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A dominant mutation in mec-7/β-tubulin affects 
axon development and regeneration in 
Caenorhabditis elegans neurons
Leonie Kirszenblat, Brent Neumann, Sean Coakley, and Massimo A. Hilliard
Queensland Brain Institute, The University of Queensland, Brisbane 4072, Australia

ABSTRACT  Microtubules have been known for decades to be basic elements of the cytoskel-
eton. They form long, dynamic, rope-like structures within the cell that are essential for mito-
sis, maintenance of cell shape, and intracellular transport. More recently, in vitro studies have 
implicated microtubules as signaling molecules that, through changes in their stability, have 
the potential to trigger growth of axons and dendrites in developing neurons. In this study, 
we show that specific mutations in the Caenorhabditis elegans mec-7/β-tubulin gene cause 
ectopic axon formation in mechanosensory neurons in vivo. In mec-7 mutants, the ALM mech-
anosensory neuron forms a long ectopic neurite that extends posteriorly, a phenotype that 
can be mimicked in wild-type worms with a microtubule-stabilizing drug (paclitaxel), and sup-
pressed by mutations in unc-33/CRMP2 and the kinesin-related gene, vab-8. Our results also 
reveal that these ectopic neurites contain RAB-3, a marker for presynaptic loci, suggesting 
that they have axon-like properties. Interestingly, in contrast with the excessive axonal growth 
observed during development, mec-7 mutants are inhibited in axonal regrowth and remodel-
ing following axonal injury. Together our results suggest that MEC-7/β-tubulin integrity is 
necessary for the correct number of neurites a neuron generates in vivo and for the capacity 
of an axon to regenerate.

INTRODUCTION
A neuron becomes polarized early in its development, when it 
breaks its symmetry by extending an axon and dendrites. The polar-
ity of a neuron is defined by its orientation within the animal, the 
number of processes it extends, and the specification of neurite 
identity. In the nematode Caenorhabditis elegans, alterations to 
neuronal polarity have been detected by changes in cell orientation 
in the body of the worm, leading to the discovery of several mole-
cules in the Wnt/Frizzled and Netrin/DCC pathway that are critical 

for this process in vivo (Adler et al., 2006; Chang et al., 2006; Hilliard 
and Bargmann, 2006; Prasad and Clark, 2006; Quinn et al., 2008). In 
parallel, studies using cultured hippocampal neurons have provided 
insights into the molecules that specify neurite identity, thereby es-
tablishing whether a neuronal process develops into an axon or a 
dendrite (Polleux and Snider, 2010). Local destabilization of the ac-
tin network at the tip of a neurite has been shown to act as an early 
signal within the cell for axon specification (Bradke and Dotti, 1999; 
Witte and Bradke, 2008; Neukirchen and Bradke, 2011). However, 
several studies have identified molecules, such as collapsin re-
sponse–mediated protein 2 (CRMP2), synapses of amphids defec-
tive (SAD) kinases, and glycogen synthase kinase-3β (GSK3β), that 
trigger axon specification independently of actin through microtu-
bule dynamics (Jiang et al., 2005; Kishi et al., 2005; Yoshimura et al., 
2005; Maniar et  al., 2012). Furthermore, growing evidence from 
in vitro experiments suggests that microtubules do not merely act 
as simple building blocks or cargo tracks in this process, but may 
provide instructive signals for axon specification (Baas, 2002; Witte 
et  al., 2008; Hoogenraad and Bradke, 2009; Stiess and Bradke, 
2011). Interestingly, microtubule dynamics have also been impli-
cated in axonal regeneration, indicating microtubules are important 
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observed during development, we also 
demonstrate that axons of mec-7 animals 
display a reduced capacity for regeneration 
following laser-induced injury. Our results 
reveal that β-tubulin mutations can alter 
the number of axons generated in vivo 
and inhibit multiple stages of axonal 
regeneration.

RESULTS
Semidominant mutations in MEC-7/β-
tubulin induce neurite outgrowth 
in vivo
The C. elegans ALM mechanosensory neu-
ron is bilaterally symmetrical and has a sin-
gle process that extends anteriorly, with a 
ventral branch of this process forming syn-
aptic connections in the nerve ring (Figure 
1A). Occasionally, a short posterior neurite 
that is less than twice the length of the cell 
body is observed, although this is regarded 
as a protrusion, rather than a full process 
(White, 1986; Watari-Goshima et al., 2007). 
The ALM neuron was visualized using the 
zdIs5(Pmec-4::GFP) transgene, which ex-
presses green fluorescent protein (GFP) in 
the ALM, AVM, PVM, and PLM mechanosen-
sory neurons. In an unbiased, forward ge-
netic screen aimed at finding mutants 
with ectopic neurite outgrowth in the ALM 
neuron, we isolated a mutation, ky852, in 
which both the left and right ALM neurons 
extended a long posterior neurite, essen-
tially converting them into bipolar neurons 
(Figure 1, C and D). This phenotype was 
fully penetrant and semidominant, with 
heterozygotes (ky852/+) displaying a less 
severe phenotype with shorter posterior 
processes than those of homozygotes 
(Figure 1, B and D). Interestingly, we never 
observed a reversed ALM phenotype in 
which the anterior process was misrouted 
posteriorly, a common occurrence in other 

known ALM polarity mutants (Wolf et  al., 1998; Hilliard and 
Bargmann, 2006; Prasad and Clark, 2006; Levy-Strumpf and Culotti, 
2007; Watari-Goshima et al., 2007; Pan et al., 2008). This suggests 
that the ky852 phenotype might result from disruption of a different 
molecular process that, rather than affecting orientation of a neuron 
within the animal, specifically regulates the number of neurites it 
develops. Moreover, unlike other polarity mutants, the ky852 mu-
tant also exhibited ectopic neurite formation in the mechanosen-
sory neurons AVM and PVM, and overextension of the posterior 
neurite in the PLM neuron (Figure S1). Behavioral analysis of ky852 
mutants with the light-touch assay (Chalfie and Sulston, 1981) 
revealed a mild touch insensitivity compared with wild-type animals, 
suggesting that the functional integrity of the mechanosensory 
neurons had been affected (Figure S2). To determine whether 
the mutation affected other classes of neurons, we visualized the 
D-type GABAergic motor neurons (Punc-25::GFP transgene) and 
the oxygen sensory neurons, AQR, PQR, and URX (Pgcy-36::GFP 
transgene) in the ky852 mutants. The morphology of these motor 
and oxygen sensory neurons appeared unaltered (unpublished 

not only during axon development but also for regrowth following 
injury (Erturk et al., 2007; Stone et al., 2010; Chen et al., 2011; Hellal 
et al., 2011; Sengottuvel and Fischer, 2011).

Although significant advances have been made in understand-
ing the molecular mechanisms of neuronal polarization governed by 
neuron orientation and neurite identity, we know much less about 
how a neuron is able to control the number of neurites it forms 
in vivo. Recent results have shown the planar cell polarity molecules 
VANG-1 and PRKL-1 are involved in this process (Sanchez-Alvarez 
et al., 2011).

In this study, we performed an unbiased genetic screen in 
C. elegans mechanosensory neurons to identify mutations affect-
ing the number of neurites that a neuron generates. We show that 
a mutation in mec-7, which encodes β-tubulin, causes ALM mecha-
nosensory neurons to develop long, ectopic neurites containing 
presynaptic loci, in addition to their normal axons. Time-lapse mor-
phological characterization suggests that this defect results from a 
disruption in the maintenance of neuronal polarity, with pharmaco-
logical experiments revealing that similar defects arise from 
hyperstable microtubules. Converse to the excessive axon growth 

FIGURE 1:  Posterior neurite outgrowth defects in ALM neurons of ky852 mutants. Morphology 
of ALM in wild type (A), ky852 heterozygotes (B), and ky852 homozygotes (C). White 
arrowheads indicate the ectopic posterior process. (D) Quantification of ALM phenotypes, 
classified as normal (no posterior process), moderate (medium length posterior process), and 
severe (long posterior process). Each data set is based on an n of at least 100 animals. Scale bar: 
25 μm.
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animal at hatching. We reasoned that the 
ectopic ALM process in ky852 mutants 
could either emerge during early develop-
ment, which would suggest a disruption in 
the establishment of neuronal polarity, or 
arise after the development of the anterior 
neurite, which would indicate a defect in 
the maintenance of the neuronal polarity. 
To investigate this, we performed time-
lapse analysis of ALM development and 
found that the ectopic neurite emerged 
during the L1 stage, after the normal ante-
rior neurite had already extended to the 
head of the animal (Figure 2). This supports 
the notion that the ky852 phenotype dif-
fers from other neuronal polarity mutants, 
in which polarity defects are already seen in 
the embryo when the cell first begins to de-
velop asymmetry (Hilliard and Bargmann, 
2006), and therefore indicates the ky852 
mutation affects signaling processes occur-
ring later in development.

Using single-nucleotide polymorphism 
(SNP) analysis (Wicks et  al., 2001; Davis 
et al., 2005; Davis and Hammarlund, 2006), 
we mapped the ky852 mutation to an inter-
val of chromosome X including the mec-7 
gene, which encodes a β-tubulin that is spe-
cifically expressed in the six mechanosen-
sory neurons of C. elegans and forms a com-
ponent of the 15 protofilament micro-
tubules unique to these neurons (Chalfie 
and Thomson, 1982). Several lines of evi-
dence indicated the ky852 phenotype was 
due to a mutation in the mec-7 gene. First, 
sequence analysis of the ky852 mutant re-
vealed a single base-pair change (ccg to tcg) 
in the mec-7 gene that generated a mis-
sense mutation (proline to serine at amino 
acid position 220) in the encoded protein 
(Figure 3A). Second, when we introduced a 
wild-type copy of mec-7 under the control 
of the mec-4 promoter (Pmec-4::mec-7) into 
ky852 mutant animals, we found that this 
transgene could partially rescue the ALM 
defect, with the length of the ectopic pro-
cess being reduced or returned to wild-type 
length in the majority of animals (Figure 3B). 
This partial rescue was consistent with the 
mutation being semidominant, as heterozy-
gous animals showed ectopic processes of 
intermediate lengths (Figure 1, B and D), 
due to the presence of both wild type and 
mutant copies of the gene. Third, expres-
sion of the mec-7(ky852) mutant allele in 
wild-type animals induced ectopic posterior 
outgrowth in some ALM neurons (Figure 

3C), further supporting the semidominant role of this gene. Finally, 
the mec-7 gene has been extensively characterized for mutations 
that affect the touch sensitivity of C. elegans, with more than 50 
alleles identified (Savage et al., 1989, 1994). Although visualization 
in these studies of MEC-7 with antibodies indicated that the vast 

data), suggesting that the ky852 mutation specifically affected the 
mechanosensory neurons.

The ALM mechanosensory neurons develop during embryo-
genesis, a time at which mec-7 also begins to be expressed 
(Hamelin et al., 1992), and are fully extended to the head of the 

FIGURE 2:  Ectopic neurites in ky852 mutants develop following embryogenesis. Morphology of 
ALM neurons in wild type and ky852 mutants in the embryo (A and B), at hatching (C and D), 
and 5 h after hatching (E and F). (G) Quantification of ALM neurons with posterior neurite 
defects in ky852 mutants during developmental stages corresponding to the images in (A–F). 
Each data set is based on an n of at least 100 animals. Error bars represent the SE of proportion. 
Scale bars: 20 μm.
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mals with a microtubule-destabilizing agent, colchicine, or a micro-
tubule-stabilizing agent, paclitaxel. Colchicine is known to inhibit 
the assembly of microtubules by binding to tubulin, thereby disrupt-
ing microtubule dynamics (Fojo, 2008). Treatment of mec-7(ky852) 
animals with colchicine prevented outgrowth of the ectopic poste-
rior process in the ALM neuron, leaving the anterior process intact 
(Figure 4A). To determine the developmental period during which 
colchicine produces its effect, we restricted treatment to the first 
24 h after hatching (when the animals are largely in the L1/L2 stages) 
or to the following 24 h (during L3/L4). Approximately 70% of ALM 
neurons formed normally in mec-7(ky852) animals treated with 
colchicine during the first 24 h following hatching; in contrast, no 
rescue of the ALM posterior neurite was observed when the colchi-
cine treatment was started 24 h after hatching (Figure 4B). The abil-
ity to specifically block development of the ALM ectopic process 
during the early L1 stage supports our observation that the defect 
emerges later than the normal ALM process, which is formed during 
embryogenesis. Notably, concentrations of colchicine that blocked 
development of the ALM ectopic process also affected neurite 

majority of these alleles cause degenerative phenotypes in ALM, 
two alleles, u278 and u170, presented posterior outgrowth in ALM 
similar to that observed in the ky852 mutant animals (Savage et al., 
1994). We visualized and quantified the phenotypes of the mec-
7(u278) allele in the zdIs5(Pmec-4::GFP) background and found it 
had a qualitatively similar but less severe phenotype compared with 
the ky852 mutant, with a lower penetrance of the ALM defect 
(Figure 3D). Complementation analysis between the ky852 and 
mec-7(u278) alleles revealed a significant worsening of the defect in 
the double heterozygotes (noncomplementation) compared with 
either individual heterozygote (Figure 3D), confirming ky852 to be a 
novel allele of mec-7.

Ectopic neurite outgrowth is triggered by hyperstable 
microtubules
Local stabilization of microtubules in immature neurites of dissoci-
ated neurons is sufficient to trigger axon formation (Witte et  al., 
2008). To investigate whether the ectopic processes in mec-7(ky852) 
animals were a result of hyperstable microtubules, we treated ani-

FIGURE 3:  The ky852 phenotype is caused by a mutation in the mec-7 gene. (A) Diagram of the mec-7 gene. Solid bars 
represent exons and connecting lines represent introns. The ky852 mutation and two other alleles that cause similar 
ALM neurite outgrowth phenotypes are indicated. (B) Rescue of ALM defects by insertion of wild-type mec-7 into 
mec-7(ky852) mutants. Two independent lines that were generated with different concentrations of injected transgene 
are shown. Phenotypic distributions between transgenics and nontransgenic controls were significantly different in both 
cases (chi-square test: p < 0.0001). (C) Induction of mec-7(ky852) phenotype by insertion of mutant mec-7 into wild-type 
animals. Two independent lines that were generated with different concentrations of injected transgene are shown. In 
both cases, transgenics had a reduced percentage of normal ALMs and an increased percentage of ALMs with 
intermediate length posterior process defects (Fisher’s exact test: p < 0.0001). (D) ALM phenotype of mec-7(u278) 
homozygotes, mec-7(u278) heterozygotes, and mec-7(u278)/mec-7(ky852) double heterozygotes. Data sets for (B–D) 
are based on an n of at least 100 animals.
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outgrowth of the AVM and PVM mechanosensory neurons in wild-
type animals, both of which develop within the first 24 h after hatch-
ing, suggesting that the microtubules in mec-7(ky852) animals have 
similar sensitivity to colchicine to those of wild-type animals (i.e., the 
mutation does not appear to affect the ability of colchicine to bind 
to β-tubulin).

We next tested the effect of a microtubule-stabilizing agent, 
paclitaxel, on development of the mechanosensory neurons. 
Paclitaxel binds to microtubule polymers, stabilizing them by sup-
pressing microtubule dynamics (Fojo, 2008). We hypothesized 
that pharmacological stabilization of microtubules would produce 
a similar phenotype to that of mec-7(ky852) mutants. bus-17(e2800) 
mutant animals were used for this experiment due to their thinner 
cuticles, which enhance the permeability of drugs (Bounoutas 
et al., 2009). In the absence of paclitaxel treatment, the mecha-
nosensory neurons were normal in these animals, as visualized us-
ing the Pmec-4::GFP transgene (zdIs5; bus-17). However, treat-
ment with paclitaxel during development induced the formation 
of ectopic processes, producing a phenotype that was similar to 
that of the mec-7(ky852) mutants, albeit to a lower penetrance 
(Figure 4C). This demonstrates that microtubule-stabilizing agents 
can induce ectopic neurite formation in vivo. Moreover, it sug-
gests that the mec-7(ky852) phenotype could arise from excessive 
stabilization of microtubules, providing a dosage effect of hyper-
stable β-tubulin consistent with the semidominant nature of the 
mutation.

Ectopic outgrowth in mec-7(ky852) is suppressed by unc-33 
and vab-8 mutations
Microtubule growth and stability is regulated by a variety of tubulin-
binding molecules. To investigate whether β-tubulin could interact 
with such molecules to produce ectopic neurite outgrowth, we 
searched for suppressors of the mec-7(ky852) ALM phenotype. We 
first investigated the ptl-1 gene, which is the sole C. elegans homo-
logue of the Tau/MAP2/MAP4 family of microtubule-associated pro-
teins (MAPs) and promotes microtubule assembly (Goedert et al., 
1996). A deletion mutation of the ptl-1 gene had no effect on 
the ALM outgrowth defects of mec-7(ky852) animals (Figure 5A 
and Table S1), suggesting that PTL-1 does not contribute to the 
mutant phenotype.

Next we analyzed the C. elegans member of the collapsin re-
sponse–mediated protein (CRMP) family, UNC-33. UNC-33 binds 
tubulin, promoting its assembly into microtubules, and has been 
shown to be necessary for axon outgrowth, microtubule structure, 
and polarized axonal transport (Hedgecock et  al., 1985; Inagaki 
et al., 2001; Tsuboi et al., 2005; Maniar et al., 2012). We found that 
the unc-33(e204) mutation could partially suppress the mec-7(ky852) 
ALM outgrowth phenotype, as double mutants displayed a signifi-
cant number of normal ALMs (never seen in mec-7(ky852) single 
mutants) and a dramatic reduction in the length of the ectopic pro-
cess outgrowth (Figure 5A and Table S1). In contrast, the normal 
anterior process remained unaffected by the unc-33 mutation. This 
suggests that the ectopic outgrowth phenotype caused by the 
mutant MEC-7/β-tubulin could be caused by an enhanced or al-
tered interaction with UNC-33, which may contribute to excessive 
growth of microtubules in these mutants.

An intriguing question is how a single mutation in MEC-7/β-
tubulin can produce such precise, posterior outgrowth of a neuronal 
process. We hypothesized that this phenotype may be caused by 
interaction with VAB-8, a novel kinesin-like protein of C. elegans that 
is specifically required for posterior migration of both cells and growth 

FIGURE 4:  Manipulation of microtubule stability using colchicine 
and paclitaxel affects development of ectopic ALM neurites. 
(A) Rescue of ALM posterior neurite defects in mec-7(ky852) animals 
grown on colchicine throughout development. The distribution of 
ALM phenotypes in mec-7(ky852) animals grown on colchicine was 
significantly different from that of control mec-7(ky852) animals 
(chi-square test: p < 0.0001). (B) Rescue of ALM defects in mec-
7(ky852) animals when treated with colchicine during the first 24 h 
but not the second 24 h after hatching. Animals treated with 
colchicine from 0 to 24 h were significantly different than controls 
(chi-square test: p < 0.0001). (C) Ectopic neurites generated in ALM 
neurons of wild-type (bus-17; zdIs5) animals grown on paclitaxel. 
ALM phenotypes of animals treated with paclitaxel were 
significantly different than controls (Fisher’s exact test: p < 0.03). 
Each data set is based on an n of at least 50 animals in (A) and (B) 
and 59 and 24 animals for paclitaxel-treated and control animals, 
respectively, in (C).
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single process extending posteriorly toward 
the tail. We asked whether the mec-7(ky852) 
mutation was able to transform a reversed 
unipolar ALM into a bipolar ALM, thus indi-
cating an independent mechanism of ac-
tion. We found that in triple mutants mec-
7(ky852) cwn-1 cwn-2, 100% of the reversed 
ALM neurons extended an ectopic anterior 
process (Figure 5B and Table S1), distin-
guishable from a normal ALM process, be-
cause it had not extended in the L1 and did 
not reach the nerve ring (unpublished data). 
This suggests that the function of mec-
7(ky852) is preserved regardless of the ori-
entation of the neuron, and is independent 
from this polarity effect of the Wnt 
mutations.

Mutant β-tubulin alters synaptic 
localization and axonal transport
Presynaptic loci are important elements 
that define the axonal identity of a neurite 
(Nonet, 1999; Hilliard and Bargmann, 
2006; Mahoney et  al., 2006; Ou et  al., 
2011). We investigated whether the ecto-
pic posterior neurite in the ALM neuron of 
mec-7(ky852) mutants had axon-like prop-
erties, and whether the mutation could al-
ter the normal distribution of presynaptic 
loci in the anterior process. In wild-type 
animals, ALM neurons have presynaptic 
sites located on a short branch of the ante-
rior process that enters the nerve ring 
(Figure 6, A and E). Presynaptic densities 
can be labeled by the vesicle-associated 
Ras GTPase, RAB-3 (Nonet et  al., 1997; 
Nonet, 1999; Mahoney et  al., 2006). We 
used a Pmec-4::mCherry::rab-3 transgene 
to visualize the presynaptic sites specifi-
cally in the mechanosensory neurons of 
wild type and mec-7(ky852) mutants. A 
high percentage of mec-7(ky852) animals 
displayed mCherry::RAB-3 expression on 
the ectopic posterior process of the ALM 
neurons (Figure 6, B and E). The presence 

of the presynaptic marker on the ectopic process indicates that it 
has acquired an axon-like identity, indicating that the ALM neuron 
in the mec-7(ky852) animals has been changed from a cell with a 
single axon to a cell with two axon-like neurites. However, among 
those animals that ectopically expressed mCherry::RAB-3 on the 
posterior ALM process, approximately half also showed a loss of 
synapses from the normal anterior process of ALM, suggesting 
that the ky852 mutation might compromise the normal transport 
of vesicles to the anterior neurite. To determine whether this 
could occur in other neurons, we investigated the presynaptic 
distribution in the bipolar PLM neuron of mec-7(ky852) mutants. 
Interestingly, we found that, similar to ALM, the transport of pre-
synaptic vesicles in PLM was altered in the mutants. In the PLM 
neurons of mutant animals, the RAB-3 presynaptic marker was 
mislocalized to the posterior neurite, with only a small percent-
age of selective localization on the anterior neurite, as in wild-
type animals (Figure S3).

cones (Wightman et  al., 1996; Wolf et  al., 1998; Lai and Garriga, 
2004). Indeed, mutations in vab-8 could partially suppress the 
mec-7(ky852) ALM phenotype (Figure 5A and Table S1). Further-
more, several molecules that have been proposed to act downstream 
of VAB-8 in axon outgrowth, such as UNC-40 and UNC-73 
(Levy-Strumpf and Culotti, 2007; Watari-Goshima et al., 2007) with its 
interacting partner CED-10/Rac (Steven et al., 1998; Spencer et al., 
2001), could also partially suppress the ALM outgrowth phenotype 
(Table S1). Together these results suggest that VAB-8 and other 
downstream molecules interact with mutant MEC-7/β-tubulin to 
coordinate posterior neurite outgrowth.

Finally, we examined interactions with Wnt molecules, which act 
redundantly in ALM polarity (Hilliard and Bargmann, 2006; Prasad 
and Clark, 2006). Loss of specific combinations of Wnt molecules, 
such as in cwn-1 cwn-2 double mutants, results in the development 
of bipolar and reversed ALMs. Reversed ALMs remain monopolar 
but have an opposite orientation within the animal’s body, with their 

FIGURE 5:  Genetic interactions of mec-7(ky852) with MAPs and Wnts. (A) ALM phenotypes in 
double mutants of the microtubule-binding proteins, PTL-1/Tau and UNC-33/CRMP2, and the 
kinesin-like molecule VAB-8. mec-7(ky852); unc-33(e204) and mec-7(ky852); vab-8(e1017) double 
mutants have significantly more wild-type ALMs and less severe ALM defects compared with the 
mec-7(ky852) mutant (chi-square test: p < 0.001). (B) ALM phenotypes in mec-7(ky852); cwn-1; 
cwn-2 triple mutants. The mec-7(ky852) mutation converts the reversed unipolar neurons 
generated in cwn-1; cwn-2 double mutant animals into bipolar neurons. Each data set is based 
on an n of at least 100 animals.
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Anterograde transport of synaptic vesi-
cles along axonal microtubules is mediated 
by the UNC-104/KIF1A motor protein (Hall 
and Hedgecock, 1991). To investigate 
whether this machinery was compromised in 
the mec-7(ky852) animals, we examined its 
localization in the ALM mechanosensory 
neurons of wild-type animals and mec-
7(ky852) mutants using a Pmec-4::unc-
104::GFP transgene. In wild-type mecha-
nosensory neurons, UNC-104::GFP is 
expressed throughout the cell body and 
axon and is strongly localized to presynaptic 
sites (Kumar et al., 2011; Figure 6C). In mec-
7(ky852) mutants, UNC-104::GFP appeared 
to localize normally in the anterior ALM pro-
cess; however, it was also enriched in the 
terminals of the ectopic posterior processes 
(Figure 6, D and F), indicating a failure to 
restrict transport to the anterior process. As 
expected, the ectopic UNC-104::GFP ap-
peared to colocalize with RAB-3 (unpub-
lished data). Together these results suggest 
that mec-7(ky852) animals have mislocalized 
transport of synaptic vesicles into the ecto-
pic posterior processes, which gives them 
an axon-like identity.

Axonal regeneration is inhibited in 
mec-7(ky852) mutants
The likelihood that an axon will regrow fol-
lowing injury has been closely linked to the 
presence of presynaptic loci, as axons re-
generate poorly when they are severed dis-
tally from presynaptic sites (Wu et al., 2007). 

FIGURE 6:  Distribution of RAB-3 and 
UNC-104/kinesin in ALM neurons of 
mec-7(ky852) mutants. (A) Normal 
localization of the RAB-3::mCherry 
presynaptic marker in ALM neurons of 
wild-type animals. White arrowheads indicate 
RAB-3 in the nerve ring branch of ALM. Gray 
dashed circles represent coelomocytes 
expressing GFP that were used as a 
transgenic marker. (B) RAB-3::mCherry 
localizes to the posterior processes of ALM 
neurons in mec-7(ky852) mutants. White 
arrowheads indicate RAB-3 in the nerve ring 
branch and ectopic posterior process of 
ALM. (C) UNC-104::GFP localization in ALM 
neurons of wild-type animals. Localization of 
UNC-104 is indicated (white arrowheads). 
(D) UNC-104::GFP localizes to the posterior 
processes of ALM neurons in mec-7(ky852) 
mutants. (E) Quantification of RAB-
3::mCherry localization on the anterior 
processes and on the posterior processes 
of ALM neurons. (F) Quantification of 
UNC-104::GFP localization on the anterior 
and posterior processes of ALM neurons. 
Each data set is based on an n of at least 
50 animals. Scale bar: 25 μm.
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these defects also extended to other neurons, we tested the regen-
erative capacity of PLM. Neurite regeneration was also altered in 
this cell, similar to ALM, with strongly reduced initiation of regrowth 
and reduced fusion (Figure S4). These results suggest that the 
mec-7(ky852) mutation causes defects in multiple aspects of axonal 
regeneration, including regrowth initiation and reconnection with 
separated distal fragments.

DISCUSSION
Studies in cultured neurons have demonstrated that regulation of 
microtubule dynamics plays a crucial role in determining whether an 
immature neurite develops into an axon. Nevertheless, evidence 
that this can occur in vivo has been lacking. Witte et al. (2008) re-
cently demonstrated that local stabilization of microtubules in cul-
tured hippocampal neurons is sufficient to induce axon formation, 
and suggested that microtubules play an active, instructive role in 
specifying axonal identity. Our study provides evidence that a single 
point mutation in the mec-7/β-tubulin gene can lead to outgrowth 
of secondary axon-like neurites. Interestingly, we find that the same 

Our observation that mec-7(ky852) animals displayed mislocaliza-
tion of the RAB-3 presynaptic marker suggested that this might in-
fluence their capacity for axonal regeneration. To test whether this 
was the case, we used laser axotomy to sever the axons of ALM 
neurons in wild-type and mutant animals and then quantified the 
level of regeneration. As previously shown by us and by others, ALM 
presents a high rate of regeneration following injury, with the re-
growing proximal axon extending toward the distal fragment and 
often reconnecting with it by means of axonal fusion, which restores 
the axonal tract (Yanik et al., 2006; Wu et al., 2007; Ghosh-Roy et al., 
2011; Neumann et al., 2011). Interestingly, regeneration of both the 
anterior and posterior neurites was reduced in mec-7(ky852) mu-
tants (Figure 7). mec-7(ky852) animals displayed a reduced capacity 
to initiate axon regrowth (Figure 7A); however, axon extension was 
normal, as the average length of regrowth in animals that could initi-
ate regeneration was similar to that of wild-type animals (Figure 7B). 
Furthermore, regrowing ALM neurites in mec-7(ky852) mutants dis-
played a reduced rate of axonal reconnection and fusion compared 
with wild-type animals (Figure 7, C and D). To determine whether 

FIGURE 7:  Axonal regeneration defects in mec-7(ky852) mutants. Regeneration of the anterior ALM process in 
wild-type animals and both the anterior and posterior ALM processes in mutants is shown in each graph. (A) Percentage 
of ALM neurons showing regrowth following axotomy in wild-type and mec-7(ky852) animals. (B) Quantification of the 
average length of regrowth of regenerating axons shown in (A). (C and D) Percentage of ALM neurons showing 
reconnection of the regenerating process to the distal fragment, and of these reconnected axons, the percentage 
showing maintenance of the connection (fusion). (E and F) Images showing axonal regeneration in a wild-type animal (E) 
and defective axonal regeneration a mec-7(ky852) mutant (F). In wild-type animals, the regenerating axon regrows from 
the proximal fragment (closest to the cell body) to the distal fragment of the ALM neuron. n for each data set is 
indicated on the bars of the graph. Error bars represent the SE of proportion. *, significant difference between 
wild-type and mutant animals (Student’s t test: p < 0.05).
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Maniar et al., 2012), may contribute to excessive axon outgrowth, 
consistent with the results of overexpression studies in hippocampal 
neurons (Inagaki et al., 2001).

The ectopic localization of the RAB-3 presynaptic marker and the 
UNC-104/KIF1A motor protein in the posterior ALM processes of 
mec-7(ky852) animals suggests that the mutant microtubules affect 
normal intracellular transport. Notably, defects in synapse and axon 
outgrowth have recently been observed in C. elegans mutants of 
other tubulin subunits (Baran et al., 2010), further indicating that the 
nature of microtubules and their potential interactions with motor 
proteins is crucial for normal axonal transport. Intracellular transport 
of proteins is dependent on the intrinsic polarity of microtubules, 
which have dynamic plus ends that undergo rapid growth or col-
lapse, and more stable minus ends (Howard and Hyman, 2003). 
These polarized polymers serve as one-way conduits for intracellular 
trafficking by plus end–directed or minus end–directed motor pro-
teins (Baas and Lin, 2011) and are thus crucial for axon development 
and maintenance. Interestingly, UNC-33 is required for polarization 
of microtubule subunits and directed transport of synaptic proteins 
into the axon of PVD neurons (Maniar et al., 2012). Polarized trans-
port has also been shown to be essential for correct synapse localiza-
tion to the axon of the C. elegans DA9 motor neuron and for trans-
port of polarity proteins into the axon in cultured neurons (Nishimura 
et al., 2004; Shi et al., 2004; Ou et al., 2011). The plus end–directed 
kinesin-1 motor domain has been reported to selectively accumulate 
in a neurite prior to its specification as an axon (Jacobson et  al., 
2006). Therefore it is possible that intrinsic microtubule polarity 
could provide an initial cue for axon formation by promoting move-
ment of cargo by axon-specific kinesins into the developing axon.

The altered transport of synaptic proteins in mec-7(ky852) mu-
tants may also be a cause of their axonal regeneration defects. Fol-
lowing injury, rapid signaling must occur between the site of injury 
and the cell body in order to initiate regeneration (Abe and Cavalli, 
2008). This is reliant on the transport of proteins, as impairment of 
axonal transport mechanisms has been found to affect regrowth of 
PLM in C. elegans (Chen et al., 2011). Therefore it is possible that 
mec-7(ky852) regeneration defects are partly due to a failure of ax-
onal transport following injury. Another possible explanation is that 
regeneration may be triggered only when the cell body detects a 
loss of synapses. This hypothesis is consistent with the findings of 
Wu et al. (2007), who showed that axons of C. elegans mechanosen-
sory neurons severed distally to the presynaptic sites (i.e., with pre-
synaptic sites still connected to the cell body) fail to regenerate 
and, furthermore, that regeneration can be rescued by severing 
the branch containing presynaptic sites. Thus, it is possible that in 
mec-7(ky852) mutants, which often lack presynaptic sites in the ax-
ons, the cell fails to detect a loss of synapses following severing of 
its axon and consequently fails to signal for regeneration to occur. 
Future studies are required to determine whether the defects in ax-
onal regeneration observed in these mutants are caused by impair-
ment of axonal transport or by alterations to the synaptic sites, or 
whether an alternative mechanism is in place.

Although emerging evidence suggests that the regulation of mi-
crotubule dynamics is a crucial determinant of axonal regenerative 
capacity (Erturk et al., 2007; Stone et al., 2010; Chen et al., 2011; 
Hellal et al., 2011; Sengottuvel and Fischer, 2011), a direct role for 
β-tubulin in regeneration has not been shown. Regeneration of an 
axon requires drastic remodeling of cell shape, which relies on dy-
namic instability of the cytoskeleton. An axon must first sprout a new 
process with a growth cone at its tip; this must then extend in the 
correct direction to reconnect with its target tissue. Interestingly, al-
though regrowth initiation and reconnection to the distal process 

mutation inhibits axonal regeneration in these neurons. Together 
our results indicate that the mutant form of β-tubulin affects multiple 
aspects of neuronal development and repair, and suggest that there 
are critical differences between axonal growth and regeneration.

We have identified a novel allele of mec-7/β-tubulin that causes 
an unusual polarity phenotype in the ALM mechanosensory neu-
rons, inducing the outgrowth of an additional neurite, which trans-
forms them into bipolar neurons. The precision of this phenotype 
is remarkable: the neurons in the mutant animals are consistently 
bipolar (rather than multipolar), and the long ectopic processes 
always grow in the posterior direction. Such precise ectopic neu-
rite outgrowth along the anterior–posterior axis has also been ob-
served in the six C. elegans VC motor neurons (VC1–6), suggesting 
the involvement of common factors (Sanchez-Alvarez et al., 2011). 
These phenotypes may be explained by the presence of extracel-
lular factors, or intrinsic cell signals, that bias the direction of out-
growth. A number of studies have identified mutations in guidance 
cues, receptors, and intracellular proteins that cause ALM polarity 
defects (Wolf et  al., 1998; Hilliard and Bargmann, 2006; Levy-
Strumpf and Culotti, 2007; Watari-Goshima et al., 2007; Pan et al., 
2008). However, the phenotypes observed in these studies dif-
fered from those in the mec-7(ky852) animals, as they predomi-
nantly showed complete inversion of ALM polarity and were gen-
erated during the embryonic development of the ALM neuroblast 
(Hilliard and Bargmann, 2006), rather than postembryonically. Fi-
nally, our finding that inverted ALM neurons caused by Wnt muta-
tions were transformed into bipolar neurons in a mec-7(ky852) 
mutant background suggests that the outgrowth of the mec-
7(ky852) ectopic process is mediated by an intrinsic cell bias, which 
may operate independently of neuronal polarity established by 
Wnts. Our study suggests that the kinesin-like protein,VAB-8, re-
cruits molecules required for the posterior neurite outgrowth seen 
in the mec-7(ky852) mutants. Whether VAB-8 binds directly to tu-
bulin remains to be investigated.

In cultured cells, neuronal polarization is considered to occur 
when a preexisting immature neurite transforms into an axon (Polleux 
and Snider, 2010; Namba et al., 2011). In such cases, the number of 
potential axons and their directions of outgrowth are dependent on 
the location and number of immature neurites. In contrast, C. elegans 
ALM neurons usually lack secondary neurites, with only a small pro-
portion of animals presenting a short posterior protrusion, which may 
be indicative of a preexisting intrinsic cell bias. Thus the ALM ectopic 
posterior process observed in the mec-7(ky852) mutants usually 
emerges directly from the cell body. This suggests that mutations 
in mec-7/β-tubulin can alter the entire process of axon formation 
in vivo, from the initial emergence of the neurite to its full extension 
into an axon-like process containing presynaptic sites.

Our results suggest that microtubule stabilization contributes to 
the regulation of axon outgrowth in vivo. First, application of pacli-
taxel to wild-type animals was sufficient to trigger the outgrowth of 
ectopic processes. Second, colchicine treatment could rescue the 
ectopic ALM outgrowth in mec-7(ky852) mutants, suggesting that 
microtubules could mitigate the effect of the mutation. Whether the 
ky852 mutation can specifically confer microtubule hyperstability 
remains unclear. One possibility is that it might alter the structure of 
tubulin polymers, such that they interfere with normal microtubule 
dynamics, slowing or preventing microtubule breakdown. Alterna-
tively, the mutation may alter the binding or transport of molecules 
that regulate microtubule stability. Our finding that UNC-33/CRMP 
could suppress the mec-7(ky852) ALM phenotype suggests that the 
binding of this molecule, which has been shown to regulate micro-
tubule structure, dynamics, and transport (Fukata et  al., 2002; 
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wild-type zdIs5 animals are usually monopolar, some have a small 
posterior protrusion that is less than two cell bodies in length. The 
ALM posterior process defect in mec-7(ky852) animals was consid-
ered to be moderate when the process was between 2 and 15 cell 
bodies in length, and severe when greater than 15 cell bodies in 
length. AVM, PVM, and PLM mechanosensory neurons were also 
analyzed for axon outgrowth and overextension phenotypes in L4 
and adult animals.

Developmental analysis of ALM morphology in the mec-7(ky852) 
mutant was performed in embryos and in synchronized populations 
of hatched animals. Animals were synchronized by collecting newly 
hatched larvae from a plate containing only eggs. Newly hatched L1 
animals were either scored immediately or transferred to new plates 
and grown on food for 5 h or until adulthood before scoring. In 
embryos and L1 animals, ALM neurons were scored as defective if a 
posterior process was observed (in wild-type animals, posterior pro-
cesses were never observed at these early stages).

Microscopy and laser axotomy
Animals were immobilized in 0.01–0.05% tetramisole hydrochloride 
on 4% agar pads and visualized using Zeiss Axioimager Z1 and Zeiss 
Axioimager A1 microscopes (Jena, Germany). Images were taken 
using a Photometrics camera (Cool Snap HQ2; Tucson, AZ) and ana-
lyzed with MetaMorph software (Molecular Devices, Sunnyvale, CA). 
Individual planes from Z-stacks were combined in Adobe Photoshop 
(San Jose, CA). Axotomies were performed as previously described 
(Neumann et al., 2011). A MicroPoint laser system basic unit (Andor, 
Belfast, UK) was used to perform axonal transection on L4 animals at 
a point ∼50 μm anterior to the ALM and PLM cell bodies. For analy-
sis of regeneration in the posterior ALM axon in mec-7(ky852) ani-
mals, axotomy was performed ∼50 μm posterior to the cell body. 
Axonal regrowth was quantified by measuring the length of the lon-
gest neurite beyond the cut site 24 h postaxotomy; neurons that 
underwent axonal fusion were excluded from these quantifications.

Colchicine and paclitaxel treatment
Animals were grown on nematode growth medium agar plates con-
taining colchicine (Sigma-Aldrich, St. Louis, MO) or paclitaxel 
(Sigma-Aldrich) with dimethyl sulfoxide, as previously described 
(Chalfie and Thomson, 1982).

Statistical analyses
Primer of Biostatistics 3.01 and GraphPad Prism (La Jolla, CA) were 
used for statistical analyses. Error of proportions was used to esti-
mate variation within a single population. The Student’s t test or 
Mann-Whitney rank sum test were used as indicated. The chi-square 
test was performed to estimate variance in the distribution of phe-
notypes between wild-type and mutant populations.

are inhibited in the mec-7(ky852) mutants, there are no apparent 
deficits in extension of regrowing axons. It is therefore likely that 
regrowth initiation and reconnection by axonal fusion require com-
paratively greater structural changes to the cytoskeleton than axon 
extension. Thus mec-7(ky852) mutations may differentially affect 
distinct stages of regeneration, depending on their specific require-
ments for dynamic microtubules.

This study of a C. elegans β-tubulin mutant has revealed a central 
role for microtubules in axon outgrowth and regeneration in vivo. 
Our findings contribute to growing evidence that precise microtu-
bule dynamics are essential for neuronal development, mainte-
nance, and repair. Mutations in human tubulin have been found to 
cause neurodevelopmental and neurodegenerative diseases 
(Kuijpers and Hoogenraad, 2011; Tischfield et al., 2011). As β-tubulin 
is highly conserved across species, understanding its function in 
model organisms has the potential to provide important insights 
into microtubule-related neuropathies in humans.

MATERIALS AND METHODS
Strains
Nematodes were cultured under standard conditions (Brenner, 1974). 
All experiments were performed at 22°C on hermaphrodite animals. 
The Hawaiian CB4856 strain was used for SNP mapping of the 
mec-7(ky852) mutation (Wicks et al., 2001; Davis et al., 2005; Davis 
and Hammarlund, 2006). The wild-type Bristol N2 strain and the fol-
lowing mutations were used: LGX: mec-7(ky852), mec-7(u278); LGI: 
unc-73(e936), mig-2(mu28), unc-40(e1430); LGII: cwn-1(ok546); LGIII: 
mig-10(ct41), ptl-1(ok621); LGIV: ced-10(n3246), unc-33(e204), cwn-
2(ok895); and LGV: vab-8(e1017). Transgenes used were: zdIs5[Pmec-
4::GFP]; juIs76[Punc-25::GFP]; vdEx262[Pmec-4::mCherry::rab-3 
(0.5 ng/μl), Punc-122::GFP (25 ng/μl)]; vdEx309[Pmec-4::mec-7 
(5 ng/μl), Podr-1::dsRed (30 ng/μl)]; vdEx312[Pmec-4::mec-7 
(10 ng/μl), Podr-1::dsRed (30 ng/μl)]; jsIs1111[Pmec-4::unc-104::GFP]; 
vdEx263[(Pmec-4::mCherry (5 ng/μl), Podr-1::dsRed (30 ng/μl)]; 
vdEx326 [Pmec-4::mec-7(ky852) (5 ng/μl), Podr-1::dsRed (30 ng/μl)]; 
vdEx329[Pmec-4::mec-7(ky852)(10 ng/μl), Podr-1::dsRed (30 ng/μl)]. 
The jsIs1111 strain was a kind gift from Sandhya Koushika (Tata 
Institute of Fundamental Research, Bangalore, India).

Molecular biology
Standard molecular biology techniques were used (Sambrook and 
Russell, 2001). The Pmec-4::mec-7::unc-54 3′UTR plasmid was gener-
ated through excision of the GFP coding sequences from the Pmec-
4::GFP plasmid and subsequent insertion of the entire mec-7 coding 
sequence (amplified from N2 DNA, with the following primers: for-
ward, 5′-tcagtgggatccaagcaacatgcgcgagatcg-3′; reverse, 5′-tcagtg-
ggatccatttactctccgtcgaacgc-3′). The Pmec-4::mec-7(ky852)::unc-54 
3′UTR plasmid was generated by QuikChange Site-Directed Muta-
genesis (Agilent, Santa Clara, CA) using the Pmec-4::mec-7::unc-54 
3′UTR as template DNA and the following primers to introduce 
the ky852 mutation: sense, 5′-cactctgaaactgacgacatcgacatatgga-
gacc-3′; antisense, 5′-ggtctccatatgtcgatgtcgtcagtttcagagtg-3′. The 
Pmec-4::mCherry::RAB-3::unc-54 3′UTR plasmid was created through 
modification of the Pmec-4::GFP plasmid. First, the coding sequence 
for GFP was excised and replaced with that of mCherry. Next 
the rab-3 coding sequence, which was amplified from the 
Prab-3::eGFP::RAB-3::rim-3 3′UTR plasmid (a kind gift from Michael 
Nonet, St. Louis, MO), was inserted downstream from mCherry.

Phenotypic analyses
ALM morphology was analyzed at the L4 or adult stage in 
a zdIs5(Pmec-4::GFP) background. Although ALM neurons in 
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