wild type (wt). (c) 3o branches 

fail to withdraw after contact in an unc-40 mutant. (d) Images captured from a time-lapse 

movie showing contact then rapid withdrawal (< 2.5 min) (arrow) of 3o branches in wild 

type.(e) Successive images showing that 3o branches fail to withdraw within 30 min of 

mutual contact in unc-40(e270) (arrow).
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Figure 3. UNC-6/Netrin functions as a permissive cue to prevent dendritic branch overlap
(a, d) unc-6(ev400) shows overlapping 3o PVD branches (arrowheads) (b, d) Expression of 

UNC-6 with a heat shock promoter (global∷UNC-6) restores self-avoidance (arrows) to 

unc-6(ev400) but (c, d) does not induce PVD dendritic outgrowth defects in a wild-type 

background. (d) UNC-6 expression with the native unc-6 promoter (unc-6∷UNC-6), a 

ventral neuron-specific promoter (ventral∷UNC-6) or the PVD promoter (PVD∷UNC-6) 

rescues unc-6(ev400) self-avoidance defects (see Methods). Expression of UNC-6 fused to 

the extracellular domain of UNC-40 (PVD∷UNC-6∷UNC-40) restores self-avoidance but 

UNC-6 fused to the membrane protein neuroligin (PVD∷UNC-6∷NLG-1) does not rescue 

3o branch self-avoidance defects in unc-6(ev400). Genetic backgrounds are wild type (wt) 

(light grey boxes) or unc-6(ev400) (dark gray boxes). (e) Schematic of UNC-40 protein (Ig 

domain = loops, Fibronectin domains = rectangles, intracellular domain and GFP tag = dark 

rectangle) and UNC-6∷UNC-40 chimera (UNC-6 contains HA tag). (f) PVD 3o branch self-

avoidance occurs during the L3 larval stage. (g) The temperature sensitive allele unc-6(rh46) 

was shifted from restrictive (25C) to permissive temperature (15C) at successively later 
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stages (L2/L3, L3/L4, L4/adult transitions) during larval development. Temperature shift 

from 25C to 15C at the L2/L3 transition rescues the 3o branch self-avoidance defect 

(p<0.01) but downshifts at later developmental stages do not restore self-avoidance. 

Continuous growth at 25C (25C control) results in a higher fraction of overlapping branches 

than continuous growth at 15C (15C control). PVD 3o branch overlap was scored in the 

adult. Error bars represent s.d.
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Figure 4. UNC-40/DCC functions in PVD to mediate self-avoidance and captures exogenous 
UNC-6/Netrin at the PVD cell surface
(a) PVD 3o dendrites do not overlap in wild-type (wt) adults (arrows). (b, c) Expression of 

UNC-40 (PVD∷UNC-40) in unc-40 (e271) rescues (arrows) the Unc-40 self-avoidance 

defect (arrowheads). (d) Quantification confirms that expression of UNC-40/DCC with the 

native unc-40 promoter (unc-40∷UNC-40) and with two different PVD promoters 

(PVD1∷UNC-40, PVD2∷UNC-40) restores PVD dendritic self-avoidance whereas 

expression with a motor neuron-specific promoter (MNC∷UNC-40) does not. PVD 

expression of UNC-40/DCC lacking either the extracellular UNC-6 binding domain 

(PVD∷UNC-40deltaECTO) or intracellular signaling domain (PVD∷UNC-40deltaENDO) 

fails to rescue self-avoidance. Genetic backgrounds are wild type (wt) (grey box) or 

unc-40(e271) (black boxes). Error bars represent s.d. (e) Schematic of UNC-40 protein (Ig 

domain = loops, Fibronectin domains = rectangles, intracellular domain and GFP tag = dark 

rectangle). (f) PVD expression of GFP labeled UNC-40 (PVD∷UNC-40∷GFP) results in 

GFP puncta in PVD processes (arrows) and at tips of growing dendrites (arrowheads). (g) 
YFP-labeled UNC-6 expressed from its native promoter in ventral cells 

(unc-6∷UNC-6∷YFP) decorates PVD neurons (arrowheads) expressing UNC-40∷mCherry. 
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Arrow denotes UNC-6∷YFP labeling of ventral nerve cord. (h) UNC-6∷YFP (UNC-6, 

green) labeling of PVD expressing UNC-40∷mCherry (UNC-40, red). Merged image 

showing co-localization of UNC-6∷YFP and UNC-40∷mCherry puncta (arrows).
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Figure 5. UNC-5 is required in PVD and utilizes UNC-40-independent signaling to mediate self-
avoidance
(a, d) unc-5(e152) shows PVD self-avoidance defects (arrowheads) (b) Expression of 

UNC-5 with the PVD promoter (PVD∷UNC-5) prevents 3o branch overlap in unc-5 (e152) 

but (c) UNC-5 lacking the Z-D domain does not rescue. (d) Expression of UNC-5 with the 

native unc-5 promoter (unc-5∷UNC-5) or with the PVD promoter (PVD∷UNC-5) restores 

PVD self-avoidance but expression of the UNC-5 with the motor neuron promoter 

(MNC∷UNC-5) does not. Expression of UNC-5 proteins lacking either an UNC-40-

independent cytoplasmic signaling domain (unc-5∷UNC-5deltaZD) or UNC-6-binding 

domain (unc-5∷UNC-5deltaIg) fails to rescue self-avoidance in unc-5 (e152) mutants 

whereas expression of an UNC-5 protein lacking an UNC-40-dependent signaling domain 

(unc-5∷UNC-5deltaZU-5) prevents 3o branch overlap. Genetic backgrounds are wild type 

(wt) (grey box) or unc-5(e151) (black boxes). Error bars represent s.d. (e) Schematic of 

UNC-5 protein showing functional regions (Ig domain = loops, Thrombospondin domain 

(Tsp) = square, TM = transmembrane domain, and ZU-5, Z-D, Death domain (DD) 

intracellular domains and C-terminal HA tag).
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