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Endocytosis and intracellular trafficking contribute
to necrotic neurodegeneration in C. elegans
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Unlike apoptosis, necrotic cell death is characterized by
marked loss of plasma membrane integrity. Leakage of
cytoplasmic material to the extracellular space contributes
to cell demise, and is the cause of acute inflammatory
responses, which typically accompany necrosis. The
mechanisms underlying plasma membrane damage dur-
ing necrotic cell death are not well understood. We report
that endocytosis is critically required for the execution
of necrosis. Depletion of the key endocytic machinery
components dynamin, synaptotagmin and endophilin sup-
presses necrotic neurodegeneration induced by diverse
genetic and environmental insults in C. elegans. We used
genetically encoded fluorescent markers to monitor the
formation and fate of specific types of endosomes during
cell death in vivo. Strikingly, we find that the number of
early and recycling endosomes increases sharply and
transiently upon initiation of necrosis. Endosomes subse-
quently coalesce around the nucleus and disintegrate
during the final stage of necrosis. Interfering with kine-
sin-mediated endosome trafficking impedes cell death.
Endocytosis synergizes with autophagy and lysosomal
proteolytic mechanisms to facilitate necrotic neurodegen-
eration. These findings demonstrate a prominent role for
endocytosis in cellular destruction during neurodegenera-
tion, which is likely conserved in metazoans.

The EMBO Journal advance online publication, 9 December
2011; doi:10.1038/emboj.2011.447

Subject Categories: membranes & transport; neuroscience
Keywords: autophagy; C. elegans; intracellular trafficking;
necrosis; neurodegeneration

Introduction

Necrotic cell death contributes extensively to the pathogen-
esis of human neurodegenerative diseases in stroke, trauma
and other pathological conditions. In sharp contrast to apop-
tosis, one of the defining features of necrosis is the loss of
plasma membrane integrity and the consequent leakage of
cellular contents, which triggers inflammatory responses.
The molecular mechanisms that transpire during necrotic
cell death to cause catastrophic perforation of the plasma
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membrane and cellular destruction are poorly understood. In
the nematode Caenorhabditis elegans, neurons expressing
hyperactive ion channels undergo necrotic cell death with
morphological and ultrastructural characteristics reminiscent
of neuronal excitotoxicity following ischaemia in mammals.
Electron microscopy studies of dying neurons have shown
that the first detectable abnormality is an infolding of the
plasma membrane and the production of small electron-
dense whorls (Hall et al, 1997). This feature suggests that
initiation of neurodegeneration may involve abnormal endo-
cytosis at the plasma membrane.

In eukaryotic cells, endocytosis serves important func-
tions, including the uptake of extracellular molecules and
ligands, the internalization of plasma membrane proteins and
lipids, the regulation of cell signalling pathways, the recycling
of proteins to the Golgi and plasma membrane, and the
degradation of proteins from the secretory and endocytic
pathways. In neurons, clathrin-mediated endocytosis also
mediates the retrieval of synaptic vesicle components after
release of neurotransmitters in response to action potentials
(Cremona and De Camilli, 1997; Harris et al, 2001). The
process involves five main steps, initiating with the formation
of a putative nucleation module that defines the plasma
membrane site for clathrin recruitment and vesicle budding
(the nucleation step). Subsequently, components of the nu-
cleation module recruit cargo-specific adaptor proteins,
which mediate selection of the cargo to be endocytosed
(cargo selection step). After cargo is selected, the clathrin
coat is assembled by clathrin triskelia recruited to adaptor
localization sites (clathrin coat assembly step). The vesicle is
then separated from the membrane (vesicle scission step) and
the clathrin coat is disassembled into clathrin triskelia (un-
coating and clathrin component recycling step). The clathrin
lattice is removed and the vesicle fuses with an early endo-
some. The released clathrin machinery is then reused for
another round of clathrin-coated pit formation (reviewed by
Takei and Haucke, 2001; McMahon and Boucrot, 2011).

Defects in endocytosis and trafficking of the endocytic
vesicles are apparent and have been implicated in many
human neurodegenerative conditions. For example, abnor-
mally enlarged endosomes and aggregates containing
vesicles, organelles and kinesin have been found in neurons
from Alzheimer’s disease patients (Cataldo et al, 1997; Stokin
et al, 2005). In addition, mutations in a subunit (p150) of the
transporter protein dynactin have been found in a family with
autosomal dominant lower motor neuron disease (Forman
et al, 2004) and in patients suffering from Amyotrophic
Lateral Sclerosis (ALS; Munch et al, 2004). Endocytic
processes defects are also observed in animal models of
neurodegenerative diseases, such as the WOBBLER mouse
(a mouse model for ALS; Schmitt-John et al, 2005), the Motor
Neuron Degeneration (MND) mouse (a model for neuronal
ceroid lipofuscinosis; reviewed by Syntichaki and
Tavernarakis, 2003) and mouse models of motor neuron
disease expressing mutant forms of SOD1 (Chevalier-Larsen
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and Holzbaur, 2006; De Vos et al, 2008). Moreover, recent
studies have revealed that in the brains of mice with
Alzheimer’s disease, the levels of the endocytotic protein
endophilin I are increased (Ren et al, 2008). However, the
molecular mechanisms that engage endocytosis and traffick-
ing during neurodegeneration are still unknown.

We utilized the well-characterized C. elegans model of
necrotic cell death to investigate the involvement of cla-
thrin-mediated endocytosis and intracellular trafficking in
necrosis. We systematically examined the contribution of
clathrin-coated pit formation and maturation, fission and
uncoating of endocytic vesicles, and kinesin-mediated move-
ment of endosomes and other cargoes in necrosis. In
addition, we examined the interaction of endocytosis and
intracellular trafficking, with lysosomal proteolytic degrada-
tion and autophagy, two processes implicated in the
execution of necrotic cell death.

Results

Inhibition of endocytosis suppresses necrosis induced

by diverse genetic and environmental insults in

C. elegans

The snt-1 gene encodes the C. elegans orthologue of synap-
totagmin (SNT-1), a protein that plays a role both in exocy-
tosis of neurotransmitters (Fernandez-Chacon et al, 2001;
Koh and Bellen, 2003) and in the retrieval of synaptic vesicle
proteins through clathrin-mediated endocytosis (Poskanzer
et al, 2003). It comprises an N-terminal transmembrane
segment followed by the cytoplasmic domain, incorporating
two Ca’"- and phospholipid-binding C2 domains. SNT-1
interacts with the adaptor protein 2 (AP2) complex, a protein
complex that initiates recruitment of the endocytic machinery
via the second C2 domain (C2B; Jarousse and Kelly, 2001).
We find that SNT-1 deficiency strongly suppresses necrosis
induced by diverse genetically encoded insults in the nema-
tode. Deletion of snt-1 ameliorates necrosis induced by the
hyperactive ion channel subunit MEC-4(d) in touch receptor
neurons (Figure 1A). Time-course analysis of cell death
revealed that suppression is not a consequence of delaying
neurodegeneration to later developmental stages in SNT-1-
deficient mutants (Supplementary Figure S1). We considered
whether suppression of neurodegeneration by lack of SNT-1
is an indirect consequence of eliminating the toxic MEC-4(d)
ion channel. We assayed the relative expression, stability and
localization of full-length MEC-4 fused to GFP. Touch receptor
neurons of snt-1 mutants express the fusion protein at typical,
wild-type levels (Figure 1B). Moreover, snt-I mutants
respond normally to light mechanical stimuli, indicating
that the touch receptor neurons are functional and thus the
expression and transfer of the MEC-4 at their membrane
occurs normally (Supplementary Figure S2). Therefore,
SNT-1 does not interfere with the biogenesis or proper
localization of the necrosis-triggering, hyperactive MEC-4(d)
ion channel subunit.

We next determined whether removing synaptotagmin is
generally protective against necrotic cell death. To this end,
we induced necrosis by using other genetic and environmen-
tal insults. Gain-of-function mutations in the o-7 nicotinic
acetylcholine receptor Ca®*" channel subunit gene deg-3
induce degeneration of specific sets of neurons expressing
the toxic gene (Treinin and Chalfie, 1995). We find that SNT-1
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deficiency ameliorates deg-3(d)-induced neurodegeneration
(Figure 1A). Hypoxia, a condition of low oxygen availability
that transpires in ischaemic episodes and stroke, also induces
necrotic cell death in the nematode (Scott et al, 2002). SNT-1
deficiency protects animals from hypoxia-induced death trig-
gered either by the chemical sodium azide (Figure 1C) or by
low oxygen concentration (Supplementary Figure S3A).
Moreover, the dopaminergic neurons of snt-I mutants are
more resistant to cell death induced by the neurotoxin
6-hydroxydopamine (6-OHDA; Nass et al, 2002), compared
with wild-type control animals (Supplementary Figure S3B).
In summary, our observations reveal a broad requirement for
a functional SNT-1 in necrosis.

In addition to synaptotagmin, endophilin plays a crucial
role in clathrin-mediated endocytosis. Endophilin is a cyto-
plasmic protein containing an N-terminal BAR domain and a
C-terminal SH3 domain involved in membrane dynamics.
The N-terminal BAR domain is important for the generation
of the membrane curvature (Gallop et al, 2006; Masuda et al,
2006). The SH3 domain mediates interaction with dynamin, a
GTPase important for neck constriction and scission of
nascent clathrin-coated vesicles. It is also involved in the
recruitment of synaptojanin, a phosphatase that contributes
to the uncoating of the vesicles at the final stage of the
endocytic process (Ringstad et al, 1999; Schuske et al,
2003). We find that loss of endophilin (UNC-57) suppresses
mec-4(d)-induced degeneration (Figure 1D), without delaying
cell death (Supplementary Figure S1). Moreover, endophilin
depletion does not interfere with the expression or the
localization of the toxic channel at the membrane; unc-57
mutants are sensitive to light mechanical stimuli
(Supplementary Figure S2) and express a full-length MEC-
4::GFP protein at typical wild-type levels (Figure 1B).
Furthermore, UNC-57 deficiency suppresses deg-3(d)-in-
duced degeneration (Figure 1D), protects from hypoxia
(Figure 1E; Supplementary Figure S3A) and increases resis-
tance of dopaminergic neurons to the neurotoxin 6-OHDA
(Supplementary Figure S3B), indicating that endophilin is
generally required for necrotic cell death in the nematode.

Clathrin-mediated endocytosis is a process that involves
many steps, orchestrated by the combined action of several
proteins (Takei and Haucke, 2001). We investigated whether
necrosis requires the activity of additional proteins that
mediate these steps, including formation of clathrin-coated
pits, fission of clathrin-coated vesicles from the plasma
membrane and vesicle uncoating. The adaptor protein 2
(AP2) is a protein complex consisting of four subunits linking
the clathrin shell to the plasma membrane through interac-
tions with membrane proteins and lipids (Takei and Haucke,
2001; Mousavi et al, 2004). AP2 is essential for the nucleation
and assembly of clathrin-coated vesicles, and interacts with
numerous other proteins that participate in the process, such
as synaptotagmin (Jarousse and Kelly, 2001). We find that
dysfunction of the AP2 protein complex (by inactivation of
the p2 subunit-dpy-23) strongly suppresses mec-4(d)-induced
degeneration (Figure 1F). Clathrin adaptor protein AP180 is
additional monomeric adaptor protein that binds clathrin,
phosphoinositides and interacts with AP-2 complex during
the clathrin-coat nucleation and assembly (Morgan et al,
1999, 2000; Nonet et al, 1999; Takei and Haucke, 2001).
Elimination of AP180, encoded by unc-11, protects neurons
from mec-4(d)-induced necrosis (Figure 1F). In addition,
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Figure 1 Clathrin-mediated endocytosis is required for necrotic cell death in C. elegans. (A) Number of cell corpses at the L1 stage of
development per 100 animals carrying the neurotoxic mec-4(d) or deg-3(d) alleles in SNT-1-deficient mutants. For mec-4(d) mutant animals,
bars denote touch receptor neuron corpses. For deg-3(d) mutants, bars denote inner labial neuron 1 (L1) sensory neuron and PVC interneuron
corpses. (B) Expression of a full-length MEC-4::GFP reporter fusion under the control of the mec-4 promoter in touch receptor neurons of wild-
type, snt-1 and unc-57 mutant animals. Representative photos of touch receptor neuron cell bodies are shown. Bar denotes 6 um. The
quantification (%) of GFP signal intensity from the animals examined is graphed below (n =100 neurons per assay; P<0.05 compared with
wild type; t-test). (C) Percentage of SNT-1-deficient animals that survive near-lethal treatment with sodium azide. This chemical inhibits the
activity of the respiratory electron transport complex IV (cytochrome C oxidase) and simulates hypoxia. (D) Number of touch receptor neuron
corpses, at the L1 stage of development, per 100 animals carrying the neurotoxic mec-4(d) or deg-3(d) alleles in UNC-57-deficient animals.
(E) Percentage of UNC-57-deficient animals that survive after the hypoxia-inducing treatment with sodium azide. (F) Number of touch receptor
neuron corpses, at the L1 stage of development, per 100 animals carrying the neurotoxic mec-4(d) or deg-3(d) alleles together with lesions in
genes encoding key proteins that participate in all four steps of clathrin-mediated endocytosis. UNC-11 and DPY-23 are adaptor proteins
required for the formation of clathrin-coated pits, DYN-1 is a GTPase necessary for fission of clathrin-coated vesicles and UNC-26 participates in
the uncoating of vesicles. Error bars denote s.e.m. values (n>250 for all populations examined; P<0.001, compared with wild-type animals,
unpaired t-test).
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UNC-11 depletion promotes animal survival under hypoxia
(Supplementary Figure S3A) and increases resistance of
dopaminergic neurons to the neurotoxin 6-OHDA
(Supplementary Figure S3B).

Dynamin (DYN-1) is a GTPase that polymerizes into
oligomeric rings at the neck of invaginating buds and
cooperates with endophilin to catalyse scission of vesicles
from the plasma membrane (Ringstad et al, 1999; Takei and
Haucke, 2001). Inactivation of dynamin ameliorates necrotic
cell death (Figure 1E). Similarly, depletion of synaptojanin
(UNC-26), a phosphatidylinositol phosphatase that regulates
PIP2 metabolism and the stability of clathrin-AP-2 coats
(Verstreken et al, 2003), protects from necrosis (Figure 1E).
Our observations, in their totality, demonstrate that disrup-
tion of clathrin-mediated endocytosis interferes with the
execution of necrotic cell death.

Endosome formation increases transiently early during
necrosis

Our genetic analysis reveals a contribution of clathrin-
mediated endocytosis in necrotic cell death. To gain insight
into the role of endocytic processes in necrosis, we first
monitored clathrin-mediated endocytosis during neurodegen-
eration in vivo. To visualize clathrin-coated pits and clathrin-
coated vesicles, we fused GFP to the C-terminus of APS-2, the
o subunit of the AP2 adaptor complex that recruits clathrin at
the plasma membrane (Ehrlich et al, 2004). The fluorescent
marker was expressed specifically in the six touch receptor
neurons of wild-type and mec-4(d) mutant animals. We
observed similar numbers of fluorescent puncta in neurons
of wild-type animals and mec-4(d) mutants during the early
stage of degeneration, when cells still maintain their shape
(1-3h following expression of the necrotic stimulus;
Figure 2A). By contrast, the number of fluorescent puncta
declines considerably during late necrosis, when cells have
lost their normal morphology and have swollen into a
vacuolated form (5-7h post initiation of cell death). The
number of fluorescent puncta is also significantly reduced
in neurons of unc-57(e1190) endocytic mutants, indicating
that they correspond to clathrin-coated pits and vesicles
(Figure 2A). Thus, clathrin-mediated endocytosis is not
obstructed early upon induction of neurodegeneration.

To detect early endosomes, we expressed a GFP::RAB-5
reporter fusion in touch receptor neurons of wild-type and
mec-4(d) mutant animals. RAB-5 is a protein that localizes to
the membrane of early endosomes (Zerial and McBride, 2001;
Rink et al, 2005). We observed fluorescent puncta corre-
sponding to early endosomes, close to the plasma membrane
of wild-type neurons. In neurons of mec-4(d) mutants under-
going degeneration, the number of fluorescent puncta
increased during early stages of death. Late during necrosis,
the number of endosomes decreases below that observed in
wild-type neurons (Figure 2B). We also monitored endocytic
recycling during necrosis by fusing GFP to the N-terminus of
RAB-11, which is localized specifically to the membrane of
recycling endosomes (Sato et al, 2008). We found that
similarly to early endosomes, the number of fluorescent
spots corresponding to recycling endosomes increases tran-
siently early in neurodegeneration and drops during late cell
death (Figure 2C). In both cases, vesicles appear to coalesce
around a distended nucleus before cell destruction and
corpse removal (7-9h after necrosis has been triggered).
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Taken together, these findings indicate that initiation of
necrotic cell death is accompanied by enhanced formation
of early and recycling endosomes.

Endocytosis and lysosomal proteolysis contribute in the
same pathway to mediate necrotic cell death

Early endosomes are the major sorting stations in the
endocytic pathway. Depending on their cargo, received at
the cell surface, they may follow two different routes. One
involves their maturation to late endosomes, while the other
leads to the formation of recycling endosomes (Cavalli et al,
2001). In the first case, late endosomes are ultimately deliv-
ered to lysosomes, where their contents are degraded. We
examined the interaction of clathrin-mediated endocytosis
with lysosomal proteolytic mechanisms that contribute to
cellular destruction during necrosis (Syntichaki et al, 2002).
cad-1(j1) mutants exhibit 90% reduced activity of the lyso-
somal aspartyl proteases (Jacobson et al, 1988). Necrotic cell
death is suppressed in these protease-deficient mutants
(Syntichaki et al, 2002). In addition to aspartyl protease
enzymes, acidification of lysosomes by the V-ATPase is
required for necrosis (Syntichaki et al, 2005; Artal-Sanz
et al, 2006). To moderate the activity of this pump, we
targeted genes encoding key V-ATPase subunits by RNAI.
Knockdown of vha-2, which encodes the essential ¢ subunit
of the membrane-integral, VO domain of V-ATPase suppresses
necrotic cell death (Syntichaki et al, 2005). We asked whether
endocytic proteins are required in the lysosomal degradation
pathway to mediate necrosis. Elimination of SNT-1 or endo-
philin (UNC-57) does not further enhance suppression of
necrotic cell death by aspartyl protease depletion or perturba-
tion of lysosomal acidification (Figure 3A-C).

Necrosis is characterized by rupture of lysosomes and
release of their acidic contents and catabolic cathepsin pro-
teases into the cytoplasm (Artal-Sanz et al, 2006). Lysosomal
rupture is mediated by specific, Ca*"-dependent caplain
proteases, which function in the same pathway together
with lysosomal aspartyl proteases to mediate cell destruction
during necrosis (Syntichaki and Tavernarakis, 2003;
Yamashima, 2004). Loss of caplain (CLP-1) activity signifi-
cantly suppresses necrotic cell death (Syntichaki et al, 2002).
We find that the combined inactivation of CLP-1 and key
endocytic proteins (synaptotagmin and endophilin) required
for necrosis does not result in synthetic enhancement of
neurodegeneration (Figure 3D and E). Our observations in-
dicate that both endocytosis and lysosomal proteolytic
mechanisms act in the same pathway to facilitate necrotic
cell death.

Clathrin-mediated endocytosis synergizes with
autophagy to facilitate necrosis

Autophagy is a cellular catabolic process contributing to
protein and organelle recycling under extracellular or intra-
cellular stress (Kourtis and Tavernarakis, 2009). Previous
studies have revealed that autophagy is required for the
execution of necrotic cell death and becomes hyperactivated
early during necrosis in C. elegans (Toth et al, 2007; Samara
and Tavernarakis, 2008). We examined the interaction of
autophagy and clathrin-mediated endocytosis during necro-
sis. We assayed neurodegeneration induced by the toxic MEC-
4(d) degenerin ion channel subunit in animals, deficient
for both autophagy and endocytosis. To interfere with

©2011 European Molecular Biology Organization
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Figure 2 Endosome formation is induced early during necrosis. (A) Confocal images of touch receptor neurons expressing a ppec.;7APS-2::GFP
reporter transgene. During early necrosis, the number of APS-2::GFP puncta, corresponding to clathrin-coated pits and vesicles, in touch
receptor neurons of mec-4(d) animals does not change significantly, whereas at later stages it decreases. A similar decrease is also observed in
unc-57(e1190) mutants, defective for clathrin-mediated endocytosis. (B) Confocal images of touch receptor neurons expressing a
Dimec.7GFP::RAB-5 reporter transgene. The number of fluorescent puncta that correspond to early endosomes in touch receptor neurons of
mec-4(d) animals significantly increases during early necrosis, whereas it declines later. (C) Confocal images of touch receptor neurons
expressing a Ppec.GFP::RAB-11 reporter transgene. The number of GFP::RAB-11 puncta that correspond to recycling endosomes in touch
receptor neurons of mec-4(d) animals increases early during cell death, while it declines as degeneration proceeds. Both early and recycling
endosomes tend to accumulate around a swollen structure that is probably the nucleus. Bars denote 4 pm. Error bars denote s.e.m. values
(n>250 for all populations examined; P<0.001, compared with control animals, unpaired t-test).

autophagy, we targeted lgg-1 by RNAi. I[gg-1 encodes the
orthologue of Atg8/LC3, a ubiquitin-like, microtubule-asso-
ciated protein that facilitates autophagic vesicle growth and is
essential for autophagy (Xie and Klionsky, 2007). We ob-
served significant synergistic protection against neurodegen-
eration, in autophagy-deficient animals that also carry lesions
in synaptotagmin or endophilin genes (Figure 4A and B).
Furthermore, we knocked down two key autophagy regula-
tors: bec-1, which encodes the C. elegans orthologue of the
yeast autophagy gene Atg6/Vps30 (Melendez et al, 2003),
and unc-51, which encodes the Atgl serine threonine kinase
(Ogura et al, 1994). We observed a similar synergistic protec-
tion against necrosis (Supplementary Figure S4A). These
findings suggest that autophagy and endocytosis function in
parallel to contribute to necrotic cell death.

©2011 European Molecular Biology Organization

Kinesin-mediated intracellular vesicle trafficking
contributes together with the endocytic pathway to
promote necrotic cell death in C. elegans

We have noted that late endosomes and lysosomes accumu-
late around the misshapen nucleus during the course of
neurodegeneration, indicating intracellular trafficking defects
(Figure 2; Artal-Sanz et al, 2006). Interestingly, failure in
axonal transport of vesicles has been implicated in a variety
of neurodegenerative diseases (Chevalier-Larsen and
Holzbaur, 2006; De Vos et al, 2008). Kinesins are molecular
motors that mediate vesicular anterograde transport, moving
organelles and proteins towards the plus ends of microtu-
bules (Hirokawa and Takemura, 2005). The conventional
kinesin 1 is a heterotetramer composed of two kinesin
heavy chain (KHC) and two kinesin light chain (KLC)
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Figure 3 Endocytosis functions together with lysosomal proteolysis to facilitate necrotic cell death. (A) Depletion of synaptotagmin (SNT-1) or
endophilin (UNC-57) does not further suppress MEC-4(d)-induced necrosis in cad-1 mutants with reduced cathepsin activity or with V-ATPase
dysfunction (B, C). Similarly, no synthetic reduction of necrotic cell death is observed in calpain-deficient animals that also carry lesions in the
synaptotagmin (D) or endophilin (E) genes. Error bars denote s.e.m. values (n>250 for all populations examined; P>0.5, compared with

single mutant control animals, unpaired t-test).
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Figure 4 Endocytosis synergizes with autophagy to mediate necrotic cell death. (A) Synaptotagmin (SNT-1) deficiency further suppresses
MEC-4(d)-induced necrosis in animals with impaired autophagy. (B) Endophilin dysfunction enhances suppression of necrosis in mec-4(d);lgg-
I1(RNAi) animals, where autophagy is impaired. Error bars denote s.e.m. values (n> 250 for all populations examined; P<0.01, compared with

single mutant control animals, unpaired t-test).

subunits. Kinesin 1 transports mitochondria, lysosomes,
tubulin oligomers, synaptic vesicle precursors or vesicles
and vesicles that contain the amyloid precursor protein
(APP) or the apolipoprotein E receptor 2 across axons
(Hirokawa and Takemura, 2005). In addition, it transports
receptor-containing vesicles and RNA-containing granules to
dendrites (Hirokawa and Takemura, 2005). In C. elegans,
KHC is encoded by the unc-116 gene (Patel et al, 1993). We
found that UNC-116 dysfunction suppresses neurodegenera-
tion triggered by the toxic MEC-4(d) and DEG-3(d) ion

6 The EMBO Journal

channel subunits (Figure 5A). unc-116 knockdown does not
delay the progression of mec-4(d)-induced degeneration
(time-course analysis shown in Supplementary Figure S1).
We also checked whether the dysfunction of kinesin 1 (UNC-
116 deficiency) affects the expression or localization of the
toxic MEC-4(d) channel to the plasma membrane using a full-
length MEC-4::GFP reporter fusion. Touch receptor neurons
of unc-116 mutants express the reporter at typical, wild-type
levels, indicating that dysfunction of kinesin 1 does not affect
the stability or transfer of MEC-4 (Figure 5B). Furthermore,

©2011 European Molecular Biology Organization
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Figure 5 Intracellular trafficking by kinesins UNC-116 and UNC-104 is required for necrotic cell death. (A) Depletion of the kinesin 1 heavy
chain UNC-116 suppresses necrosis induced by both mec-4(d) and deg-3(d) toxic alleles. (B) Expression of a full-length MEC-4::GFP reporter
fusion under the control of the mec-4 promoter in touch receptor neurons of wild-type, unc-116 and unc-104 mutant animals. Representative
photos of touch receptor neuron cell bodies are shown. Bar denotes 6 um. The quantification (%) of GFP signal intensity from the animals
examined is graphed below (n=100 neurons per assay; P<0.05 compared with wild type; t-test). (C) Percentage of unc-116 animals
that survive after treatment with sodium azide. (D) Depletion of the monomeric kinesin UNC-104 protects neurons against MEC-4(d)-
induced degeneration. (E) unc-104 mutant animals are more resistant to hypoxic death induced by sodium azide. (F) Combined inactivation
of endocytosis and kinesin-mediated intracellular trafficking does not enhance protection of touch receptor neurons against MEC-4(d)-
induced degeneration. Error bars denote s.e.m. values (n>250 for all populations examined; P<0.001, compared with control animals,
unpaired t-test).
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unc-116 mutants respond normally to gentle mechanical
stimuli, indicating that their touch receptor neurons are
functional. Thus, MEC-4 is localized properly at the plasma
membrane (Supplementary Figure S2). In addition to necrosis
induced by hyperactive ion channels, UNC-116 deficiency
protects worms from hypoxia-induced death (Figure 5C).

We also tested the contribution of the kinesin-related
protein UNC-104, which plays a role in the axonal transport
of synaptic vesicles in C. elegans (Hall and Hedgecock, 1991).
We found that, similarly to UNC-116, depletion of UNC-104
ameliorates MEC-4(d)-induced degeneration (Figure 5D),
without delaying the progress of death (Supplementary
Figure S1). UNC-104 deficiency does not interfere with the
expression or proper localization of the toxic trigger, as the
unc-104 mutants express the full-length MEC-4::GFP reporter
at normal levels (Figure 5B) and are touch sensitive
(Supplementary Figure S2). In addition, loss of UNC-104 is
protective against hypoxic death (Figure 5E).

Finally, we examined the genetic interaction between
kinesin-mediated intracellular trafficking and the endocytic
pathway. To this end, we assayed neurodegeneration in
double mutant animals carrying the toxic mec-4(d) allele
and lesions in either of two endocytic genes (snt-1 or unc-
57) after knock down of the unc-116 or unc-104 kinesin genes.
We found that the combined inactivation of endocytosis and
kinesin-mediated trafficking does not enhance suppression of
necrotic cell death, indicating that these two processes act in
the same pathway to contribute to cellular destruction during
necrosis (Figure SF).

Kinesin-mediated intracellular trafficking couples with
lysosomal proteolysis and autophagy to mediate
necrotic cell death

We examined the involvement of kinesin-mediated intracel-
lular trafficking in cellular degradation mechanisms that
contribute to cell destruction during necrosis. We found
that dysfunction of kinesin 1 (UNC-116) marginally enhances
suppression of cell death in animals with compromised
lysosomal cathepsin proteolysis (Figure 6A). We observed
no synthetic enhancement in double UNC-104 and aspartyl
protease-deficient mutants (Figure 6B). Similarly, dysfunction
of either kinesin did not significantly increase suppression of
necrosis in animals with defective lysosomal V-ATPase, or in
calpain protease mutants (Figure 6C and F).

We also tested whether kinesins synergize with autophagy
during necrotic cell death. RNAi knockdown of the Igg-1
autophagy gene in either unc-116(e2310) or unc-104(e1265)
mutants resulted in a slight but not significant protection
against necrotic insults (Figure 7A and B). We also impaired
autophagy by downregulating bec-1 or unc-51 in kinesin
double mutants and obtained similar results (Supplemen-
tary Figure S4B). Combined, our observations indicate that
kinesin-mediated intracellular trafficking contributes both
in autophagic degradation and in lysosomal proteolysis
pathways to facilitate necrotic cell death.

Discussion

Endocytic processes and intracellular trafficking are of
particular importance in neurons, both because of their
specialized signal transduction functions, and their intricate
and highly differentiated morphology. Synaptic transmission
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is contingent on endocytosis to maintain an active pool of
synaptic vesicles. In addition, the distinctively elongated
shape and arborization of neuronal cells places high demand
on intracellular trafficking processes to distribute cargo to
specialized sites, both in anterograde and in retrograde
directions. Therefore, neurons are particularly sensitive to
perturbations of endocytosis and intracellular trafficking
(Nixon, 2005). Indeed, accumulating evidence indicates that
endocytosis and trafficking are disturbed in many neurode-
generative diseases. However, the role of endocytic mechan-
isms in necrotic cell death remained unclear.

In this study, we utilized well-characterized necrosis mod-
els in C. elegans to dissect the involvement of endocytosis
and intracellular trafficking by kinesin motor proteins in
cellular destruction during necrotic death. Our findings reveal
for the first time that both endocytosis and trafficking are
required for neuron necrosis in the nematode. Downregulat-
ion of endocytosis or kinesin-mediated trafficking by inter-
fering with key proteins regulating these processes, including
SNT-1, endophilin (UNC-57), AP180 (UNC-11), synaptojanin
(UNC-26), heavy chain of kinesin 1 (UNC-116) and the
monomeric kinesin UNC-104 significantly suppresses neuro-
degeneration induced by hyperactive ion channels without
affecting the expression, the localization or the function of
the toxic insults. Suppression is not a result of a mere delay of
the cell death. We note that responsiveness to touch is not
restored in mec-4(d) mutants upon suppression of neurode-
generation because, although touch receptor neurons sur-
vive, they still express the mutant MEC-4(d) subunit and
thus, lack a functional touch transduction ion channel (data
shown in Supplementary Figure S2). This is the case for all
genetic suppressors of necrosis induced by mec-4(d) reported
in the literature (Xu et al, 2001; Syntichaki et al, 2002, 2005;
Artal-Sanz et al, 2006; Samara et al, 2008). In addition to
mec-4(d)-induced degeneration, downregulation of endocy-
tosis or trafficking suppresses necrosis induced by diverse
genetic and environmental insults such as the hyperactive
DEG-3(d) Ca®?" channel, hypoxia and the neurotoxin
6-OHDA. Given that 6-OHDA is taken up by dopaminergic
neurons through the dopamine transporter (DAT-1 in
C. elegans), it is possible that suppression of necrosis by
endocytosis or trafficking defects is due to impaired plasma
membrane surface expression of DAT-1 and consequent lower
uptake of the neurotoxin. Although this scenario cannot be
excluded, we consider it unlikely because these mutants
do not display phenotypes associated with defective
dopaminergic signalling, and the localization of other mem-
brane proteins such as MEC-4 is not affected (Figure 1B).
Therefore, both endocytosis and trafficking are not specific
to one particular necrotic insult but rather contribute to-
gether, downstream of multiple insults to facilitate cell
destruction.

Interestingly, the endosomal sorting complexes required
for transport (ESCRT) are not involved in neurodegeneration.
Knock down of the vps-32.2 and vps-34 genes, related to the
yeast Vacuolar Protein Sorting factors, does not suppress
necrotic cell death (Supplementary Figure S5). In addition
to its involvement in ESCRT function, VPS-34 also plays a
role in autophagy (Kihara et al, 2001; Tassa et al, 2003), a
process required for necrotic cell death (Toth et al, 2007;
Samara et al, 2008). The marginal reduction of necrosis
in vps-34(RNAi) animals may result from autophagy

©2011 European Molecular Biology Organization
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Figure 6 Genetic interaction between kinesin-mediated intracellular trafficking and cellular proteolytic pathways mediating necrotic cell

death. Dysfunction of either kinesin 1 heavy chain (UNC-116) or the monomeric kinesin UNC-104 does not significantly enhance suppression of

neurodegeneration in aspartyl protease-deficient mutant animals (A, B), in animals with compromised lysosomal acidification (C, D), or in
calpain protease-deficient mutants animals (E, F). Error bars denote s.e.m. values (n>250 for all populations examined; P>0.5, compared

with single mutant control animals, unpaired ¢-test).

impairment. We also considered whether suppression of
neurodegeneration by endocytosis and trafficking mutants
is merely a consequence of interfering with synaptic activity.
We tested the involvement of two proteins essential for
synaptic function and neurotransmitter exocytosis, synapto-
brevin (SNB-1) and syntaxin (UNC-64). None of these pro-
teins is required for necrosis, since their knock down did not
suppress cell death (Supplementary Figure S6). Thus, sup-
pression of neurodegeneration is specific to impairment of
endocytosis and not a collateral effect of defective synaptic
function.

©2011 European Molecular Biology Organization

A potential caveat of interfering with endocytic and traf-
ficking processes relates to the pleiotropic effects of such
manipulations that cumulatively result in reduced animal
fitness. In turn, suppression of necrosis might be a secondary
consequence of endocytosis and trafficking downregulation,
originating from non-specific metabolic alterations in the
corresponding mutants. However, we consider this scenario

unlikely because several genetic lesions affecting energy

metabolism either directly or indirectly (insulin/IGF-1 path-
way and mitochondrial mutants) do not suppress necrosis

(Supplementary Figure S7).
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Figure 7 Kinesin-mediated intracellular trafficking functions together with autophagy to facilitate necrotic cell death. Number of neuron
corpses, at the L1 larval stage of development, per 100 animals carrying the neurotoxic mec-4(d) allele in genetic backgrounds deficient for both
intracellular trafficking and autophagy. (A) Kinesin 1 heavy chain (UNC-116) deficiency. (B) Monomeric kinesin UNC-104 deficiency. In both
cases, no significant synthetic protection of neurons is observed in LGG-1/LC3-depleted animals with impaired autophagy. Error bars denote
s.e.m. values (n>250 for all populations examined; P>0.5, compared with single mutant control animals, unpaired t-test).

In-vivo monitoring of necrotic cell death revealed that the
number of both early and recycling endosomes increases
upon initiation of neurodegeneration, indicating that the
endosomal pathway is upregulated early during necrosis.
Interestingly, the number and volume of early endosomes
increases in human pyramidal neurons of Alzheimer’s
disease patients at early stages of disease (Cataldo et al,
1997). As necrosis progresses, endosome number decreases
sharply, probably because cells cannot sustain energy de-
manding processes such as endocytosis for long. Our data
indicate that endocytosis functions together with lysosomal
proteolytic mechanisms and synergizes with autophagy to
promote cell demise. Indeed, when clathrin-coated vesicles
lose their coat they fuse with early endosomes. In turn, early
endosomes may either be channelled for cargo degradation
and fuse with lysosomes, or they may follow the recycling
route to recycle membrane components. Monitoring of endo-
some formation during necrosis reveals that the number of
recycling endosomes (labelled by GFP::RAB-11) increases
early in cell death, indicating upregulation of endosomes
recycling. To investigate the involvement of endosome
recycling in neurodegeneration, we knocked down RME-1,
a protein essential for receptor recycling from the endosome
to the plasma membrane (Shi et al, 2007). We found that
RME-1 deficiency significantly suppresses mec-4(d)-induced
neurodegeneration (Supplementary Figure S8). Thus, the
totality of our findings suggests that both endocytosis and
autophagy converge on the lysosomal degradation pathway
to mediate necrotic cell death.

Neuronal hyperexcitation observed in neurodegenerative
disorders such as ischaemia, epilepsy, stroke, trauma and
Alzheimer’s disease results in massive Ca** influx. Elevated
cytoplasmic Ca?™" levels cause neurotransmitter exocytosis,
followed by clathrin-mediated endocytosis of synaptic vesicle
proteins. Excessive Ca*> " entry may also increase endocytosis
by promoting the oligomerization of clathrin and the synth-
esis of PI(4,5)P2, which mediates formation of the clathrin
lattice (Nathke et al, 1990; Wenk et al, 2001). Ca*™ also
activates calpain cytoplasmic proteases that function to com-
promise lysosomal membrane integrity. In addition, calpain
blocks vesicle endocytosis by cleaving the endocytotic
protein amphiphysin I (Wu et al, 2007). Amphiphysin
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mediates invagination and fission of synaptic vesicles, senses
and facilitates membrane curvature and also stimulates the
activity of dynamin GTPase (Zhang and Zelhof, 2002; Peter
et al, 2004; Yoshida et al, 2004; Yoshida and Takei, 2005).
Consistent with the role of calpains in moderating endocy-
tosis, we observed a reduction of clathrin-coated vesicles and
endosomes during late stages of necrotic cell death. Hence,
endocytic processes contribute to cellular destruction in
necrosis. The implication of endocytosis and intracellular
trafficking suggests that interfering with induction of endo-
cytosis may reduce cell damage during acute neurodegenera-
tive episodes such as ischaemia, epilepsy and stroke.

Materials and methods

Strains and genetics

We followed standard procedures for C. elegans strain maintenance,
crosses and other genetic manipulations. Nematode rearing
temperature was kept at 20°C, unless noted otherwise. The
following strains were used in this study: N2 (wild type, Bristol
isolate), TU1747: deg-3(u662)V, referred to in the text as deg-3(d),
mec-4(u231)X, referred to in the text as mec-4(d), CX51: dyn-
1(ky51)X, CB840: dpy-23(e840)X, DH1201: rme-1(b1045)V, NM467:
snb-1(md247)V, NM204: snt-1(md290)II, MT6977: snt-1(n2665)II,
CB1265: unc-104(el265)I, NJ479: unc-104(rh43)II, FF41l: unc-
116(e2310)11I, CB1190: unc-57(el190)I, CB406: unc-57(e406)I.
CB47: unc-11(e47)I, CB1196: unc-26(el196)IV, DR97: unc-
26(e345)IV, DR2: unc-26(m2)IV. MC339: unc-64(md130)II, The
following double and multiple mutant strains were examined for
neurodegeneration: age-1(hx546)I;mec-4(u231)X, clk-1(qm30)IIL;
mec-4(u231)X, daf-16(m26)L;mec-4(u231)X, daf-2(el370)II;mec-
4(u231)X, deg-3(u662)V;dyn-1(kyS1)X, dpy-23(e840)X;mec-4(u231)X,
cad-1(j1)IEmec-4(u231)X, isp-1(qm150)IV;mec-4(u231)X, mev-1(knl)IL;
mec-4(u231)X, rme-1(b1045)V:mec-4(u231)X,  snb-1(md247)V;mec-
4(u231)X, snt-1(md290)I;mec-4(u231)X, snt-1(n2665)I;mec-4(u231)X,
snt-1(md290)I;deg-3(u662)V,  unc-104(e1265)Imec-4(u231)X,  unc-
104(th43)I;mec-4(u231)X, unc-11(e47)Lmec-4(u231)X, unc-116(e2310)II;
mec-4(u231)X, unc-116(e2310)1I;deg-3(u662)V, unc-26(ell96)IV;mec-
4(u231)X, unc-26(e345)IV;mec-4(u231)X, unc-26(m2)IV;mec-4(u231)X,
unc-57(e1190)Lmec-4(u231)X,  unc-57(e406);mec-4(u231)X, unc-57
(e1190);deg-3(u662)V, unc-64(md130)IL;mec-4(u231)X, cad-1(j1)I;snt-
1(md290)ILmec-4(u231)X,  cad-1(j1)ILunc-116(e2310)Il;mec-4(u231)X,
unc-104(e1265)Icad-1(j1)I;mec-4(u231)V. To verify that mutations in
snt-1, unc-57, unc-116 or unc-104 do not interfere with touch receptor
neuron formation or expression of the toxic mec-4 allele, we examined
the following strains, carrying extrachromosomal arrays: N2;Ex[Dyecs
MEC-4::GFP],  snt-1(n2665);Ex[Pimec4MEC-4::GFP],  unc-57(el190);Ex
[PmecaMEC-4::GFP], unc-116(e2310) );Ex[pPnec4MEC-4::GFP] and unc-
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104(e1265);Ex[Pmec4MEC-4::GFP]. For the quantification of GFP signal
intensity, ~ 100 neurons were imaged per strain. To monitor and quantify
the formation of clathrin-coated pits or vesicles in neurons, we examined
the following strains, carrying extrachromosomal arrays: N2;Ex[Pec17
APS-2::GFP], mec-4(u231);Ex[pmec-1,APS-2::GFP]. For the monitoring and
quantification of early and recycling endosomes in neurons, we used the
following strains, carrying extrachromosomal arrays: N2;EX[DPpecr
GFP:RAB-5], mec-4(u231);Ex[Puec/GFP::RAB-5], N2:Ex[Drec.17
GFP::RAB-11], mec-4(u231);EX[Pmec1,GFP::RAB-11].

Plasmid constructs and RNA interference

To generate the aps-2 reporter construct, we fused GFP at the
carboxy-terminus of the C. elegans APS-2 (~970bp). The aps-2
gene was amplified from wild-type (N2) genomic DNA with the
primers 5-CCCCCCGGGAATGATCCGTTTTATTCTGATC-3’ and 5'-GG
AACCGGTTCCAGGGAAGTAAGCATGAG-3', and cloned into the gfp
vector pPD95.77 harbouring the mec-17, promoter, which drives
expression in the six touch receptor neurons. The reporter construct
was injected into the gonads of N2 animals together with pRF4, a
plasmid that carries the rol-6(sul006), dominant co-injection
marker. Transgenic roller hermaphrodites were crossed with mec-
4(d) males. To generate the rab-5 reporter construct, we fused GFP
at the amino-terminus of C. elegans RAB-5. A 1776-bp fragment
containing the rab-5 gene was PCR amplified from N2 genomic
DNA, using the primers 5'-CGGAATTCATGGCCGCCCGAAACGCAG-3'
and 5-CGGAATTCCGAACTTCAATTTATTCGGAT-3/, and inserted at
the C-terminus of GFP. The reporter was placed under the control of
the mec-7 promoter. As in the case of APS-2::GFP, the construct was
injected into the gonads of N2 animals together with pRF4 as a co-
transformation marker. Transgenic roller hermaphrodites were
crossed with mec-4(d) males. In order to generate an endosomal
marker for recycling endosomes, we fused GFP at the amino-
terminus of C. elegans RAB-11 (779 bp). rab-11 was amplified from
N2 genomic DNA using the primers 5-CGGAATTCAATGGGCTCT
CGTGACGAT-3" and 5-CGGAATTCTTATGGGATGCAACACTGC-3'.
The fusion was placed under the control of the mec-7 promoter.
For RNAi experiments, we used HT115(DH3) Escherichia coli
bacteria, deficient for RNase-E, which were transformed with RNAi
plasmids for clp-1, lgg-1, bec-1, unc-SI and vha-2 that direct the
synthesis of double-stranded RNAs corresponding to these genes.
Transformed bacteria were fed to animals according to a previously
described methodology (Kamath et al, 2001). The construction of
these plasmids has been previously described (Syntichaki and
Tavernarakis, 2002; Syntichaki et al, 2005; Samara and Tavernar-
akis, 2008). Generation of HT115(DH3) bacteria carrying RNAi
plasmids for the vps-32.2, vps-34, unc-104 and unc-116 genes has
been described previously (Fraser et al, 2000; Kamath and Ahringer,
2003), Plasmids were obtained from Source BioScience-LifeSciences
(Nottingham, UK).

Cell death assays

Neurodegeneration in animals bearing mec-4(d) or deg-3(d) alleles
was generally scored during the L1 larval stage, as previously
described (Treinin and Chalfie, 1995; Hall et al, 1997; Syntichaki
et al, 2002; Samara et al, 2008). We prepared L1 larvae by washing
gravid adults off plates and allowing the remaining eggs to hatch for
4-5h at 20°C. We scored necrosis during early to mid L1 stage, by
the characteristic vacuolated appearance of the six touch receptor
neuron corpses in the case of mec-4(d) plus IL1 sensory neuron
corpses in the head and PVC in the tail in deg-3(d), by using
differential interference contrast (Nomarski) microscopy. To infer
statistical significance, we scored neurodegeneration in 100 L1
animals and repeated the experiment for four times. For RNAi
experiments, L4 animals grown at 20°C are transferred to empty
NGM plates for 10min and then to NGM plates containing RNAi
bacteria and let to develop and become gravid adults at 15°C.
Necrotic cell death is assayed as described above. To induce hypoxic
conditions chemically, nematodes at the L4 stage of development
were selected, washed 2-3 times with 1 ml M9 and incubated for
30min at 20°C with freshly made NaN; (Sigma, Munich, Germany)
in M9 at final concentration of 0.5 M. Worms were washed with M9
and placed into NGM plates to recover. After 24h at 20°C, the
percentage of living worms was calculated. Alternatively, hypoxia
was induced in a hypoxic chamber using low oxygen concentration
following the previously described methodology (Scott et al, 2002).
Specifically, adults 2 days post L4, were exposed to low oxygen
conditions (<0.5%) at 25°C for 24h. Animals were allowed to
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recover for 24 h and then scored for survival. Assaying dopaminer-
gic neuron survival after treatment with the neurotoxin 6-OHDA
was performed as described previously (Nass et al, 2002). To test
the phenotypic consequence of the suppression of the mec-4(d)-
induced degeneration, animals were assayed for responsiveness to
light mechanical stimuli at the young adult stage. Animals were
stimulated three repeated times with an eyelash in the middle part of
the body and in the tail. A change of movement to a direction away
from the stimulus was recorded as positive response (sensitivity):
these animals were considered sensitive to touch. For time-course
analysis of necrotic cell death, gravid adults were bleached and the
synchronized populations were divided into three sub-populations that
were assayed for necrosis at the L1, L2 and L3-L4 developmental
stages. The experiment was repeated three times for each mutant, with
>150 animals examined in each trial.

Microscopy and quantification of clathrin-coated pits/
vesicles, early endosomes and late endosomes

Animals were mounted in 2% agarose pads, anaesthetized with
20mM sodium azide and observed at room temperature. Worms
carrying the APS-2 reporter construct were harvested at the L1-L2
developmental stages and observed using a high magnification oil-
objective lens (x 63, Zeiss Plan-NEOFLUAR; numerical aperture
1.4; Carl Zeiss, Jena, Germany), on a confocal microscope (Zeiss
Axioskop with a Bio-Rad Radiance 2100 scanhead, Bio-Rad,
Hercules, USA), using a Bio-Rad LaserSharp 2000 software package.
To acquire images from individual neurons, animals were scanned
with a 488-nm laser beam. Emitted light was gathered using a
515+ 15nm band-pass filter. The number of APS-2::GFP spots in
each touch receptor neuron was counted. In mec-4(d) mutants,
neurons were divided into two groups: vacuolated and non-
vacuolated. Dots were scored separately in each group. The number
of animals that were examined was ~ 100 and the total number of
neurons was ~500. The mean number of dots per neuron was then
calculated. The same strategy was also followed for the RAB-5
reporter construct for early endosomes and for the RAB-11 reporter
construct for recycling endosomes. For the quantification of GFP
signal intensity in the transgenic animals expressing the full-length
MEC-4::GFP, we processed at least 100 cell images (8-bit colour
depth, 256 shades of grey), from three independent trials and
calculated the pixel intensity for each cell using the Image J
software (http://rsb.info.nih.gov/ij/).

Statistical analysis

Statistical analyses were carried out using the Prism software
package (GraphPad Software Inc., San Diego, USA) and the
Microsoft Office 2003 Excel software package (Microsoft Corpora-
tion, Redmond, WA, USA). Mean values were compared using
unpaired t-tests. For multiple comparisons, we used the one-factor
(ANOVA) variance analysis corrected by the post hoc Bonferroni test.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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