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INTRODUCTION
Dendrites receive and process synaptic and sensory inputs via
elaborate dendritic networks or arbors. Although the complexity
and shape of these networks vary widely among different neuronal
subtypes, a given class of neuron displays highly stereotyped
dendritic arbors (Grueber et al., 2005). Accordingly, cell type-
specific dendritic arborization patterns help to define the specific
inputs and functional outputs associated with a given neuronal
subtype (Hausser et al., 2000). Dendritic branching represents a key
step(s) in the formation of dendritic arbors. Whereas studies in
Drosophila and vertebrate systems have identified a variety of
molecules that regulate dendrite branching (Corty et al., 2009; Jan
and Jan, 2010; Urbanska et al., 2008), the full repertoire of
molecules controlling this crucial stage of dendrite development
remains obscure.

RNA interference (RNAi) is a well-established powerful tool for
identifying novel genes involved in a wide range of biological
phenomena (Fire et al., 1998; Wolters and MacKeigan, 2008). In
C. elegans, large-scale RNAi screens have been used to define key
sets of genes involved in processes such as fat regulation (Ashrafi
et al., 2003), longevity (Hamilton et al., 2005) and axon guidance
(Schmitz et al., 2007). Therefore, we reasoned that RNAi screens
in C. elegans might uncover novel regulators of dendritic

branching. Specifically, we chose to carry out RNAi screens to
identify genes that regulate the branching of PVD neuron dendrites
in C. elegans. PVD neurons are bilaterally symmetric nociceptors
that respond to harsh mechanical stimuli and cold temperatures
(Chatzigeorgiou et al., 2010; Way and Chalfie, 1989). Importantly,
these neurons elaborate large and complex dendritic arbors which
envelop the body of late-larval and adult-staged animals (Oren-
Suissa et al., 2010; Smith et al., 2010; Tsalik et al., 2003; Yassin et
al., 2001), and provide an ideal system for studies aimed at
identifying novel regulators of dendrite morphogenesis.

To date, mec-3, which encodes a LIM homeodomain
transcription factor expressed in PVD neurons (Way and Chalfie,
1988; Way and Chalfie, 1989), as well as eff-1, which encodes a
protein essential for cell fusion, are the only genes known to be
required for the elaboration of PVD dendritic arbors (Oren-Suissa
et al., 2010; Tsalik et al., 2003). By carrying out two RNAi screens,
a small-scale candidate-based screen and a large-scale screen of
chromosome IV, we identified 11 genes that either promote or
suppress PVD dendrite branching. These include: bicd-1, homologs
of which include Drosophila Bicaudal D (BicD) (Suter et al., 1989;
Wharton and Struhl, 1989) and mammalian bicaudal D homolog 1
(BICD1) and bicaudal D homolog 2 (BICD2) (Baens and Marynen,
1997; Hoogenraad et al., 2001); dnc-1 and dli-1, which encode
components of the cytoplasmic dynein minus-end-directed motor
(Koushika et al., 2004); and unc-116, which encodes a component
of the kinesin-1 plus-end-directed motor (Patel et al., 1993;
Sakamoto et al., 2005). Drosophila BicD facilitates the localization
and transport of mRNAs (Bullock and Ish-Horowicz, 2001;
Bullock et al., 2006) and nuclei (Swan et al., 1999) via interactions
with Dynein, and mammalian BICD1 and BICD2 co-precipitate
with dynein and dynactin and function in dynein-mediated
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SUMMARY
The establishment of cell type-specific dendritic arborization patterns is a key phase in the assembly of neuronal circuitry that
facilitates the integration and processing of synaptic and sensory input. Although studies in Drosophila and vertebrate systems
have identified a variety of factors that regulate dendrite branch formation, the molecular mechanisms that control this process
remain poorly defined. Here, we introduce the use of the Caenorhabditis elegans PVD neurons, a pair of putative nociceptors
that elaborate complex dendritic arbors, as a tractable model for conducting high-throughput RNAi screens aimed at identifying
key regulators of dendritic branch formation. By carrying out two separate RNAi screens, a small-scale candidate-based screen
and a large-scale screen of the ~3000 genes on chromosome IV, we retrieved 11 genes that either promote or suppress the
formation of PVD-associated dendrites. We present a detailed functional characterization of one of the genes, bicd-1, which
encodes a microtubule-associated protein previously shown to modulate the transport of mRNAs and organelles in a variety of
organisms. Specifically, we describe a novel role for bicd-1 in regulating dendrite branch formation and show that bicd-1 is likely
to be expressed, and primarily required, in PVD neurons to control dendritic branching. We also present evidence that bicd-1
operates in a conserved pathway with dhc-1 and unc-116, components of the dynein minus-end-directed and kinesin-1 plus-end-
directed microtubule-based motor complexes, respectively, and interacts genetically with the repulsive guidance receptor unc-5.
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C. elegans bicd-1, homolog of the Drosophila dynein
accessory factor Bicaudal D, regulates the branching of PVD
sensory neuron dendrites
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transport (Hoogenraad et al., 2001; Hoogenraad et al., 2003;
Matanis et al., 2002). Given that a function for bicd-1 in dendritic
branch formation had not been established, and the connections
between bicd-1 and microtubule-based motors in other systems, we
investigated the role of bicd-1 and the motor components retrieved
from our screens in PVD dendrite branching.

Here, we demonstrate that loss of bicd-1 function results in the
appearance of ectopic dendrite branches posterior and proximal to
the PVD cell body with a concomitant reduction in the number of
terminal branches elaborated distal to the PVD cell body. In
addition, our bicd-1::YFP transcriptional reporter data, coupled
with anatomical focus-of-action studies, indicate that bicd-1 is
expressed, and primarily acts, in PVD neurons. Furthermore, we
show that bicd-1 acts cooperatively with both dhc-1 and unc-116
to regulate PVD dendrite branching. Interestingly, our RNAi
screens also identified unc-5, a known repulsive guidance receptor
(Leung-Hagesteijn et al., 1992), as a regulator of PVD
dendritogenesis and we present evidence that bicd-1 interacts
genetically with unc-5 in this context. Together, these findings
identify bicd-1 as a key regulator of dendrite branching in C.
elegans and suggest novel mechanisms, crucial for proper dendrite
morphogenesis, that may be conserved in higher-order organisms.

MATERIALS AND METHODS
Strains
C. elegans strains were maintained on nematode growth media plates at
20°C (unless otherwise noted) using standard techniques (Brenner, 1974).
The wild-type strain is N2 Bristol. The PVD transcriptional reporter is
OH1422 [otIs138 (ser2prom3::GFP) X] (Tsalik et al., 2003) and the FLP
transcriptional reporter is NY2030 [ynIs30 (Pflp4::GFP) I] (Kim and Li,
2004). All mutant strains were provided by the Caenorhabditis Genetics
Center. The temperature sensitive dhc-1(or195) mutants were maintained
at 15°C and shifted to the restrictive temperature of 25°C for phenotypic
analysis. bicd-1 is the gene name for C43G2.2 and is used throughout this
study.

Strain construction
RZ117 [bicd-1(ok2731);otIs138], RZ119 [dhc-1(or195);otIs138], RZ120
[unc-116(e2310);otIs138], RZ121 [unc-5(e152);otIs138], RZ155 [unc-
5(e53);otIs138], RZ134 [unc-6(ev400) otIs138], RZ131 [bicd-
1(ok2731);ynIs30], RZ136 [dhc-1(or195);bicd-1(ok2731);otIs138], RZ103
[unc-116(e2310);bicd-1(ok2731);otIs138], RZ135 [unc-5(e152) bicd-
1(ok2731);otIs138], RZ157 [unc-5(e53) bicd-1(ok2731);otIs138] and
RZ165 [bicd-1(ok2731);unc-6(ev400) otIs138] were generated using
standard techniques. bicd-1(ok2731) animals were backcrossed three times
to N2 (wild type) prior to strain construction. Primers used to identify bicd-

1(ok2731) IV mutant animals were (5�-3�): CATTAACATCTGTC -
TCTGTTCCAC, CATACATCTACGCTAGACTCC and GCAAGTGACC -
TCTTCAGTGAATTAC. Primers used to identify bicd-1(tm3421) IV
mutant animals were (5�-3�): GAATGCTTGTTCAGAGGTTC,
CACATCGCCAATCTTGACAC and TCAGGACGCAATGATTCAAG.

RNAi screening
RNAi by feeding was performed as previously described (Kamath and
Ahringer, 2003; Schmitz et al., 2007) with minor modifications. Briefly,
RNAi clones were grown for 16 hours in LB media with 50 mg/ml
ampicillin. Bacterial cultures were seeded onto agar plates containing 1
mM isopropyl b-D-1-thiogalactopyranoside (IPTG) (Sigma) and 50 mg/ml
carbenicillin and allowed to dry for 24 to 48 hours at room temperature.
Three L4 larval stage hermaphrodites were then placed on each plate,
incubated for 4 days at 20°C and allowed to lay a brood. After incubation,
young adult progeny were washed off feeding pates with M9 buffer and
mounted on 5% agar pads. Approximately twenty adult progeny per RNAi
clone were scored for the presence of defective PVD dendritic morphology,
defined here as a qualitative increase or decrease in the number of
secondary, tertiary or quaternary dendrites. All RNAi clones (kindly
provided by Ji Y. Sze, Albert Einstein College of Medicine of Yeshiva
University, NY, USA) assayed in the candidate-based screen were tested
twice and subjected to at least two additional rounds of re-testing if ≥10%
of animals displayed defective PVD morphology in either initial test. RNAi
clones (Geneservice) (Fraser et al., 2000; Kamath et al., 2003) assayed in
the large-scale screen were re-tested at least twice if ≥18% of animals
displayed a defective PVD arborization pattern. Data from all RNAi tests
(three to five tests per RNAi clone) were then pooled to generate an overall
percentage of animals displaying defects. RNAi clones were considered
positive if the overall percentage of animals displaying a defective PVD
arborization pattern was ≥20% (Table 1). Note that RNAi against either
dnc-1 or unc-32 produced very few animals that survived to adulthood.
Therefore, it was not possible to assay the targeted twenty animals per test
for these genes. Additionally, 335 (candidate screen: 7; chromosome IV
screen: 328) of the 2830 total RNAi clones (candidate screen: 137;
chromosome IV screen: 2693) were not assessed owing to technical
difficulties (e.g. clone failed to grow, mold/bacterial contamination of
seeded clone). All inserts from positive RNAi clones were sequenced to
confirm their identities.

Plasmid construction and transgenic strains
The bicd-1::YFP fusion construct was generated by PCR fusion (Hobert,
2002). Specifically, a 5977 bp fragment upstream of the ATG start codon
of bicd-1 was amplified from N2 worm genomic DNA and fused to the
yfp/unc-54 3�UTR cassette. bicd-1::YFP was injected into N2 wild-type
animals at 25 ng/ml, using pRF4 rol-6(su1006) as an injection marker.

For cosmid rescue experiments, the C43G2 cosmid (2 ng/ml) was
injected with mec-7::gfp and myo-3::rfp plasmids (50 ng/ml each). For cell
type-specific rescue experiments, bicd-1 cDNA was PCR amplified from
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Table 1. Candidate-based and large-scale RNAi screens identify genes required for the proper branching of PVD dendrites
Animals 

Gene Description RNAi phenotype defective (%) n

unc-86 POU-homeodomain transcription factor Decrease in number of secondary, tertiary and quaternary branches 38 69
unc-116 Kinesin-1 heavy chain Decrease in number of secondary, tertiary and quaternary branches 45 65
gex-2 p140/Sra1 Decrease in number of quaternary branches 26 106
unc-115 Actin-binding LIM Zn-finger protein Decrease in number of quaternary branches 76 58
unc-44 Ankyrin Decrease in number of quaternary branches 20 115
unc-70 Beta-spectrin Decrease in number of quaternary branches 49 55
bicd-1 Bicaudal-D Increase in number of tertiary branches 61 72
dnc-1 Dynactin Increase in number of tertiary branches 94 33
dli-1 Dynein light intermediate chain Increase in number of tertiary branches 69 55
unc-32 Vacuolar H+-ATPase V0 sector, subunit a Increase in number of tertiary branches 45 20
F46F11.9 GSG1 Increase in number of tertiary branches 27 90

A total of 11 genes that are required for the branching of PVD dendrites were retrieved from both RNAi screens: bicd-1, dnc-1, dli-1, unc-44 and gex-2 from the large-scale
screen, and unc-86, unc-116, unc-115, unc-70, unc-32 and F46F11.9 from the candidate-based screen. Animals were scored as defective if they exhibited a conspicuous
increase or decrease in the number of secondary, tertiary or quaternary PVD dendrite branches. D
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the C. elegans ORFeome clone OCE1182-7243564 (Open Biosystems) and
cloned into pPD96.41, creating pZK01. After cloning the bicd-1 cDNA into
pPD96.41, the QuikChange Lightning Multi Site-Directed Mutagenesis
System (Stratagene) was used to replace two nucleotides, C2646T and
T3248C, which did not coincide with the predicted bicd-1 nucleotide
sequence. The bicd-1 cDNA/unc-54 3�UTR cassette was then released
from pZK01 and cloned into the pZK02 (ser2prom3 promoter) and
pPD95.86 (myo-3 promoter) plasmids. Constructs were injected at 5ng/ml
with pceh-22::gfp (pharyngeal GFP) and pBS SK Bluescript at 50 ng/ml
each.

Quantification and photodocumentation of PVD dendrite
branching defects
Unless otherwise noted, dendrite branching defects were scored at the
young adult stage (52-58 hours post-hatch at 20°C or 42-44 hours post-
hatch at 25°C). Dendrite branching defects were visualized with an
Olympus IX 70 Microscope equipped with GFP and YFP optical filter sets
(Chroma Technology). Images were captured with an Olympus Optronics
digital camera and Magnafire 2.0 software.

Statistics
GraphPad Prism Software (Version 5.0b) was used for all statistical
analyses.

RESULTS
Development of the PVD neuron dendritic arbor
The otIs138 transcriptional reporter line (Tsalik et al., 2003)
prominently labels the bilaterally symmetric PVD neurons and was
used to characterize the development of PVD dendritic arbors from
the L2 larval to the young adult stage. The primary anterior and
posterior dendrites, which terminate posterior to the terminal bulb
of the pharynx and at the endpoint of the tail, respectively, were
clearly detectable by the L2 stage (Fig. 1A). Dorsally and ventrally
directed secondary dendrites then grew out from the primary
dendrites along the entire anteroposterior (A/P) axis of the animal

(Fig. 1B). Upon reaching the hypodermal/muscle border, secondary
dendrites executed an orthogonal turn, in either the anterior or
posterior direction, and extended parallel to the primary dendrite
(Fig. 1B). Next, tertiary dendrites sprouted from the orthogonal
turnpoint of existing secondary dendrites and, subsequently,
projected longitudinally away from secondary dendrites (Fig. 1C).
At L3, quaternary dendrites grew out from the longitudinally
projecting segments of secondary and tertiary dendrites, and
projected towards either the ventral or dorsal midline (Fig. 1D).
Outgrowth of the quaternary dendrites was complete by the L4
stage (Fig. 1E) and the resulting arborization pattern was
maintained at the young adult stage (Fig. 1F).

RNAi can effectively knock down gene expression
in PVD neurons
Given that both cell-autonomous and non-cell-autonomous
mechanisms are likely to control PVD dendrite development, it was
imperative that our RNAi screens were capable of identifying
genes that act in either PVD or the surrounding tissue (or both). To
determine whether RNAi-mediated gene knockdown functions
efficiently in PVD neurons, we attempted RNAi directly in the
otIs138 PVD reporter. We found that GFP expression in PVD
neurons was markedly reduced in otIs138 animals fed GFP dsRNA
(Fig. 2A,B,D). Next, we fed mec-3 dsRNA to otIs138 animals, as
mec-3 encodes a LIM homeobox transcription factor that is
expressed, and probably functions autonomously, in PVD (Way
and Chalfie, 1988; Way and Chalfie, 1989) to regulate the
branching of its dendrites (Tsalik et al., 2003). Of the 127 animals
treated with a mec-3 RNAi construct, 50% exhibited a reduced-
branching phenotype similar to that displayed by mec-3 genetic
mutants (Fig. 2C,E). Together, these observations indicate that our
RNAi approach can be used to identify genes that act
autonomously in PVD neurons.
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Fig. 1. Spatiotemporal pattern of
PVD dendrite branching. (A-F)The
otIs138 transcriptional reporter was
used to characterize the branching of
PVD dendrites in the tail region,
posterior to the PVD cell body, of
wild-type worms at the L2 (A-C; L2�,
L2� and L2� refer to progressively
later stages of development in L2
animals), L3 (D) and L4 (E) larval
stages and at the young adult stage
(F). Schematic representations of
reporter labeling of PVD dendritic
arbors are shown together with low
(A,D-F) and high (A-F) magnification
images of examples of the
schematized projections. Red boxes
in A and D-F represent the area
shown in the high magnification
image. Anteroposterior orientation is
indicated by the white double-
headed arrow. Asterisk in F denotes
the spermatheca. The labeling of
only one (left or right) PVD neuron
and one of its dendritic trees is
depicted in each schematic, and
labeled PVD neuron cell bodies are
identified by arrows in each of the
middle panels. Scale bars: 10mm.
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RNAi screens identify genes required for the
formation of PVD dendritic arbors
To identify novel regulators of PVD dendrite development, we
carried out both a small-scale candidate-based screen and a
large-scale unbiased RNAi screen. In the candidate screen, we
tested 121 genes known to regulate various aspects of neuronal
development (Bülow et al., 2002; Kakimoto et al., 2006; Kim et
al., 2007; Marshak et al., 2007; Miyashita et al., 2004; Schmitz
et al., 2007; Struckhoff and Lundquist, 2003) or 16 PVD-specific
genes (WormBase, release WS170, 02/09/07; see Table S1 in the
supplementary material). In the large-scale screen, we
individually knocked down 2693 genes on chromosome IV
(Kamath et al., 2003). RNAi defects were categorized as either
a qualitative increase or decrease in the number of dendrite
branches. RNAi clones were classified as giving rise to positive
effects if the overall percentage (average of three to five
independent RNAi tests) of animals displaying a defective PVD
arborization pattern was ≥20%. Based on these criteria, a total of
11 genes that either promote or suppress the formation of PVD
dendrites were retrieved from the screens (Table 1). Interestingly,
three of these genes, unc-116 (Patel et al., 1993; Sakamoto et al.,
2005), dnc-1 (Koushika et al., 2004) and dli-1 (Koushika et al.,
2004) encode proteins (kinesin-1 heavy chain, dynactin and
dynein light intermediate chain, respectively) that regulate
microtubule-based transport (Table 1), and homologs of another

gene on this list, bicd-1, probably regulate minus end-directed
microtubule-based transport together with several components of
the dynein complex (Table 1) (Swan et al., 1999; Hoogenraad et
al., 2001; Matanis et al., 2002; Hoogenraad et al., 2003). Given
that a role for bicd-1 in the developing nervous system had not
been previously characterized and the intriguing connection
between bicd-1 and microtubule-based transport machinery, we
focused our subsequent analyses on the role of bicd-1 in PVD
dendrite arbor development.

bicd-1(ok2731) mutants phenocopy the bicd-1
RNAi-induced enhancement of PVD dendrite
branching
Posterior to the PVD cell body (tail region), bicd-1 RNAi led to an
increase in the number of ectopic tertiary dendrites along the length
of the secondary dendrite (Fig. 3B-D). Quantification revealed that
the number of ectopic tertiary dendrites per secondary dendrite was
0.18 in animals fed the empty vector L4440 and 0.9 in bicd-1
RNAi-treated animals (Fig. 3F). To confirm a requirement for bicd-
1 in PVD dendrite branching, we analyzed a bicd-1 genetic mutant,
ok2731. bicd-1(ok2731) mutants harbor a 547 bp deletion that
eliminates exon 5 and results in the splicing of exon 4 to a cryptic
splice site in the middle of exon 6, probably generating a truncated
protein that retains partial function (Fig. 3A) (Fridolfsson et al.,
2010). Notably, bicd-1(ok2731) mutant animals exhibited the same
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Fig. 2. RNAi constructs fed to wild-type worms efficiently knock down gene expression in PVD neurons. (A,B,D)otIs138 animals fed the
empty vector construct, L4440, display minimal knockdown of GFP protein expression in PVD neurons (A); 96% of animals retain GFP expression in
both PVD cell bodies (D). The green and red arrows in A point to labeled PVD and PDE cell bodies, respectively. otIs138 animals fed GFP dsRNA
exhibit reduced GFP protein expression in PVD neurons (B); 28.3% of animals exhibit GFP expression in both PVD cell bodies, 41.3% express GFP in
one PVD cell body only and 30.4% exhibit no GFP expression in both PVD cell bodies (D). The green arrow in B indicates the absence of GFP protein
expression in a location presumably occupied by the PVD neuron. Because diminished GFP expression within PVD neurons prevented the
visualization of PVD dendritic arbors (data not shown) in an RNAi hypersensitive strain (Schmitz et al., 2007), we conducted the complete screen in
an otherwise wild-type background. (C,E)Half of otIs138 animals fed mec-3 dsRNA (C) display a significant reduction in the numbers of secondary,
tertiary and quaternary dendrites (E), phenocopying the branch-reducing phenotype exhibited by mec-3(u298) genetic mutants. Anteroposterior
orientation is indicated by the white double-headed arrow. The asterisks in A and C mark the spermatheca. Scale bars: 50mm. Error bars represent
s.e.m. ***P<0.001 determined by Fisher’s exact test.
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degree of enhanced branching as wild-type animals fed bicd-1
dsRNA (Fig. 3E,G) and first displayed the phenotype at the young
adult stage (Fig. 3G). We also attempted to analyze the bicd-
1(tm3421) allele, considered to be a genetic null (Fig. 3A)
(Fridolfsson et al., 2010). However, owing to the high level of
embryonic lethality associated with this allele (Fridolfsson et al.,
2010), we were unable to recover young adult bicd-1(tm3421)
homozygous animals. Cosmid rescue experiments were carried out
to confirm that a mutation in the bicd-1 gene was responsible for
the neuronal phenotype exhibited by bicd-1(ok2731) animals.
Rescue was observed in five out of seven transgenic lines (see Fig.
S1 in the supplementary material). These findings, coupled with
our observation that wild-type animals subjected to bicd-1 RNAi
exhibited the identical enhanced-branching phenotype displayed by
bicd-1(ok2731) mutant animals, provide strong evidence that bicd-
1 function is required for the development of the elaborate
branching pattern of PVD neurons.

bicd-1(ok2731) genetic mutants exhibit a reduced-
branching phenotype distal to the PVD cell body
In Drosophila, mutations in components of the minus-end-
directed dynein motor complex, Dynein light intermediate chain
(Dlic) and short wing (sw), result in a decrease in terminal
dendrite branching distal to the type IV dendritic arborization
(da) neuron ddaC cell body (Satoh et al., 2008; Zheng et al.,
2008). Given the previously defined links between Bicaudal D
and Dynein in Drosophila oogenesis (Swan et al., 1999) and
mammalian cell culture systems (Hoogenraad et al., 2001;
Hoogenraad et al., 2003; Matanis et al., 2002), we predicted that
PVD arbors of bicd-1(ok2731) mutants would exhibit a reduction
in the number of terminal branches distal to the PVD cell body.
To test this hypothesis, the number of terminal branches
(quaternary dendrites) was counted in both the distal and
proximal regions of the PVD arbor (Fig. 4A). Individual
dendritic trees possessing less than two quaternary dendrites
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Fig. 3. bicd-1(ok2731) animals phenocopy the bicd-
1 RNAi enhanced-branching defect. (A)Genetic
position of bicd-1 on chromosome IV and its exon-intron
structure, with the positions of the ok2731 and tm3421
mutations indicated. (B,C)Schematics of individual PVD
dendrite trees present in wild-type (B) and bicd-
1(ok2731) or bicd-1 RNAi-treated (C) animals.
(D,E)otIs138 animals fed bicd-1 dsRNA exhibit an
enhanced-branching phenotype posterior to the PVD cell
body (D). bicd-1(ok2731) animals phenocopy the bicd-1
RNAi enhanced-branching phenotype (E). Purple
arrowheads indicate ectopic tertiary dendrites. Asterisks
indicate the spermatheca. Anteroposterior orientation is
indicated by the white double-headed arrow.
(F)Quantification of the enhanced-branching phenotype
exhibited by otIs138 young adult animals subjected to
bicd-1 RNAi. (G)The PVD enhanced-branching
phenotype is first apparent at the young adult stage. n,
number of secondary dendrites scored in F and G. Error
bars represent s.e.m. ***P<0.001 determined by
unpaired Student’s t-test with Bonferroni adjustment.
n.s., not significant. Scale bars: 10mm.
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were considered to exhibit a reduction in branch complexity
(Fig. 4B). In wild-type animals, 5% of secondary dendrites
analyzed in the distal portion of the PVD dendritic arbor

exhibited a reduction in branch complexity (Fig. 4C,E). By
contrast, 30% of secondary dendrites analyzed in the distal
region of bicd-1(ok2731) PVD arbors displayed a reduction in
branch complexity (Fig. 4D,E). Notably, this phenotype appeared
to be restricted to the distal portion of the arbor as bicd-
1(ok2731) mutant animals did not exhibit a statistically
significant reduction in branch complexity proximal to the PVD
cell body compared with wild-type animals (Fig. 4E).

bicd-1 acts in PVD neurons
To gain insights into the expression pattern of bicd-1 and its possible
site(s) of action, we generated a bicd-1 transcriptional reporter
consisting of a 6 kb fragment directly upstream of the bicd-1 ATG
start codon fused to the yfp/unc-54 3�UTR cassette (Fig. 5A). Robust
bicd-1::YFP expression was observed in PVD neurons at the young
adult stage, with the onset of expression in PVD first detectable at
L4 (Fig. 5B; data not shown). bicd-1::YFP expression was also
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Fig. 4. bicd-1(ok2731) animals exhibit a reduction in the number of
dendritic branches distal to the PVD cell body. (A,B)Schematics of
the wild-type (A) and bicd-1(ok2731) (B) PVD arborization pattern. ‘Distal’
specifies the region of the PVD arbor anterior to the vulva and ‘proximal’
denotes the region between the vulva and the PVD cell body. Arrows
indicate individual dendritic trees that possess less than two quaternary
dendrites. Dorsoventral orientation is indicated by the double-headed
arrow. (C,D)Images of the distal regions of wild-type (C) and bicd-
1(ok2731) (D) PVD arbors of young adult animals (52-58 hours post
hatch, room temperature). Asterisks mark the spermatheca and ‘v’
indicates the position of the vulva. Red arrows point to individual
dendritic trees that possess less than two quaternary dendrites.
(E)Quantification of the branch-reducing phenotype in both the distal
and proximal regions of the PVD arbor. n, number of secondary dendrites
scored. Error bars represent s.e.m. ***P<0.001 determined by chi-square
test with Bonferroni adjustment. n.s., not significant. Scale bars: 50mm.

Fig. 5. bicd-1::YFP expression pattern. (A)A bicd-1 transcriptional
reporter construct was generated by fusing 6kb of genomic sequence
directly upstream of the bicd-1 ATG to the yfp/unc-54 3�UTR cassette.
(B)Yellow arrows mark YFP protein expression detected in the PVD
neuronal cell body and its dendrites at the young adult stage. (C)Red
arrowheads point to labeled quaternary dendrites of FLP neurons in the
head. (D)Ventral view of a bicd-1::YFP labeled animal. The red and
yellow open arrows point to labeled vulva and body wall muscles,
respectively. Red arrowheads identify YFP protein expression in the
bilaterally symmetrical excretory canals and the yellow arrowhead
points to YFP protein expression in the posteriorly directed processes of
AVF neurons. Anteroposterior orientation is indicated by the white
double-headed arrow. Scale bars: 25mm in B and C; 50mm in D.
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present in the H-shaped excretory cell, body wall muscle cells, vulva
muscle cells and the AVF neuron (Fig. 5D). Notably, FLP neurons,
which reside in the head and elaborate PVD-like dendritic arbors,
also displayed bicd-1::YFP expression (Fig. 5C) and FLP dendrite
arbors were malformed in bicd-1(ok2731) mutants (see Fig. S2 in the
supplementary material). To determine the anatomical focus of action
of bicd-1, we conducted cell type-specific rescue experiments and
genetic mosaic analyses. In the cell type-specific rescue experiments,
we investigated whether expression of bicd-1 cDNA under the
control of either a PVD- or a muscle-specific promoter was capable
of rescuing the mutant phenotype (Fig. 6A). Selective expression of
BICD-1 in PVD neurons partially rescued the enhanced-branching
phenotype in three out of four independent transgenic lines, whereas
exclusively expressing BICD-1 in muscle cells only weakly rescued
the enhanced-branching phenotype in one out of three independent
transgenic lines (Fig. 6A and see Fig. S3 in the supplementary
material). Furthermore, genetic mosaic analyses revealed that
animals that retained wild-type bicd-1 in the AB.p lineage (which
gives rise to the PVD neurons) but not the P1 lineage (which gives
rise to 94 out of 95 body wall muscles) exhibited partial rescue of
the enhanced-branching bicd-1(ok2731) mutant phenotype (Fig.
6B,C). Collectively, these studies support the view that bicd-1 acts
primarily within PVD neurons to regulate the patterning of its
dendritic arbors, but might also function in other cells (e.g. muscle).

bicd-1 acts cooperatively with dhc-1 and unc-116
Our large-scale RNAi screen of chromosome IV identified two
components of the C. elegans dynein motor complex, dynein light
intermediate chain (dli-1) and dynactin (dnc-1), as probable
regulators of PVD dendritic arbors (Table 1). Quantification of the
enhanced-branching phenotype displayed by wild-type animals
subjected to dli-1 or dnc-1 RNAi revealed that the number of
ectopic tertiary dendrites per secondary dendrite was 1.05 (n102)
and 0.71 (n86), respectively. Animals harboring a genetic
mutation in another dynein complex component, dynein heavy
chain (dhc-1), exhibited an enhanced-branching phenotype
posterior to the PVD cell body and a reduced-branching phenotype
distal to the PVD cell body (Fig. 7A-D and Fig. 8C). The
similarities among the bicd-1, dli-1 and dnc-1 RNAi phenotypes
and between the bicd-1 and dhc-1 genetic mutant phenotypes,
raised the possibility that bicd-1 genetically interacts with
components of the dynein complex to regulate the formation of
PVD dendritic arbors. To test this hypothesis, we constructed and
analyzed double mutants deficient in both bicd-1 and dhc-1.
Posterior to the PVD cell body, dhc-1(or195);bicd-1(ok2731)
double mutant animals exhibited a statistically significant increase
in the number of ectopic tertiary dendrites per secondary dendrite
(0.85) compared with the bicd-1(ok2731) single mutant (Fig. 8A-
C). Because both the bicd-1(ok2731) and dhc-1(or195) alleles are
hypomorphic alleles, these data indicate that bicd-1 and dhc-1
probably act cooperatively (either in the same pathway or in
parallel pathways) to regulate PVD dendrite branching.

Our candidate-based RNAi screen also identified unc-116, a
component of the kinesin-1 plus-end-directed motor complex, as a
regulator of PVD dendrite branching (Table 1). Consistent with the
branching defects observed in unc-116 RNAi-treated animals, the
unc-116(e2310) loss-of-function allele exhibited a reduced-branching
phenotype in the distal region of the PVD dendritic arbor (Fig. 7E,F).
A reduced-branching phenotype, however, was not observed
proximal to the PVD cell body (Fig. 7F). Because unc-116(e2310)
and bicd-1(ok2731) mutants each displayed a reduced-branching
phenotype in the distal region of the PVD dendritic arbor, we

constructed unc-116(e2310);bicd-1(ok2731) double mutants to
determine whether unc-116 and bicd-1 act cooperatively to regulate
the PVD arborization pattern. Although the reduced-branching
phenotype in the distal region of the PVD arbor was not significantly
enhanced in unc-116(e2310);bicd-1(ok2731) double mutants
compared with the single mutants, we found that unc-
116(e2310);bicd-1(ok2731) double mutants exhibited a statistically
significant increase in the number of ectopic tertiary dendrites,
posterior to the PVD cell body, compared with the bicd-1(ok2731)
single mutant (Fig. 8D). Because both bicd-1(ok2731) and unc-
116(e2310) are partial loss-of-function alleles, these data indicate that
bicd-1 and unc-116 probably act cooperatively to regulate PVD
dendrite branching, posterior to PVD cell bodies. Together, these

513RESEARCH ARTICLEbicd-1 regulates dendrite branching

Fig. 6. bicd-1 acts in PVD neurons. (A)bicd-1 cDNA, expressed under
the control of either the PVD specific promoter ser2prom3 or the
muscle-specific promoter myo-3, partially rescues the enhanced-
branched phenotype. (B)Mosaic analysis was conducted using a
C43G2 cosmid rescuing line that exhibited complete rescue of the
enhanced-branching phenotype (rzEx111, see Fig. S1 in the
supplementary material). mec-7::gfp and myo-3::rfp were used to mark
the AB.p and P1 lineages, respectively. b.w. muscle, body wall muscle.
(C)Quantification of the enhanced-branching phenotype present in
mosaic animals demonstrates that bicd-1 acts in PVD neurons.
[AB.p+P1] denotes animals that have retained the array in both the AB
and P1 lineages. [AB.p-] and [P1-] denote animals that have retained
the array in either the P1 or AB.p lineage, respectively. Adult animals
scored in the mosaic analyses were initially selected at the L4 stage and
scored for rescue 24 hours later. n, number of secondary dendrites
scored. Error bars represent s.e.m. **P<0.01 determined by one-way
ANOVA with Dunnett’s post test.
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double-mutant analyses indicate that bicd-1 acts cooperatively with
genes encoding components of both minus- and plus-end
microtubule-based motors to regulate distinct aspects of PVD
dendrite development.

bicd-1 genetically interacts with the repulsive
guidance receptor unc-5
Our candidate-based RNAi screen identified the repulsive guidance
receptor unc-5 as a probable regulator of PVD dendrite branching,
although our initial quantification of the defect revealed a relatively
mild phenotype that placed unc-5 below our arbitrarily defined cut-
off for positive clones. Consistent with the unc-5 RNAi phenotype,
the unc-5(e152) loss-of-function allele displayed a reduced-
branching phenotype in the distal region of the PVD arbor with
62% of the secondary dendrites analyzed elaborating less than two
quaternary dendrites compared with 5% in wild-type animals (Fig.
7G,H). By contrast, a reduced-branching phenotype was not
observed proximal to the PVD cell body (Fig. 7H). Notably, in the
distal region, we observed that neither ventrally directed nor

dorsally directed quaternary dendrites were present (Fig. 7G).
Therefore, there was no bias (dorsal versus ventral) to the reduced-
branching phenotype. Given the similarity between the bicd-1 and
unc-5 mutant phenotypes, we constructed unc-5 bicd-1 double
mutants harboring the unc-5(e53) null allele and the bicd-
1(ok2731) allele. We found that unc-5(e53) bicd-1(ok2731) double
mutants exhibited a robust increase in the number of ectopic
tertiary dendrites (1.27) compared with the bicd-1(ok2731) single
mutant (Fig. 8A,B,E). Next, we generated unc-5 bicd-1 double
mutants using the unc-5(e152) allele. This allele is predicted to
result in an UNC-5 C-terminal truncation that completely
eliminates both the Z-D region and the ‘death domain’, which are
responsible for mediating the UNC-40-independent functions of
UNC-5 (Killeen et al., 2002). Notably, the ectopic-branching
phenotype of the unc-5(e152);bicd-1(ok2731) double mutants
(1.48) was at least as severe as that observed in unc-5(e53);bicd-
1(ok2731) double mutants (1.27) (Fig. 8E). This finding suggests
that, in the context of PVD branching, the unc-5(e152) allele
behaves as a complete loss-of-function allele. Moreover, it
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Fig. 7. dhc-1(or195), unc-116(e2310) and unc-5(e152) mutants possess fewer dendrite branches distal to the PVD cell body.
(A,B)Schematics of the wild-type (A) and mutant (B) PVD arborization pattern. ‘Distal’ specifies the region of the PVD arbor anterior to the vulva
and ‘proximal’ denotes the region between the vulva and the PVD cell body. Arrows point to individual dendritic trees that possess less than two
quaternary dendrites. (C,E,G) Micrographs of the distal regions of dhc-1(or195) (C), unc-116 RNAi (E) and unc-5(e152) (G) PVD arbors. Red arrows
point to the absence of quaternary dendrites. The asterisk in G indicates the spermatheca. Anteroposterior orientation is indicated by the white
double-headed arrow. (D,F,H) Quantification of the branch-reducing phenotype in the distal and proximal regions of the PVD arbor at 25°C (D) and
20°C (F,H). n, number of secondary dendrites scored. dhc-1(or195) mutants are temperature sensitive and all analyses utilizing this allele were
performed at 25°C. Scale bars: 50mm. Error bars represent s.e.m. **P<0.01, ***P<0.001 determined by chi-square test with Bonferroni
adjustment. n.s., not significant.
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indicates that the C-terminal domain of UNC-5 may be crucial for
the functional interaction between unc-5 and bicd-1. Although
these double mutant data suggest that bicd-1 and unc-5 act in
parallel pathways to regulate PVD branching, these data do not
preclude the possibility that unc-5 and bicd-1 also act in the same
pathway. Specifically, BICD-1 might aid in the transport of the
UNC-5 guidance receptor (acting in the same pathway) along with
a variety of additional cargoes (acting in a parallel pathway). We
also asked whether unc-6, which encodes the netrin ligand for unc-
5, interacts genetically with bicd-1. Unlike unc-5;bicd-1 double
mutant animals, a complete loss of unc-6 did not enhance the bicd-
1(ok2731) branching phenotype posterior to the PVD cell body
(Fig. 8E). Collectively, these data suggest that unc-5 has a cryptic
role in PVD dendrite development, which appears unc-6
independent.

DISCUSSION
In this study, we utilize C. elegans PVD neurons as a model system
for studying dendritic branching. From candidate-based and
unbiased RNAi screens we retrieved 11 genes that either promote
or suppress the formation of PVD dendrites. We show, for the first
time, that bicd-1 is involved in the development of dendritic
branches; an impairment of bicd-1 function results in a distal-to-
proximal shift of PVD dendrite branches. Furthermore, we find that
knockdown of either dynein-dynactin or kinesin-1 microtubule-
based motor complex components, produces similar PVD dendrite
branching phenotypes and that bicd-1 acts cooperatively with dhc-
1 and unc-116 to regulate the elaboration of PVD dendritic arbors.
Lastly, we demonstrate a novel function for unc-5 in regulating
PVD dendrite branching that appears to be independent of the
ligand unc-6 and requires the cytoplasmic tail of UNC-5.

bicd-1: a novel regulator of dendrite branching
Bicaudal D was initially identified in Drosophila as a crucial
regulator of anterior-posterior polarity during embryogenesis
(Mohler and Wieschaus, 1986; Wharton and Struhl, 1989). More
recent studies of Drosophila BicD and mammalian BICD1 and
BICD2 have provided evidence that Bicaudal D homologs are
coiled-coil proteins that function as accessory factors within the
dynein-dynactin minus-end-directed motor complex (Hoogenraad
et al., 2001; Hoogenraad et al., 2003; Matanis et al., 2002; Swan et
al., 1999). In non-neuronal cells, Bicaudal D has been implicated
as a key modulator of mRNA, organelle and lipid droplet transport
as well as microtubule anchoring at the centrosome (Bullock and
Ish-Horowicz, 2001; Fridolfsson et al., 2010; Fumoto et al., 2006;
Larsen et al., 2008; Swan et al., 1999). In neurons, it has been
found to play a role in retrograde transport in neurites of SK-N-SH
cells (Wanschers et al., 2007), nuclear migration in Drosophila
photoreceptor cells (Swan et al., 1999) and synaptic vesicle
recycling at the Drosophila neuromuscular junction (Li et al.,
2010). In this study, we identify a novel role for the C. elegans
homolog of Bicaudal D, bicd-1, in neuronal dendrite branching.
Specifically, we show that both bicd-1 RNAi-treated animals and
bicd-1 deletion mutants exhibit an enhanced PVD dendrite
branching phenotype posterior and proximal to the PVD cell body,
and a reduced-branching phenotype distal to PVD. Furthermore,
both cell type-specific rescue experiments and genetic mosaic
analyses suggest that bicd-1 acts primarily in PVD neurons.

A proposed mechanism for BICD-1 function
It has recently been shown that the minus-end-directed dynein
motor complex has a key role in establishing the dendritic
arborization pattern of class IV da neurons in Drosophila (Satoh et
al., 2008; Zheng et al., 2008). Specifically, mutations in the dynein
complex components Dlic, sw and Dhc1, as well as a disruption in
the function of the dynein-associated factors Lissencephaly-1 (Lis-
1) and lava lamp (lva), result in a decrease in the number of
terminal branches in the distal arbor and an increase in the number
of ectopic branches in more proximal regions of the arbor (Satoh
et al., 2008; Ye et al., 2007; Zheng et al., 2008). Notably, the
distribution of Golgi outposts (satellite Golgi cisternae that are
required for dendritic growth and branching) exhibited a
corresponding shift from a distal to a proximal position within dlic
and Lva mutant dendritic arbors (Horton and Ehlers, 2003; Horton
et al., 2005; Ye et al., 2007; Zheng et al., 2008). Thus, the dynein
motor complex might normally act to transport Golgi outposts
within the dendritic arbor in order to facilitate the growth of
dendritic branches (Zheng et al., 2008). Consistent with these
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Fig. 8. bicd-1 genetically interacts with dhc-1, unc-116 and unc-5
to regulate PVD dendrite branching. (A,B)Schematic depictions of
individual PVD arbors present in wild-type (A) and mutant (B) animals.
(C-E)Quantification of the enhanced-branching phenotype posterior to
the PVD cell body (tail region) at 25°C (C) and 20°C (D,E). n, number of
secondary dendrites scored. Error bars represent s.e.m. *P<0.05,
**P<0.01, ***P<0.001 determined by one-way ANOVA with Dunnett’s
post test. n.s., not significant.
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observations, we find that the perturbation of dynein-associated
bicd-1 or core components of the dynein motor complex results in
an analogous distal-to-proximal shift in the distribution of PVD
dendrite branches. Assuming that Golgi outposts are also present
in C. elegans PVD dendrites, these phenotypic similarities raise the
possibility that bicd-1, in conjunction with the dynein motor
complex, is involved in the transport and localization of these
specialized Golgi formations within PVD dendritic arbors. Like
Drosophila Lva, mammalian BICD1 and BICD2 are coiled-coil
golgin adaptors that also bind to dynein and dynactin and are
localized to the Golgi network (Hoogenraad et al., 2001; Matanis
et al., 2002). Furthermore, knockdown of mammalian BICD1 and
BICD2 results in disruption of Golgi morphology (Fumoto et al.,
2006). Given that there are no known C. elegans homologs of lva,
it is tempting to speculate that C. elegans BICD-1 could function
in a similar manner to Drosophila Lva to not only transport Golgi
outposts but also preserve their morphology.

We also report that animals harboring a mutation in the kinesin
heavy chain ortholog unc-116, just like bicd-1 and dhc-1 mutant
animals, exhibit a reduced-branching phenotype distal to the PVD
cell body. In addition, we show that the unc-116(e2310) mutation
enhances the bicd-1(ok2731) enhanced-branching phenotype that
is present posterior to the PVD cell body, leading us to conclude
that unc-116 and bicd-1 act cooperatively to regulate the PVD
dendrite branching pattern. In Drosophila class IV da neurons, it
has been reported that animals mutant for Kinesin heavy chain
(Khc) also exhibit dendritic branching defects identical to those
observed in animals mutant for dynein complex components,
raising the possibility that the kinesin motor might be responsible
for transporting the dynein complex back to the cell body once
dynein has unloaded its cargo (Satoh et al., 2008). Alternatively,
we envisage a scenario in which the dynein and kinesin motors
participate in bidirectional transport. Specifically, a single cargo
would undergo net polarized transport along a single microtubule
through the actions of the opposing motors (Welte, 2004). This
bidirectional transport could allow for the navigation of cargo
around obstacles (organelles, vesicles, etc.), thereby improving the
efficiency of net transport (Welte, 2004). Recent evidence suggests
that nuclear migration across C. elegans hyp7 embryonic
hypodermal precursor cells is facilitated by the coordinated action
of both dynein and kinesin-1 motors, with kinesin-1 acting to move
nuclei forward and dynein acting to navigate obstacles by
backward movements (Fridolfsson and Starr, 2010). Assuming that
microtubules are oriented with their minus-ends distal in PVD
neurons, as they are in Drosophila class IV neuronal dendritic
arbors (Satoh et al., 2008; Zheng et al., 2008), we speculate that
dynein motors direct the forward transport of cargo into PVD
dendrites (towards microtubule minus-ends), whereas kinesin-1
motors facilitate the navigation of cargo around the intracellular
milieu via transport in the reverse direction (towards microtubule
plus-ends). Specifically, in unc-116(e2310) mutants, the impaired
kinesin-1 complex would be incapable of navigating cargo around
obstacles in its path, thereby inhibiting the dynein complex from
transporting cargo towards the periphery of the PVD dendritic
arbor. This disruption of unc-116 function would lead to a PVD
reduced-branching phenotype similar to that observed in bicd-1 and
dynein mutants. In unc-116(e2310);bicd-1(ok2731) double mutant
animals, both the ability to transport cargo in the anterograde
direction and to navigate around obstacles would be perturbed,
leading to an enhancement of the branching phenotype present in
bicd-1(ok2731) animals posterior to the PVD cell body.

A novel role for unc-5 in regulating dendrite
morphogenesis
C. elegans UNC-5 is a conserved repulsive guidance receptor that
functions cell autonomously to mediate the dorsalward migration
of cells and pioneer axons in an UNC-6-dependent fashion
(Hamelin et al., 1993; Hedgecock et al., 1990; Leung-Hagesteijn et
al., 1992; Su et al., 2000). We find that animals subjected to unc-5
RNAi or harboring the unc-5(e152) genetic mutation exhibit a
reduced-branching phenotype distal to the PVD cell body.
Although UNC-5 has not been previously implicated as a regulator
of dendritic branching in any model system, it is interesting to note
that vertebrate Unc5b can function as either an anti- (Lu et al.,
2004) or pro-angiogenic (Navankasattusas et al., 2008) factor to
regulate the branching of vasculature during embryonic
development. In addition, Unc5b is localized to the tip and neck
region of embryonic mouse distal lung endoderm during a period
when lung epithelial tubes exhibit extensive branching (Dalvin et
al., 2003; Liu et al., 2004).

Although the detailed mechanisms underlying the transport and
subcellular localization of UNC-5 remain to be defined, it was
recently reported that UNC-5::GFP is associated with small vesicles
in DD and VD motor neuron axons and cell bodies (Ogura and
Goshima, 2006). Together with our findings, this raises the
possibility that the dynein motor complex within the PVD dendritic
arbor transports UNC-5-containing vesicles. Notably, the unc-
5(e152) allele harbors a non-sense mutation (Q507STOP) that results
in truncation of the UNC-5 cytoplasmic domain at the beginning of
the ZU-5 motif (Killeen et al., 2002). In addition, multiple dynein
motors are required to transport a single cargo in vivo, and the
recruitment of multiple dyneins to a single cargo is required for
facilitating long distance transport in vitro (Mallik et al., 2005).
Accordingly, the cytoplasmic domain of UNC-5 may be necessary
for the recruitment of multiple dynein motors that would facilitate its
long distance transport to the distal region of the PVD dendritic
arbor. The cytoplasmic truncation associated with unc-5(e152)
mutants might disrupt the recruitment of multiple motors, thereby
limiting the distance that UNC-5 can be transported along PVD
dendrites. Furthermore, PVD neurons extend primary dendritic
process that run almost the entire length of the animal, with the
anterior primary dendrite extending a significantly longer distance
away from the PVD cell body than the posterior primary dendrite. A
lack of UNC-5 at the distal-most segment of the anterior primary
process (anterior to the vulva) may account for the significantly
reduced (or lack of) dendritic branching in the distal region of the
PVD arbor, as observed in unc-5(e152) mutants. Our double mutant
analyses, using both the unc-5 loss-of-function allele e152 as well as
the unc-5 molecular null allele e53, suggest that unc-5 and bicd-1 act
cooperatively to regulate the branching pattern of PVD dendrites.
Surprisingly, we find that a complete loss of unc-6, the netrin ligand
for unc-5, did not enhance the bicd-1 PVD branching phenotype,
suggesting that unc-5 might act independently of unc-6.
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