
Autophagy is required for necrotic cell death in
Caenorhabditis elegans
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Autophagy is the main process for bulk protein and organelle recycling in cells under extracellular or intracellular stress.
Deregulation of autophagy has been associated with pathological conditions such as cancer, muscular disorders and
neurodegeneration. Necrotic cell death underlies extensive neuronal loss in acute neurodegenerative episodes such as ischemic
stroke. We find that excessive autophagosome formation is induced early during necrotic cell death in C. elegans. In addition,
autophagy is required for necrotic cell death. Impairment of autophagy by genetic inactivation of autophagy genes or by
pharmacological treatment suppresses necrosis. Autophagy synergizes with lysosomal catabolic mechanisms to facilitate cell
death. Our findings demonstrate that autophagy contributes to cellular destruction during necrosis. Thus, interfering with the
autophagic process may protect neurons against necrotic damage in humans.
Cell Death and Differentiation (2008) 15, 105–112; doi:10.1038/sj.cdd.4402231; published online 28 September 2007

Several components of the autophagic pathway have been
associated with apoptotic cell death.1,2 For example, inactivation
of bec-1 triggers apoptosis in Caenorhabditis elegans and Bcl-2,
an antiapoptotic protein inhibits autophagy by repressing Beclin
1 activity in mammals.3 Autophagy has also been implicated in
certain forms of non-apoptotic cell death, in the pathogenesis of
neurodegenerative conditions caused by expanded polygluta-
mine-repeat proteins, and in other protein conformation dis-
orders.4–8 While recent studies also implicate autophagy in
necrotic cell death,6,9–11 the molecular mechanisms that engage
autophagy during necrosis are poorly understood. Specific
genetic lesions and environmental conditions trigger necrotic cell
death in C. elegans.12 Dying cells exhibit macroscopic and
ultrastructural characteristics reminiscent of necrotic cell death
caused by excitotoxic insults and hypoxia that follow ischemic
incidents in mammals.13 We utilized this well-characterized
animal model of necrotic cell death to investigate the involve-
ment of autophagy in necrosis. We systematically examined the
requirement for induction of autophagosome formation, in
addition to autophagosome nucleation, expansion, completion
and retrieval in necrosis. Moreover, we dissected the interaction
between autophagy and the lysosomal proteolytic mechanisms
that mediate necrotic cell death.

Results

Inhibition of autophagosome formation suppresses
necrosis induced by diverse genetic and environ-
mental insults in C. elegans. The unc-51 gene encodes

the C. elegans ortholog of Atg1, a serine/threonine kinase that

is essential for induction of autophagosome formation.14,15

We find that loss of UNC-51 function strongly suppresses

necrotic cell death, initiated by diverse genetically encoded

insults in the nematode (Figure 1a and b), consistent with

previous observations.10 We examined whether the apparent

reduction of necrotic neuron number in animal populations

carrying mutations in UNC-51 is the result of delay rather

than suppression of cell death. Generally, necrotic cell death

triggered by mec-4(d), peaks during the L1 larval stage of C.

elegans, with much less cell corpses being observed

thereafter.13 We carried out a time-course analysis of

necrosis induced by mec-4(d) during all four C. elegans

larval stages 1–4 (L1–L4). We did not observe any shift in the

cell-death peak to later developmental stages, which would

indicate a delay in necrosis (Figure 1c). Moreover, the total

number of cell corpses in all stages was significantly reduced

by loss of UNC-51 function (131.8721.6 in unc-

51(e369);mec-4(d) double mutants versus 413.1726.2 in

mec-4(d) mutant animals; n41000, Po0.001, unpaired t-

test). Cell survival was confirmed by scoring for expression of

GFP in adult animal neurons (Figure 1d; Supplementary

Figure 7).
Previous genetic studies have implicated UNC-51 in neuron

axon elongation and guidance.15 Nervous system wiring

defects in unc-51 mutants, result in uncoordinated

animal locomotion. We considered whether suppression of

neurodegeneration by UNC-51 deficiency is an indirect
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Figure 1 Induction of autophagy is required for necrotic cell death in C. elegans. (a) Number of neuron corpses, at the L1 larval stage of development, per 100 animals
carrying the neurotoxic mec-4(d) or deg-3(d) alleles in genetic backgrounds with UNC-51/Atg1 deficiency (n¼ 250; Po0.001, single versus the corresponding double mutant
populations, unpaired t-test). For mec-4(d) mutant animals, bars denote touch receptor neuron corpses. For deg-3(d) mutants, bars denote inner labial neuron 1 (IL1) sensory
neuron and PVC interneuron corpses. (b) Surviving PVC interneurons per 100 adult animals with UNC-51/Atg1 deficiency that carry the as(gf) allele (n¼ 700; Po0.001,
unpaired t-test). (c) Time-course analysis of mec-4(d)-induced necrotic cell death in unc-51(e369);mec-4(d) mutant animals. The number of touch receptor neuron corpses, at
the larva stages indicated, per 100 animals is graphed (n¼ 300; Po0.001, single versus double mutant populations, unpaired t-test). (d) Expression of GFP under the control
of the mec-4 promoter in touch receptor neurons of wild type and unc-51 mutant animals (top panels; left and right respectively). Surviving touch receptors, expressing the
pmec-4GFP transgene, in unc-51(e369);mec-4(d) double mutants (bottom right panel). Fluorescent cells are either absent or barely visible in single mec-4(d) transgenic animals
(bottom left panel). Arrows point to touch receptor neurons. White bars denote 50 mm. (e) Percentage of UNC-51/Atg1-deficient animals that survive near-lethal treatment with
sodium azide (NaN3; n¼ 250; Po0.001, compared to wild-type animals, unpaired t-test). Sodium azide inhibits the activity of the respiratory chain electron transport complex
IV (cytochrome c oxidase) and simulates hypoxia.16 (f) Number of neuron corpses, at the L1 stage, per 100 animals carrying either the deg-3(d) or the mec-4(d) allele after
treatment with 3-methyladenine (3-MA; n¼ 250; Po0.001, unpaired t-test). Error bars in panels (a–f) denote S.E.M. values. (g) Impairment of autophagy induction in unc-
51(e369) mutants (left panel) or after treatment with 3-MA (middle panel), does not affect expression or stability of a full-length MEC-4HGFP chimera, compared to wild-type
animals (right panel). Arrows point to the two PLM touch receptor neurons in the tail. White bars denote 20mm
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consequence of abnormal neuron differentiation and the
associated phenotypes of unc-51 mutant animals. We used
GFP reporter fusions to visualize touch receptor neurons in
unc-51 mutants. Despite the distorted morphology of their
axons, these neurons express touch receptor-specific repor-
ter genes at typical, wild-type levels (expression of GFP driven
by the mec-4 promoter is shown in Figure 1d; see also
Figure 3 for the touch receptor-specific gene mec-7 and
Supplementary Figure 4 for quantification of full-length, GFP-
tagged MEC-4). Consequently, unc-51 mutant animals dis-
play normal response to light touch stimuli during adulthood,
indicating that touch receptor neurons are functional. More-
over, the double mutants we examined for neurodegeneration
do not show any discernible growth defects that could
influence the course of necrotic cell death, which peaks
during the L1 larva stage.

In addition to genetic mutations, prolonged hypoxia, a
condition of low oxygen availability that transpires in ischemic
episodes and stroke, also induces necrotic cell death in the
nematode.16 UNC-51 deficiency protected animals from
hypoxia-induced death (Figure 1e). Our observations reveal
a broad requirement for a functional UNC-51 kinase in
necrosis and suggest that induction of autophagy is involved
in cellular destruction during neurodegeneration in C. elegans.

To establish further the role of autophagosome formation in
necrotic cell death, we treated animals carrying the deleter-
ious mec-4(d) or deg-3(d) alleles with 3-methyladenine (3-
MA), a compound that perturbs formation of autophagosomes
by compromising the activity of class-III phosphatidylinositol-3
(PI3) kinases.17 3-MA ameliorated neuron necrosis in these
animals (Figure 1f). We considered whether suppression of
mec-4(d)-induced cell death by loss of UNC-51 function or by
3-MA treatment is a consequence of a mere reduction in the
toxic MEC-4(d) protein levels. We assayed the relative
expression, stability and subcellular localization of MEC-4
by utilizing a full-length MEC-4HGFP reporter fusion. Fusion
protein levels and subcellular localization were not affected
by genetic or pharmacological manipulations that reduce
autophagosome formation (Figure 1g; quantification of
fluorescence intensity is shown in Supplementary
Figure 4a). We conclude that impairment of autophagosome
formation suppresses necrosis in C. elegans.

Autophagosome nucleation, expansion/completion and
retrieval is required for necrotic cell death. Autophagy is
a dynamic, catabolic process that involves multiple, tightly
regulated steps. Each of these steps is orchestrated by
the concerted action of several atg genes.18 In addition
to unc-51, more than a dozen homologs of autophagy
genes are encoded in the C. elegans genome14 (CS and NT
unpublished observations). We investigated whether necro-
sis requires the activity of additional genes that mediate
discrete autophagic steps, including autophagosome
nucleation, autophagosome expansion and completion,
and retrieval of Atg protein complexes from mature
autophagosomes. We assayed neurodegeneration induced
by toxic deg-3(d) and mec-4(d) alleles in animals, where key
regulators of these steps were compromised by RNAi. bec-1
encodes the C. elegans ortholog of the yeast autophagy
gene Atg6/Vps30 and shows 31% similarity with human

Beclin 1.14 Atg6 mediates autophagic vesicle nucleation by
forming a complex with the Vps34 class III PI3 kinase.19,20

We find that neurodegeneration is ameliorated by RNAi
with bec-1 (Figure 2a). In addition, bec-1 deletion mutants
are significantly more resistant to hypoxia-induced death,
compared to wild type (Figure 2b). Next, we examined the
requirement for autophagosome expansion and completion
in necrotic cell death. In C. elegans, lgg-1 encodes the
ortholog of Atg8/LC3, a ubiquitin-like, microtubule-associated
protein that facilitates autophagic vesicle growth.21,22 During
autophagosome expansion, Atg8 becomes conjugated with
phosphatidylethanolamine at its C terminus and remains
attached to autophagosomes after their formation is
completed.22 Knockdown of lgg-1 by RNAi suppresses
neurodegeneration in C. elegans (Figure 2c). Finally, we
investigated the role of the retrieval pathway, essential for
disassembly of Atg protein complexes from mature
autophagosomes, in necrosis. Atg18, a peripheral
membrane protein that binds phosphatidylinositol 3,5-
bisphosphate is required for Atg complex retrieval.23 We
observed that RNAi knockdown of the orthologous atgr-18
gene protects from necrotic cell death in C. elegans
(Figure 2d).

Autophagosome formation is induced during necrosis.
Our genetic analysis demonstrates a requirement for genes
that regulate autophagy induction, autophagosome formation
and Atg protein retrieval in necrotic cell death (analysis of
additional autophagy genes is shown in Supplementary
Figure 6). To establish further the role of autophagy in necro-
sis, we monitored autophagosome formation during neuro-
degeneration, in vivo. To visualize autophagosomes, we fused
both GFP and DsRED to the N terminus of LGG-1/Atg8, which
is incorporated in autophagic vesicles during autophagy.21,22

The fluorescent reporter fusion was expressed specifically
in the six touch receptor neurons of wild type and mec-4(d)
mutant animals. In well-fed, wild-type animals, neurons
appeared diffusely fluorescent, whereas intensely labelled
cytoplasmic puncta formed in neurons of animals grown
under starvation, a condition known to induce autophagy
(Figure 3a).24 This observation indicates that the GFPHLGG-1
fusion protein is localized to autophagosomes during
autophagy in C. elegans neurons. We observed a similar
punctate distribution of GFPHLGG-1 early during degene-
ration of touch receptors in mec-4(d) mutants (3 h around egg
hatching; Figure 3b and d; Supplementary Figures 1 and 2).
The number of fluorescent puncta declined through the course
of cell death (2–4 h after hatching), while they frequently
coalesced into a single aggregate (4–6 h after hatching;
Figure 3b and d; Supplementary Figure 1). The large increase
in autophagosome number indicates extensive induction of
autophagy during early neurodegeneration. The drop in
autophagosome abundance at later stages of necrosis may
reflect their withdrawal and disintegration by the lysosomal
degradation system.25 Lysosomal acidification by the vacuolar
Hþ -ATPase (V-ATPase), a multi-subunit proton pump, is
important for fusion between autophagosomes and lysosomes
under conditions of autophagy upregulation.26 We find that
under non-inducing conditions the number of autophagosomes
in touch receptor neurons is unaffected by a lesion in the
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vha-12 gene, which encodes the essential B subunit of
the peripheral V-ATPase domain V1 (Figure 3c and d). By
contrast, autophagosomes persist in dying neurons of mec-
4(d) mutant animals with VHA-12 deficiency (Figure 3c and d).
Therefore, impaired docking and fusion with lysosomes
evokes accumulation of autophagosomes in degenerating
neurons of animals with defective V-ATPase. Taken together,
our findings suggest that excessive autophagosome formation
is induced early during necrotic cell death, in C. elegans.

Autophagy synergizes with lysosomal proteolytic
pathways to facilitate necrosis. Autophagosomes are
ultimately delivered to lysosomes, where their cargo is
degraded.18,24 We examined the interaction of autophagy
with these proteolytic mechanisms that contribute to cellular
destruction during necrotic cell death. mec-4(d)-induced

neurodegeneration is ameliorated in lysosomal aspartyl
protease-deficient cad-1(j1) mutant animals (Figure 4a; see
also Supplementary Figure 8). Suppression of necrosis in
cad-1(j1);mec-4(d) double mutants is significantly enhanced
by treatment with 3-MA (Figure 4a). Similarly, knockdown of
lgg-1 further improved cell survival in cad-1(j1);mec-4(d)
animals (Figure 4a). In addition to aspartyl protease activity,
V-ATPase-mediated acidification of lysosomes is required
for neurodegeneration.27 Low pH is optimal for the function
of catabolic lysosomal proteases. To diminish V-ATPase
activity, we targeted genes encoding key subunits of both the
membrane-integral V0 domain and the peripheral V1 domain
of the pump. Knockdown of vha-2, which encodes the essen-
tial c subunit of membrane-integral, V0 domain of V-ATPase
augmented suppression of necrosis in UNC-51-deficient
mutants (Figure 4b). Likewise, knockdown of lgg-1
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Figure 2 Autophagosome formation and maturation is required for necrotic cell death in C. elegans. (a) Knockdown of bec-1, involved in autophagic vesicle nucleation
ameliorates necrosis. (b) Knockdown of bec-1 significantly increases survival under hypoxic conditions. The percentage of animals that survive near-lethal treatment with
sodium azide is shown (n¼ 250; Po0.001, compared to wild-type animals, unpaired t-test). (c) Knockdown of lgg-1, which is essential for autophagosome expansion and
completion suppresses necrotic cell death. (d) Knockdown of atgr-18, implicated in of Atg protein complex disassembly and retrieval from mature autophagosomes inhibits
necrosis. The number of neuron corpses, at the L1 stage, per 100 animals carrying either the neurotoxic deg-3(d) or mec-4(d) alleles is shown. Error bars denote S.E.M. values
(n>250 in all experiments; Po0.001, compared to the corresponding control populations, unpaired t-test). The RNAi-hypersensitive rrf-3(pk1426), eri-1(mg366) and lin-
35(n745) genetic backgrounds were used to enhance bec-1(RNAi), lgg-1(RNAi) and atgr-18(RNAi) effects on mec-4(d)-induced neurodegeneration, as indicated. Efficacy of
RNAi was assessed as described in the Materials and Methods section (see also Supplementary Information)
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increased neuron survival in animals with compromised
VHA-12 function, where lysosomal acidification is impaired
(Figure 4b). Our observations show that autophagy and
lysosomal proteolytic mechanisms synergize to facilitate
necrotic cell death.

In addition to the lysosomal system, calpain protease
activity is also required for necrosis in C. elegans.28 We
investigated the potential link between calpain activity
and autophagy in neurodegeneration. Calpain CLP-1 deple-
tion ameliorates necrotic cell death induced by mec-4(d)
(Figure 4c). We used both RNAi and a genetic lesion to
knockdown clp-1 in mec-4(d) animals with impaired auto-
phagy. We find that knock down of clp-1 does not further
suppress necrosis (Figure 4c). Thus, CLP-1 and autophagy
function in the same pathway to mediate cell death. Our
results are consistent with recent studies implicating calpains
in autophagy induction.29,30 It is likely that calpains exert
multiple effects to influence cell death, one of which is via
regulation of autophagy. Indeed, calpain activity has been
implicated in mediating lysosomal rupture during necrosis
both in C. elegans and in mammals.27,31,32

Discussion

While the link between autophagy and apoptosis has been
studied in depth, the role of autophagy in necrosis has
remained unclear. In this study, we utilized an exceptionally
well-characterized and genetically tractable model of necrotic
cell death in C. elegans to dissect the involvement of
autophagy in necrosis. Our findings reveal that autophagy is
required for the necrotic breakdown of nematode neurons.
Moreover, we provide evidence that excessive autophagy is
induced upon commencing of necrotic cell death, and show
that autophagy and lysosomal proteolysis combine to promote
cell demise. Interestingly, the levels of key autophagy
regulators such as Atg6/Beclin 1 and Atg8/LC3 are substan-
tially elevated after traumatic brain injury.33,34 In addition,
excessive autophagy accompanies acute excitotoxic death of
hippocampal pyramidal neurons, induced by the N-methyl-D-
aspartate (NMDA) glutamate receptor (GLR) agonist NMDA
and is also induced in dying Purkinje cells of lurcher mice
expressing an activated form of the delta 2 GLR.35,36 We
propose that runaway autophagy is an important, conserved
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Figure 3 Excessive autophagosome formation is induced early during necrotic cell death in nematode neurons. (a–c) Confocal images of touch receptor neurons
expressing a pmec-7GFPHLGG-1 reporter transgene. White bars denote 2mm. (a) Neurons of well-fed (left panel) and starved (right panels) wild-type animals. Under
starvation conditions, which are known to induce autophagy, GFPHLGG-1 accumulates in numerous distinct cytoplasmic puncta (some are indicated by arrows). (b)
Distribution of GFPHLGG-1 during the course of degeneration in mec-4(d)-expressing neurons. The number of fluorescent dots increases at early stage (1 h prior egg
hatching to 2 h after hatching into the L1 larval stage); while it declines as degeneration proceeds and neurons become distended (mid-stage: 2–4 h after hatching; late stage:
4–6 h after hatching). (c) Neuronal distribution pattern of GFPHLGG-1 in animals with impaired V-ATPase function (left panel) and animals that also carry the neurotoxic mec-
4(d) allele (middle and right panels). Fluorescent, GFPHLGG-1 puncta persist in degenerating neurons of animals carrying a lesion in the vha-12 gene, which encodes the
V-ATPase B subunit. (d) Quantification of fluorescent puncta per touch receptor neuron in wild-type animals and the genetic backgrounds indicated. Error bars denote S.E.M.
values (n¼ 250 in all experiments; ***Po0.001, unpaired t-test)
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mechanism of cellular destruction during necrotic cell death.
Preventing aberrant induction of autophagy may reduce cell
damage during acute neurodegenerative episodes such as
ischemic stroke.

Materials and Methods
Strains and genetics. We followed standard procedures for C. elegans strain
maintenance, crosses and other genetic manipulations.37 Nematode rearing
temperature was kept at 201C unless noted otherwise. The following strains were
used in this study: N2 (wild-type strain-Bristol isolate), VC517: bec-1(ok691)IV/
nT1[qIs51](IV;V), clp-1(tm858)III, TU1747: deg-3(u662)V, referred to in the text as
deg-3(d), GR1373: eri-1(mg366)IV, MT10430: lin-35(n745)I, mec-4(u231)X,
referred to in the text as mec-4(d), NL2099: rrf-3(pk1426)II, CB369: unc-
51(e369)I, CB1189: unc-51(e1189)I, MT7907: vha-12(n2915)X and KP137:
nuIs5[pglr-1Gas(Q227L)pglr-1GFP], referred to in the text as as(gf). The following
double and multiple mutant strains were examined for neurodegeneration in the

study: cad-1(j1);mec-4(u231)X, eri-1(mg366)IV;mec-4(u231)X, lin-35(n745)I;mec-
4(u231)X, rrf-3(pk1426)II;mec-4(u231)X, unc-51(e369)I;clp-1(tm858)III;mec-4(d)X,
clp-1(tm858)III;mec-4(d)X, vha-12(n2915)mec-4(u231)X, unc-51(e369)I;mec-
4(u231)X, unc-51(e1189)I;mec-4(u231)X, unc-51(e369)I;deg-3(u662)V, unc-
51(e1189)I;nuIs5[pglr-1Gas(Q227L)pglr-1GFP], unc-51(e1189)I;mec-4(u231)X. To
verify that mutations in unc-51 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[pmec-4GFP], mec-4(u231)X;Ex[pmec-4GFP],
unc-51(e369);Ex[pmec-4GFP], N2;Ex[pmec-4MEC-4HGFP], unc-51(e1189); Ex[pmec-4

MEC-4HGFP], unc-51(e369);mec-4(u231);Ex[pmec-4GFP], N2;Ex[pmec-7GFPHLGG-1],
mec-4(u231);Ex[pmec-7GFPHLGG-1], vha-12(n2915);Ex[pmec-7GFPHLGG-1] and
vha-12(n2915)mec-4(u231);Ex[pmec-7GFPHLGG-1], N2;Ex[pmec-17BEC-1HGFP],
mec-4(u231);Ex[pmec-17BEC-1HGFP], N2;Ex[plgg-1dsRedHLGG-1], zdIs5[pmec-4GFP]
I;Ex[plgg-1dsRedHLGG-1], zdIs5[pmec-4GFP]I; mec-4(u231)X;Ex[plgg-1dsRedHLGG-
1], N2;Ex[plgg-1dsRedHLGG-1; pmec-17LMP-1HGFP], mec-4(u231)X;Ex[plgg-1
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and mec-4(u231)X;Ex[plgg-1DsREDHLGG-1;pmec-7mitoGFP].
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Figure 4 Autophagy synergizes with lysosomal proteolytic mechanisms to facilitate necrotic cell death in C. elegans. (a) Suppression of mec-4(d)-induced necrosis by
aspartyl protease deficiency in cad-1(j1) mutant animals is enhanced by conditions that impede the autophagic process (3-MA treatment, lgg-1(RNAi)). (b) Autophagy and V-
ATPase function are both required for necrotic cell death. Knockdown of vha-2 and vha-12, further protects neurons of animals with defective autophagy induction or
autophagosome formation (unc-51(e369) and lgg-1(RNAi), respectively), from mec-4(d)-induced necrosis. (c) Knock down of the calpain gene clp-1 does not further suppress
mec-4(d)-induced necrosis in animals with impaired autophagy. The number of touch receptor neuron corpses, per 100 L1-stage animals is shown. Error bars denote S.E.M.
values (n>300 in all experiments; ***Po0.001, unpaired t-test). Efficacy of RNAi was assessed as described in the Materials and Methods section (see also Supplementary
Information)
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Plasmid constructs and RNA interference. To generate the lgg-1
reporter construct, we fused GFP at the N terminus of C. elegans LGG-1. The C-
terminal amino-acid sequence is cleaved during processing of the mammalian
homolog MAP-1 LC3.21 The fusion is placed under the control of the mec-7
promoter, which drives expression in touch receptor neurons. The reporter construct
was injected into the gonads of N2 animals together with pRF4, a plasmid that
carries the rol-6(su1006), dominant transformation marker. Transgenic roller
hermaphrodites were crossed with mec-4(d) males, while transgenic roller males
were crossed with mec-4(d) and vha-12(n2915)mec-4(d) hermaphrodites to obtain
mutants carrying the autophagosomal marker. To generate the plgg-1DsREDH
LGG-1 reporter construct, we fused DsRED at the N terminus of C. elegans LGG-1.
A 750-bp fragment containing the lgg-1 gene was amplified and inserted at the
C terminus of DsRED. The reporter fusion was placed under the lgg-1 promoter. To
obtain the promoter, we amplified a 1934-bp fragment upstream of the lgg-1 gene.
The reporter construct was injected into the gonads of N2 animals together with a
plasmid that carries a pmyo-2GFP reporter fusion, expressing GFP in the pharyngeal
muscle cells, as a transformation marker. For pmec-7mitoGFP, an EcoRI–BamHI
fragment containing the GFP coding sequence with an N-terminal mitochondrial
localization signal was isolated from plasmid pPD96.32 and inserted downstream of
the mec-7 promoter between the EcoRI–BglII restriction sites of the pPD96.41
plasmid vector.38 For pmec-17BEC-1HGFP, a BamHI fragment (B3 kb) containing
the bec-1 coding region was amplified from C. elegans genomic DNA and cloned
into the BamHI site of plasmid pmec-17GFP (see Supplementary Materials and
Methods for more information). Construction of pmec-17GFP and pmec-17LMP-
1HGFP has been described previously.31 For RNAi experiments, we constructed
plasmids that direct the synthesis of dsRNAs corresponding to the genes of interest
(see below), in Escherichia coli bacteria, which were then fed to animals, according
to a previously described methodology.39 To augment RNAi, animals were reared
for two generations on dsRNA-producing E. coli bacteria before examination. To
construct the RNAi plasmids, gene-specific fragments were obtained by PCR
amplification directly from C. elegans genomic DNA using appropriate primer sets
(see Supplementary Materials and Methods). The PCR-generated fragments were
subcloned into the pL4440 plasmid vector and resulting constructs were
transformed into HT115(DE3) E. coli bacteria, deficient for RNase-E.39

Cell death assays. Degeneration of specific sets of neurons in animals
bearing deg-3(d), mec-4(d) alleles was quantified as described previously.27 We
quantified as(gf)-induced necrosis by counting surviving PVC interneurons in the tail
of animals carrying the nuIs5[pglr-1Gas(Q227L)pglr-1GFP] integrated array.40 To infer
statistical significance, we typically analyze developmentally synchronized animal
cohorts of at least 100 individuals in each of three independent experiments for
necrotic cell corpses. To induce hypoxic conditions, nematodes at the L4 stage of
development were selected, washed 2–3 times with 1 ml M9 and incubated for
40 min at 201C with 0.5 M freshly made NaN3 (Sigma, Munich Germany) in M9.16

Worms were washed with M9 and placed into NGM plates to recover. The
percentage of living worms was calculated after 12–16 h of recovery. For 3-
methyladenine (3-MA) treatment, young adult mec-4(d) cad-1(j1);mec-4(d) and deg-
3(d) animals were incubated with 10 mM 3-MA (Sigma) in liquid cultures
supplemented with E. coli bacteria for 15–20 h at 201C. Neurodegeneration was
assayed in the progeny of treated animals at the L1 stage of development. For time-
course analysis of necrotic cell death, synchronized animal populations were
obtained by collecting embryos from gravid adults within a narrow time window of
4 h. For each genetic background examined these populations were divided by
three, with each subpopulation including at least 100 individuals. Neuron corpses
were counted in each subpopulation at a different developmental stage (indicated in
Figure 1c). The total number of corpses was calculated as the sum of the three
counts for each subpopulation.

Microscopy and quantification of autophagosome forma-
tion. Animals were mounted in 2% agarose pads, anesthetized with 10 mM
sodium azide and observed at room temperature. Worms carrying the LGG-1
reporter construct were harvested at the L1–L2 developmental stages and observed
using a high magnification oil-objective lens (� 63, Zeiss Plan-NEOFLUAR;
numerical aperture1.4; Carl Zeiss, Jena, Germany), on a confocal microscope
(Zeiss Axioscop with a Bio-Rad Radiance 2100 scanhead, Bio-Rad, Hercules,
USA), using the 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 515715 nm band-pass filter. The number of
GFPHLGG-1 dots in each PLM and ALM neuron was counted. In mec-4(d)

mutants, neurons were divided into three categories: distended, misshaped and
morphologically undistorted, and dots were scored separately in each group. The
mean number of dots per neuron was then calculated. For quantification of GFP
emission, transgenic animals were photographed using a 480710 nm band-pass
excitation filter on an epifluorescence microscope. Images were acquired using a
515715 nm band-pass emission filter. Emission intensity was measured on
grayscale images with a pixel depth of eight bit (256 shades of gray). We calculated
the mean and maximum pixel intensity for each cell in these images using the
ImageJ software (http://rsb.info.nih.gov/ij/). For each transgenic line, we processed
at least 100 cells images in three independent trials.
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