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Autophagy is a major pathway used to degrade long-lived proteins and organelles. Autophagy is thought to
promote both cell and organism survival by providing fundamental building blocks to maintain energy
homeostasis during starvation. Under different conditions, however, autophagy may instead act to promote
cell death through an autophagic cell death pathway distinct from apoptosis. Although several recent papers
suggest that autophagy plays a role in cell death, it is not known whether autophagy can cause the death of an
organism. Furthermore, why autophagy acts in some instances to promote survival but in others to promote
death is poorly understood. Here we show that physiological levels of autophagy act to promote survival in
Caenorhabditis elegans during starvation, whereas insufficient or excessive levels of autophagy contribute to
death. We found that inhibition of autophagy decreases survival of wild-type worms during starvation, and
that muscarinic signaling regulates starvation-induced autophagy, at least in part, through the death-associated
protein kinase signaling pathway. Furthermore, we found that in gpb-2 mutants, in which muscarinic
signaling cannot be down-regulated, starvation induces excessive autophagy in pharyngeal muscles, which in
turn, causes damage that may contribute to death. Taken together, our results demonstrate that autophagy
can have either prosurvival or prodeath functions in an organism, depending on its level of activation.

[Keywords: Autophagy; muscarinic acetylcholine receptor signaling; starvation]

Supplemental material is available at http://www.genesdev.org.

Received May 18, 2007; revised version accepted July 13, 2007.

Autophagy is a well-conserved lysosomal pathway used
to degrade long-lived proteins and cytoplasmic organ-
elles. It involves the formation of double-membrane
vesicles called autophagosomes that sequester cytoplas-
mic material, and the subsequent fusion of an autopha-
gosome with a lysosome that results in the degradation
of cytoplasmic material (Levine and Klionsky 2004). Au-
tophagy can be stimulated by both environmental stress
(e.g., nutrient starvation, hypoxia, heat shock) and intra-
cellular stress (e.g., damaged mitochondria, superfluous
peroxisomes, protein aggregates, pathogens) (Levine and
Klionsky 2004; Mizushima 2005). Once stimulated, au-
tophagy helps alleviate the harmful effects of intracellu-
lar and extracellular stress.

For many years, it has been assumed that autophagy
acts as a prosurvival response to starvation at the cell
and organism levels. For example, when the supply of
environmental nutrients is limited, autophagy can gen-
erate a source of metabolic substrates to maintain cellu-
lar ATP production, protein synthesis, and fatty acid
synthesis, thereby sustaining cellular activity needed for
the cell to stay alive (Lum et al. 2005). This autophagic

response to starvation has been well studied in various
organisms including yeast, worms, flies, and mice. Loss
of autophagy results in death in nitrogen-starved yeast,
defects in dauer formation of Caenorhabditis elegans,
hypersensitivity to starvation in Drosophila, and early
postnatal lethality in mice after termination of the pla-
cental nutrient supply (Tsukada and Ohsumi 1993; Me-
lendez et al. 2003; Kuma et al. 2004; Scott et al. 2004).
These lines of evidence support the view that autophagy
is a survival mechanism for both cell and organism.

However, several recent studies indicate that au-
tophagy also plays a prodeath role at the cellular level.
Based on morphological evidence, it has been suggested
that autophagy causes a nonapoptotic autophagic cell
death during development and in response to toxins or
stressful stimuli (Levine and Yuan 2005). In addition, it
was shown that RNA interference (RNAi) knockdown of
essential autophagy genes inhibits nonapoptotic cell
death in a variety of cell types under different conditions
(Shimizu et al. 2004; Yu et al. 2004; Reef et al. 2006).
Together, these new findings strongly suggest that au-
tophagy has a prodeath function at the cellular level. At
the organismal level, excessive autophagy is associated
with severe wasting of denervated myofibers in runx1
mutant mice (Wang et al. 2005), suggesting that au-
tophagy could be harmful to the organism. It is not
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known, however, whether autophagy can lead to organ-
ismal death.

Despite intensive study, it remained elusive until re-
cently how autophagy could perform these seemingly
opposite roles as a prosurvival mechanism and a pro-
death mechanism. An important clue to understand the
mechanism by which autophagy performs dual roles
with respect to cell survival came from studying the bio-
logical significance of the interaction between Bcl-2 and
Beclin 1 (Pattingre et al. 2005). The researchers found
that Bcl-2 proteins bind to Beclin-1 and inhibit Beclin
1-dependent autophagy in yeast and mammalian cells.
Furthermore, they found that mutants of Beclin 1 that do
not bind Bcl-2 demonstrate excessive levels of autophagy
and promote autophagy gene-dependent cell death in
MCF7 cells. Based on these new findings, a new model
for understanding the roles of autophagy in cell survival
and cell death presented itself: Physiological levels of
autophagy are essential for normal cellular homeostasis
and play a prosurvival role, whereas excessive levels of
autophagy promote autophagic cell death and play a pro-
death role at the cellular level (Pattingre et al. 2005). It is
plausible to assume that the same mechanism might cause
autophagy to have dual roles in the survival of a multicel-
lular organism. For example, physiological levels of au-
tophagy can act as a prosurvival role in an organism by
providing energy during starvation (Kuma et al. 2004),
whereas excessive autophagy might act as a prodeath role
by causing damage in tissues essential for survival.

In this study, we use C. elegans as a model system to
evaluate whether autophagy plays dual roles in the sur-
vival of a multicellular organism undergoing starvation.
We find that insufficient levels of autophagy caused by
knockdown of bec-1 promote the death of worms under-
going starvation. In contrast, gpb-2 mutants that are hy-
persensitive to starvation (You et al. 2006) have excessive
levels of autophagy during starvation, and knockdown of
bec-1 can rescue the starvation-induced death of gpb-2 mu-
tants. Together, these findings suggest that autophagy can
play both a prosurvival role and a prodeath role at the or-
ganismal level depending on its level of activation.

Results

Autophagy is required for optimal survival of worms
during starvation

To test the role of autophagy in survival of C. elegans
during starvation, we used RNAi to inhibit autophagy.
Since animals in which autophagy is completely blocked
by mutation are very unhealthy (unc-51 mutants) (data
not shown) or die (bec-1 mutants) (Takacs-Vellai et al.
2005), we thought that partial inhibition by RNAi would
be more appropriate to study the role of autophagy dur-
ing starvation. We targeted bec-1 for RNAi. bec-1 is the
C. elegans ortholog of yeast ATG6 and is essential for the
autophagy process (Melendez et al. 2003). Depleting
bec-1 function by RNAi decreased the survival of wild-
type worms after starvation (Fig. 1A; see Materials and
Methods for details of starvation survival analyses).

Because the feeding organ, the pharynx, is critical for
recovery from starvation (You et al. 2006), we measured
autophagy in pharyngeal muscle. We generated a strain
carrying an integrated transgene that expressed a GFP-
tagged version of lgg-1, which is a specific fluorescence
marker for autophagy (Melendez et al. 2003; Mizushima
2004). When autophagy is induced, GFP�LGG-1 changes
from its diffuse cytoplasmic cellular localization to form
punctate structures that label the preautophagosomal
and autophagosomal membranes (Fig. 1C). We found
that starvation induced autophagy in pharyngeal muscle,
and that bec-1 RNAi treatment decreased the amount of
autophagy induced by starvation (Fig. 1B–D). We also
tested the effects on the autophagy process of RNAi of
another C. elegans ortholog of a yeast autophagy gene.
RNAi-mediated interference of the C. elegans ortholog
of yeast ATG7 decreased survival of wild-type worms
after starvation and also reduced autophagy in the pha-
ryngeal muscle (Supplementary Fig. S2). This suggests
that the effect of bec-1 RNAi on survival of wild-type
worms during starvation is due to defects in autophagy
rather than defects in other potential functions of bec-1.
The survival of bec-1(RNAi) worms could be rescued by
the addition of food (Fig. 1A), suggesting that a major
cause of death in bec-1(RNAi) worms was a lack of nu-
trients during starvation, probably resulting from a de-
crease in autophagy.

Seeking to understand why starvation kills worms
when autophagy is suppressed, we tested whether a de-
crease in autophagy affected the activity of the pharynx.
We found that bec-1 RNAi treatment decreased pump-
ing rates (Fig. 1E) and that pumping could be rescued by
the addition of food, suggesting that autophagy is re-
quired to maintain basal activity of the pharynx during
starvation. We next tested whether pumping could pre-
dict survival. To determine the importance of basal
pumping rates for survival, we counted the pumping
rates of individual worms that were still alive immedi-
ately after starvation, assessed their survival, then com-
pared the average pumping rate of worms that eventually
died to that of worms that survived (Fig. 1F). Worms that
initially had high pumping rates survived better than
those that had low pumping rates after starvation; pump-
ing predicts survival with up to 80% accuracy. Our find-
ing, combined with previous work showing that the
pharynx is important for recovery from starvation (You
et al. 2006), suggests that maintenance of basal pumping
rates may be important for the survival of worms after
starvation. Taken together, these results demonstrate
that autophagy is required for the optimal survival of
wild-type worms during starvation, perhaps providing an
energy source or essential nutrients to maintain cellular
activity.

Overactivated muscarinic acetylcholine signaling
induces excessive autophagy and causes death
of worms during starvation

Previously, we showed that starvation activates MAPK
(mitogen-activated protein kinase) in the pharyngeal
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muscle via a muscarinic acetylcholine receptor signaling
pathway (muscarinic acetylcholine receptor → Gq� →
PKC → MAPK) (You et al. 2006). In addition, this star-
vation signaling induces a change in the physiology of
the pharyngeal muscle to increase its activity. However,
when the starvation signal is overactivated, as in the
case of gpb-2 (a G-protein � subunit involved in RGS-
mediated inhibition of the Gq� pathway) mutants in
which muscarinic acetylcholine receptor signaling can-
not be down-regulated, starvation instead induces dam-
age in the pharyngeal muscle that leads to aberrant ac-
tivity and eventual death on recovery from starvation
(You et al. 2006).

The environmental cue (starvation) that induces
changes in the pharyngeal muscles of worms can also
trigger autophagy (Levine and Klionsky 2004). Further-
more, it is known that overactivated autophagy causes
damage at the cellular level (Codogno and Meijer 2005;
Kroemer and Jaattela 2005; Levine and Yuan 2005); this
is reminiscent of the way overactivated muscarinic sig-
naling causes damage that leads to the malfunction of
worm pharyngeal muscle. Based on these similarities,

we hypothesized that overactivated muscarinic signaling
in gpb-2 mutants induces unrestrained autophagy,
which in turn, causes damage to the pharyngeal muscles
and eventually contributes to death after starvation.

To test this, we examined the level of autophagy in the
pharyngeal muscle of gpb-2 mutants during starvation.
As reported previously (You et al. 2006), gpb-2 mutants
were more sensitive to starvation than wild-type worms
(Fig. 2B). Moreover, we found that autophagy is exces-
sively induced following starvation in the pharyngeal
muscle of gpb-2 mutants compared with that of wild-
type worms as measured by GFP–LGG-1 punctate struc-
tures (Fig. 2A). It is unlikely that an increase of GFP–
LGG-1 punctate structures in gpb-2 mutants results
from defects in the turnover of autophagosomes because
treatment with lysosomal inhibitor (NH4Cl) increases
accumulation of GFP–LGG-1 punctate structures
(Supplementary Fig. S3). We also confirmed induction of
autophagy by detection of the modification of
GFP�LGG-1 using immunoblotting (Mizushima 2004).
After starvation, the ratio of phosphatidylethanolamine-
conjugated LGG-1 (PE-LGG-1�GFP) to LGG-1 (LGG-

Figure 1. Autophagy is required for optimal sur-
vival of C. elegans during starvation. Starvation
survival analyses were performed as described in
Materials and Methods. Each of the starvation
survival curves presented in this and subsequent
figures is the result of one representative trial.
Additional trials are listed in Table 1. (A) Percent
of worms surviving to adulthood on NGM plates
with HB101 bacteria after incubation in M9
buffer in the absence of food for the indicated
time. Error bars are standard errors estimated as-
suming a Poisson distribution. (B) Quantitation
of autophagy in the pharyngeal muscles of con-
trol RNAi animals and bec-1(RNAi) animals in
A. Error bars indicate standard error for propor-
tions. (*) P < 0.001. (C) Representative images of
control RNAi animals after 9 d of starvation. Dif-
ferential interference contrast image of control
RNAi animals (left) and green fluorescence im-
age (right). The arrow shows representative
GFP�LGG-1-positive punctate structures that
label preautophagosomal and autophagosomal
structures. In the inset, the area marked by the
box is magnified and contrast enhanced. (D) Rep-
resentative images of bec-1(RNAi) animals after
9 d of starvation. Differential interference con-
trast image of bec-1(RNAi) animals (left) and
green fluorescence image (right). (E) Pumping
rates in control RNAi animals and bec-1(RNAi)
animals after starvation. Each dot represents an
individual worm. Horizontal lines represent the
average (line) and SEM (error bars). (*) P < 0.0001
(Student’s t-test). (F) Retrospective pumping rates
of surviving and nonsurviving bec-1(RNAi) ani-
mals after starvation. Each dot represents an in-
dividual worm. Horizontal lines represent the av-
erage (line) and SEM (error bars). (*) P < 0.0001
(Student’s t-test).
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1�GFP) is higher in gpb-2 mutants than in wild-type
worms (Fig. 2C), indicating that autophagy is excessively
induced in gpb-2 mutants compared with wild-type
worms following starvation. Death of starved gpb-2 mu-
tants is likely caused by pharyngeal muscle malfunction,
not cell death, because pharyngeal muscle cells of gpb-2
mutants show no obvious cell death, and they are still
able to contract after starvation. Furthermore, mutation
of ced-3 could not rescue death of gpb-2 mutants during
starvation (data not shown), suggesting that apoptosis is

not involved. To test whether muscarinic acetylcholine
receptor signaling is involved in the regulation of au-
tophagy, we used inhibitors of muscarinic signaling such
as atropine, a muscarinic acetylcholine receptor antago-
nist, and U0126, which prevents MAPK activation by
inhibiting the upstream kinase MEK (You et al. 2006).
Treatment with either atropine or U0126 reduced au-
tophagy in the pharyngeal muscle of gpb-2 mutants dur-
ing starvation (Fig. 2D,F) and also partially rescued the
starvation hypersensitivity of gpb-2 mutants (Fig. 2E,G).

Figure 2. Overactivated muscarinic signaling induces excessive levels of autophagy and causes death in gpb-2 mutants after starva-
tion. (A,D,F,H) Quantitation of autophagy in the pharyngeal muscles of indicated genotype after incubation in M9 buffer in the absence
of food with or without either atropine (10 mM) or U0126 (25 µM) for the indicated time. Error bars indicate standard error for
proportions. (*) P < 0.0001 for all except 2 d in F and H, for which P < 0.005. See Supplementary Figure S1 for representative images.
(B,E,G,I) Percent of animals surviving to adulthood in A, D, F, and H. Error bars are standard errors estimated assuming a Poisson
distribution. (C) The relative levels of PE-conjugated LGG-1–GFP and LGG-1–GFP were determined by Western blotting. Starved L1
worms were prepared and analyzed by immunoblotting using an anti-GFP antibody. The arrows indicate LGG-1–GFP and PE-conju-
gated LGG-1–GFP. The Western blot is representative of what was seen in two independent experiments.
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Furthermore, we found that mutation of mpk-1, which
encodes the MAPK activated by starvation, also de-
creased autophagy in the pharyngeal muscle of gpb-2
mutants during starvation (Fig. 2H) and suppressed the
starvation hypersensitivity phenotype (Fig. 2I). Taken to-
gether, these data indicate that under starvation condi-
tions, overactivated muscarinic acetylcholine receptor
signaling in gpb-2 mutants causes excessive autophagy.
Furthermore, the fact that excessive autophagy is asso-
ciated with the death of starved gpb-2 mutants strongly
suggests that unrestrained autophagy may contribute to
the death. It is important to note that mutation of mpk-1
rescues the death of gpb-2 mutants very efficiently, yet is
less effective at reducing autophagy than atropine. It is
possible that other unknown mechanisms also contrib-
ute to the death of starved gpb-2 mutants.

To identify downstream target genes of muscarinic
acetylcholine receptor signaling responsible for the regu-
lation of autophagy, we used RNAi to reduce the expres-
sion of several candidate genes. One of them is dapk-1,
the C. elegans ortholog of death-associated protein ki-
nase (DAP kinase). Previous cell culture studies that
showed that DAP kinase mediates autophagy (Inbal et al.
2002), together with the fact that ERK can phosphorylate
and activate DAP kinase in cell culture (Chen et al.
2005), led us to hypothesize that muscarinic signaling
regulates autophagy through DAP kinase. We found that
dapk-1 RNAi reduces starvation-induced autophagy and
partially rescues starvation hypersensitivity of gpb-2
mutants (Table 1). To verify the RNAi result, we made
dapk-1 gpb-2 double mutants and found that mutation of
dapk-1 also decreases starvation-induced autophagy (Fig.
3A) and partially rescues death of gpb-2 mutants (Fig.
3B). It is unlikely that mutation of dapk-1 rescues death
of gpb-2 mutants during starvation by the inhibition of
apoptosis because mutation of ced-3 did not rescue death
of gpb-2 mutants (data not shown). Since mutation of
dapk-1 only partially rescued gpb-2 mutants, it is likely
that other unknown signaling molecules also function
downstream from muscarinic signaling to regulate au-
tophagy. In fact, we found that mutation of rgs-2, a regu-
lator of G protein signaling, further decreases autophagy
in dapk-1 gpb-2 mutants and rescues death of dapk-1
gpb-2 during starvation (Fig. 3C,D). It is possible, how-
ever, that RGS-2 negatively regulates muscarinic signal-
ing to decrease autophagy through GOA-1, which is a
target of RGS-2, and is known to antagonize muscarinic
signaling (Miller et al. 1999). To test this possibility, we
examined the activation of MPK-1 in dapk-1 gpb-2; rgs-2
mutants. We found that MPK-1 is activated in dapk-1
gpb-2; rgs-2 mutants as it is in gpb-2 mutants (Fig. 3E),
suggesting that RGS-2 is unlikely to negatively regulate
muscarinic signaling via a feedback loop. A previous
study showing that GAIP, the mammalian ortholog of
rgs-2, functions downstream from ERK to regulate au-
tophagy in cell culture (Ogier-Denis et al. 2000) further
supports our hypothesis that RGS-2 functions down-
stream from muscarinic signaling to regulate autophagy.
Thus, these results suggest that DAPK-1 acts, at least in
part, downstream from or in parallel to muscarinic sig-

naling in the regulation of autophagy, possibly with
RGS-2.

Excessive autophagy causes defects in the pharyngeal
muscles of gpb-2 mutants and contributes to death

To directly examine the role of excessive autophagy in
the death of starved gpb-2 mutants, we inhibited au-
tophagy in these mutants by bec-1 RNAi. bec-1 RNAi
treatment decreased autophagy in the pharyngeal muscle
of starved gpb-2 mutants (Fig. 4B). It also partially res-
cued the death of starved gpb-2 mutants (Fig. 4A), sug-
gesting that excessive autophagy contributes to the
death of the gpb-2 mutants during starvation conditions.
We also verified these results by atg-7 RNAi (data not
shown).

Starvation induces malfunction (hypercontraction) of
pharyngeal muscle in gpb-2 mutants after starvation, so
that the worms cannot grind up their bacterial food (You
et al. 2006). To investigate the effects of excessive au-
tophagy in gpb-2 mutants on the ability of pharyngeal
muscle to grind bacteria, we used GFP-expressing Esche-
richia coli (You et al. 2006). If worms grind bacteria ef-
ficiently, green fluorescence cannot be observed in their
intestines. If not, however, the intestines are fluorescent
with unground bacteria. As previously shown (You et al.
2006), gpb-2 mutants cannot grind bacteria after starva-
tion (Fig. 4C). In contrast gpb-2 mutants in which bec-1
expression was reduced by RNAi can grind bacteria after
starvation (Fig. 4D). Together, these results suggest that
excessive autophagy causes defects in the pharyngeal
muscles of gpb-2 mutant and eventually contributes to
death after starvation. It is possible, however, that exces-
sive autophagy in other tissues contributes to death of
gpb-2 mutants.

Muscarinic signaling plays a role in regulating
autophagy during starvation

Our data in gpb-2 mutants indicate that overactivated
muscarinic signaling induces excessive autophagy dur-
ing starvation. To evaluate whether muscarinic acetyl-
choline receptor signaling can also regulate autophagy in
wild-type worms during starvation, we inhibited musca-
rinic signaling by treatment with atropine. Treatment
with atropine decreased pharyngeal muscle autophagy
below basal levels as compared with controls (Fig. 5A),
indicating that blocking muscarinic signaling decreases
the levels of autophagy in wild-type worms during star-
vation. Treatment with atropine also decreased survival
of wild-type worms after starvation (Fig. 5B), confirming
that physiological levels of autophagy are required for
optimal survival of wild-type worms under starvation.
The survival of wild-type worms treated with atropine
could be rescued partially by the addition of food (Fig.
5A), suggesting that the effect of atropine on survival of
wild-type worms during starvation may be due to de-
creases in autophagy rather than drug toxicity only. We
also found that treatment with U0126 reduced pharyn-
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Table 1. Starvation survival analyses in wild type and gpb-2 mutants

Genotype RNAi treatment Experiment

Total number of surviving worms (percent of 0 d)

0 d 6 d 12 d

adIs2122[lgg-1�GFP] (wild type) Control 1 790 (100%) 637 (80.6%) 476 (60.3%)
bec-1 1263 (100%) 885 (70.1%)* 569 (45.1%)***
Control 2a 243 (100%) 175 (72.0%) 109 (44.9%)
bec-1 244 (100%) 87 (35.7%)*** 47 (19.3%)***
bec-1; food 207 (100%) 145 (70.0%)† 114 (55.1%)†
Control 3 492 (100%) 318 (64.6%) 243 (49.4%)
bec-1 573 (100%) 257 (44.9%)*** 156 (27.2%)***
bec-1; food 456 (100%) 335 (73.5%)† 227 (49.8%)†
Control 1ac 770 (100%) 627 (81.4%) at 5 d 513 (66.6%) at 10 d
atg-7 786 (100%) 505 (64.2%) at 5 d** 419 (53.3%) at 10 d**
Control 2c 943 (100%) 754 (80.0%) at 8 d 668 (70.8%)
atg-7 903 (100%) 683 (75.6%) at 8 d 471 (52.2%)***

Genotype Drug treatment Experiment

Total number of surviving worms (percent of 0 d)

0 d 8 d 12 d

adIs2122[lgg-1�GFP] (wild type) Control 1 143 (100%) 118 (82.5%) 105 (73.4%)
Atropine 192 (100%) 112 (58.3%)* 16 (8.3%)***
Control 2a 418 (100%) 373 (89.2%) 324 (77.5%)
Atropine 578 (100%) 313 (54.2%)*** 25 (4.3%)***
Atropine; food 301 (100%) 285 (94.7%)† 190 (63.1%)†
Control 1c 204 (100%) 188 (92.2%) at 10 d 153 (75%) at 13 d
U0126 148 (100%) 65 (43.9%) at 10 d*** 36 (24.3%) at 13 d***
Control 2 433 (100%) 382 (88.2%) 317 (73.2%)
U0126 240 (100%) 174 (72.5%) 110 (45.8%)***
Control 1 335 (100%) 280 (83.6%) 223 (66.6%)
U0126 287 (100%) 208 (72.5%) 125 (43.6%)**
Atropine 199 (100%) 90 (45.2%)*** 4 (2.0%)***

adIs2122[lgg-1�GFP] (wild type) 1 559 (100%) 545 (97.5%) 555 (99.3%)
2a 454 (100%) 365 (80.4%) 312 (68.7%)

Control 3 282 (100%) 289 (102.5%) 285 (101%)
Food 287 (100%) 271 (94.4%) 274 (95.5%)

let-60(n1046sd, am);
adIs2122[lgg-1�GFP]

1 222 (100%) 128 (57.7%)*** 21 (9.5%)***
2a 251 (100%) 170 (67.7%) 119 (47.4%)**

Control 3 211 (100%) 100 (47.4%)*** 1 (0.5%)***
Food 181 (100%) 226 (124.9%)† 188 (103.9%)†

adIs2122[lgg-1�GFP] (wild type) 1 1240 (100%) 1086 (87.6%) at 10 d 815 (65.7%) at 15 d
mpk-1(ku1);adIs2122[lgg-1�GFP) 156 (100%) 88 (56.4%) at 10 d** 53 (34.0%) at 15 d***

Genotype RNAi treatment Experiment

Total number of surviving worms (percent of 0 d)

0 d 2 d 3 d

gpb-2(ad541);
adIs2122[lgg-1�GFP]

Control 1a 653 (100%) 320 (49.0%) 233 (35.7%)
bec-1 603 (100%) 434 (72.0%)*** 369 (61.2%)***
Control 2 869 (100%) 409 (47.1%) 348 (40.0%)
bec-1 795 (100%) 567 (71.3%)*** 506 (63,6%)***
Control 3 381 (100%) 171 (44.9%) 75 (19.7%)
bec-1 211 (100%) 149 (70.6%)** 61 (28.9%)*
Control 1 667 (100%) 268 (40.2%) 122 (18.3%)
dapk-1 529 (100%) 298 (56.3%)*** 134 (25.3%)*

Genotype Drug treatment Experiment

Total number of surviving worms (percent of 0 d)

0 d 2 d 3 d

gpb-2(ad541); adIs2122[lgg-1�GFP] Control 1a 392 (100%) 194 (49.5%) 96 (24.5%)
Atropine 308 (100%) 282 (91.6%)*** 296 (96.1%)***
Control 1 176 (100%) 57 (32.4%) 14 (8.0%)
U0126 157 (100%) 106 (67.5%)*** 84 (53.5%)***
Control 2 153 (100%) 32 (21.0%) 9 (5.9%)
U0126 227 (100%) 133 (58.6%)*** 105 (46.3%)***

continued on next page
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geal muscle autophagy (data not shown) and decreased
survival of wild-type worms after starvation to a lesser
extent than treatment with atropine (Table 1). In con-
trast, a Ras gain-of-function mutation (which has a Gly-
to-Glu substitution at codon 13 and mimics the effect of
overactivated muscarinic signaling on MAPK) induced

excessive autophagy in the pharyngeal muscles during
starvation (Fig. 5C). It also decreased survival of worms
after starvation (Fig. 5D). Thus, overactivated musca-
rinic signaling increases the levels of autophagy above
physiological levels during starvation. Taken together,
these data suggest that muscarinic acetylcholine recep-

Figure 3. DAPK-1 acts downstream from or in
parallel to muscarinic signaling in the regulation
of autophagy, probably with RGS-2. (A,C) Quan-
titation of autophagy in the pharyngeal muscles
of the indicated genotype after incubation in M9
buffer in the absence of food for the indicated
time. Error bars indicate standard error for pro-
portions. (*) P < 0.005; (**) P < 0.0001. (B,D) Per-
cent of worms surviving to adulthood in A and C.
Error bars are standard errors estimated assuming
a Poisson distribution. (E) The relative levels of
phospho-MPK-1 and MPK-1 were determined by
Western blotting. Starved L1 worms were pre-
pared 32.5 h after egg preparation and were ana-
lyzed by immunoblotting using an anti-phospho-
MPK-1 antibody and an anti-MPK-1 antibody.
The Western blot is representative of what was
seen in two independent experiments.

Table 1. (continued)

Genotype Drug treatment Experiment

Total number of surviving worms (percent of 0 d)

0 d 2 d 3 d

gpb-2(ad541); adIs2122[lgg-1�GFP]b 1a 522 (100%) 126 (24.1%) 44 (8.4%)
2 91 (100%) 21 (23.1%) 6 (6.6%)

mpk-1(ku1); gpb-2(ad541); adIs2122[lgg-1�GFP]b 1a 355 (100%) 337 (94.9%)*** 289 (81.4%)***
2 95 (100%) 91 (95.8%)*** 93 (97.9%)***

gpb-2(ad541); adIs2122[lgg-1�GFP] 1a 605 (100%) 165 (27.3%) 36 (5.95%)
2 439 (100%) 157 (35.8%) 81 (18.5%)
3 1384 (100%) 362 (26.2%) 115 (8.31%)

dapk-1(gk219) gpb-2(ad541); adIs2122[lgg-1�GFP] 1a 109 (100%) 72 (66.1%)*** 34 (31.2%)***
2 1589 (100%) 911 (57.3%)*** 469 (29.5%)***
3 1153 (100%) 474 (41.1%)*** 87 (7.55%)

aIndicates experiments depicted in Figures 1–5.
bAnimals were grown at 15°C.
cStarvation survival analyses were performed at the indicated time instead of 8 d and 12 d of starvation.
(*) P < 0.05; (**) P < 0.01; (***) P < 0.001 versus control (�2 test of independence); (†) P < 0.001 versus without food (�2 test of inde-
pendence).
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tor signaling positively regulates autophagy in wild-type
worms under starvation and is important for the optimal
survival of starved wild-type worms.

Discussion

Dual roles of autophagy in the survival
of a multicellular organism during starvation

Our results demonstrate that physiological levels of au-
tophagy are required for optimal survival of C. elegans
during starvation, and that muscarinic acetylcholine re-
ceptor signaling is important for the induction of physi-
ological levels of autophagy. In contrast, insufficient or
excessive levels of autophagy render C. elegans hyper-
sensitive to starvation. These results lead us to conclude
that autophagy can play opposing roles promoting sur-
vival or death at the organismal level during starvation,
depending on its level (Fig. 5E). The mechanism by
which autophagy plays dual roles with respect to sur-
vival was not well understood until recently. As de-
scribed in the Introduction, previous studies suggested
the intriguing possibility that it is the level of autophagy
that is critical in deciding between a prosurvival or a
prodeath role (Pattingre et al. 2005). Our results provide
in vivo evidence that a similar model may apply at the
whole organism level: Physiological levels of autophagy
are prosurvival, whereas insufficient or excessive levels
of autophagy are prodeath.

The muscarinic acetylcholine pathway
as an autophagy-inducing signaling pathway

During the past decade, molecular mechanisms involved
in the regulation of autophagy have been discovered

(Levine and Klionsky 2004; Codogno and Meijer 2005;
Yorimitsu and Klionsky 2005). Despite this significant
progress, the signaling pathway involved in the regulation
of autophagy at the organismal level has been extensively
characterized only in the context of autophagy-inhibiting
signals. It is well known that the type I PI3K–mTOR sig-
naling pathway negatively regulates autophagy at both the
cellular and organismal levels (Scott et al. 2004; Shintani
and Klionsky 2004; Codogno and Meijer 2005). Although
several pathways such as eIF2� kinase, ERK1/2, and DAP
kinase pathways have been implicated as autophagy-in-
ducing signaling pathways at the cellular level (Inbal et al.
2002; Talloczy et al. 2002; Pattingre et al. 2003), little is
known about autophagy-inducing signaling pathways in
the multicellular organism. Our results demonstrate that
the muscarinic acetylcholine pathway functions as an au-
tophagy-inducing signaling pathway in the pharyngeal
muscles of C. elegans during starvation. We found that
during starvation, overactivation of muscarinic signaling
in gpb-2 mutants causes excessive autophagy in the pha-
ryngeal muscles, whereas inhibition of muscarinic signal-
ing either by treatment with inhibitors or by mutation de-
creases autophagy in the pharyngeal muscles. Further-
more, we found that either mutation of dapk-1 or rgs-2
reduces starvation-induced autophagy and partially rescues
the death of gpb-2 during starvation, suggesting that
DAPK-1 and perhaps RGS-2 may act, at least in part, down-
stream from or in parallel to muscarinic signaling in the
regulation of autophagy. Our results combined with the
previous study showing that starvation activates musca-
rinic acetylcholine signaling in the pharyngeal muscles of
C. elegans (You et al. 2006) suggest that the muscarinic
acetylcholine signaling pathway positively regulates au-
tophagy in response to starvation, probably through DAP
kinase and RGS-2.

Figure 4. Unrestrained autophagy causes defects in
the pharyngeal muscles of gpb-2 mutants and contrib-
utes to death after starvation. (A) Percent of worms sur-
viving to adulthood on NGM plates with HB101 bacte-
ria after incubation in M9 buffer in the absence of food
for the indicated time. Error bars are standard errors
estimated assuming a Poisson distribution. (B) Quanti-
tation of autophagy in A. bec-1(RNAi) reduced exces-
sive levels of autophagy in the pharyngeal muscles of
gpb-2 during starvation. Error bars indicate standard er-
ror for proportions. (*) P < 0.0001. See Supplementary
Figure S1 for representative images. (C,D) gpb-2 control
RNAi animals (C) and gpb-2; bec-1(RNAi) animals (D)
after 2 d of starvation followed by growth on GFP-ex-
pressing E. coli. (Left) Differential interference contrast
image. (Right) Green fluorescence image. Arrows in C
indicate unground bacteria in the intestine. Bars, 20 µm.
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Previous studies showed that the muscarinic acetyl-
choline signaling pathway increases pumping rates to
enhance feeding response by altering pharyngeal muscle
physiology as a response to starvation (You et al. 2006).
This change may render worms more competent to di-
gest food when food becomes available once again.
Because it is obvious that this change is an energy-de-
manding process, the question remains how energy is
provided to increase pumping rates during starvation.
Since it is known that autophagy can provide energy to
maintain energy homeostasis (Kuma et al. 2004; Lum et
al. 2005), one intriguing possibility is that autophagy in
the pharyngeal muscles induced by the muscarinic
acetylcholine signaling pathway may provide the energy
needed to increase pumping rates. In fact, our result that
shows reduced autophagy by bec-1 RNAi decreases
pumping rates during starvation supports this possi-
bility.

Several lines of evidence indicate that autophagy may
play important roles in tumor development (Cuervo
2004; Kondo et al. 2005; Levine and Yuan 2005; Levine

2006). Autophagy can act to suppress cancer develop-
ment by removing damaged organelles and promoting
autophagic cell death. On the other hand, autophagy can
contribute to cancer development by providing an energy
source to cancer cells located far from the blood supply,
where nutrients are extremely limited. Our observation
that overactivation of the Ras signaling pathway induced
autophagy, combined with previous studies showing
that Ras signaling is frequently overactivated in various
cancers, leads to the intriguing hypothesis that au-
tophagy activated by overactivated Ras signaling may
contribute to the survival of cancer cells under nutrient-
limited conditions. However, this hypothesis must be
viewed with caution because Ras signaling is known to
inhibit autophagy in other systems and autophagy can
function as a tumor suppressor depending on the circum-
stances (Kondo et al. 2005; Levine and Yuan 2005; Levine
2006). Nevertheless, it would be interesting to test if
inhibition of autophagy affects the survival of cancer
cells in the central area of the large tumor masses, where
the nutrient supply is limited.

Figure 5. Muscarinic signaling positively regu-
lates autophagy during starvation. (A) Quantita-
tion of autophagy in the pharyngeal muscles of
wild-type animals treated with atropine (10 mM)
after incubation in M9 buffer in the absence of
food for the indicated time. (C) Quantitation of
autophagy in the pharyngeal muscles of ras(gf)
animals. Error bars indicate standard error for
proportions. (*) P < 0.01. (B,D) Percent of worms
surviving to adulthood in A and C. Error bars are
standard errors estimated assuming a Poisson
distribution. See Supplementary Figure S1 for
representative images. (E) Model of dual roles of
autophagy in the survival of C. elegans.
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Materials and methods

Strains

Strains were maintained as described (Brenner 1974) at 19°C.
All worms were maintained and grown on E. coli HB101 bacte-
ria. adEx2066[rol-6(d) lgg-1�GFP], an extrachromosomal array
that expresses an N-terminal GFP�LGG-1, was a gift from K. Jia
and B. Levine (Melendez et al. 2003). adEx2066 was integrated
by �-irradiation, followed by outcrossing seven times to N2, to
generate an integration line, adIs2122[lgg-1�GFP rol-6(df)].
adIs2122 was used as a wild-type control for all experiments.
The following strains were generated using standard genetic
procedures: gpb-2(ad541) I; adIs2122, mpk-1(ku1) III; adIs2122,
gpb-2(ad541) I; mpk-1(ku1) III; adIs2122, let-60(n1046sd,am)
IV; adIs2122, gpb-2(ad541) I; ced-3 (n717) IV; adIs2122, dapk-1
(gk219) I; adIs2122, gpb-2(ad541) dapk-1(gk219) I; adIs2122,
gpb-2(ad541) I; rgs-2(vs22) X; adIs2122, gpb-2(ad541) dapk-
1(gk219) I; rgs-2(vs22) X; adIs2122.

RNAi

RNAi by feeding was performed as described (Kamath et al.
2003) except for a few modifications. Briefly, RNAi clones were
inoculated overnight at 37°C in LB plus tetracycline at 10 µg/
mL and ampicillin at 75 µg/mL. After 2 h induction with 0.4
mM IPTG, RNAi clones were seeded onto NG–ampicillin–
IPTG plates. L1 animals were transferred to RNAi plates con-
taining bacteria induced to express an RNAi clone or carrying
an empty RNAi feeding vector as a control and were allowed to
grow to adulthood. After they had laid eggs, the adult worms
were removed from the RNAi plates. The plates were then in-
cubated for either 21 h (in wild type) or 17 h (in gpb-2 mutants)
at 19°C. L1 worms were collected from RNAi plates and washed
three times with M9 solution. The collected L1 worms were
used for starvation survival analyses. The length of the incuba-
tion on RNAi plates allowed us to adjust the strength of the
RNAi treatment. Since autophagy is necessary for optimal sur-
vival of wild type during starvation, we anticipated that too
effective bec-1(RNAi) would also decrease starvation survival of
gpb-2 worms; a prosurvival effect was expected only from a
partial knockdown of bec-1 expression. Indeed, in preliminary
exploratory experiments, bec-1(RNAi) for longer than 17 h ac-
tually decreased starvation survival of gpb-2 worms.

Starvation survival analyses

Starvation survival analyses were performed as described (You
et al. 2006) with few modifications. After collection of L1
worms from RNAi plates or synchronization by egg preparation,
we incubated them in 3 mL of sterilized M9 buffer for the time
indicated in the figures or Table 1 at 19°C. At each time point,
an aliquot from each sample tube was placed on a plate seeded
with E. coli HB101. The number of worms surviving to L4 or
adulthood was determined after 3 d further growth at 19°C. The
number from day 0 of starvation was used as control and as the
denominator to calculate the percentage of worms recovering
after starvation.

Bacteria preparation for liquid cultivation

E. coli HB101 was prepared as described (You et al. 2006) with
few modifications. An E. coli HB101 culture in LB broth of
optical density 1.0∼1.2 (600 nm) was washed three times with
M9 buffer and resuspended in the same volume of M9 buffer.

This E. coli HB101 suspension was added to the worm liquid
culture at a dilution between 1:4 and 1:6 in order to provide food
during starvation survival analyses.

C. elegans autophagy analysis

Autophagy analysis was performed as described (Melendez et al.
2003) with few modifications. For light microscopic analysis of
autophagy, starved L1 animals carrying an integrated transgene
that expresses a GFP�LGG-1 fusion were collected at each time
point. GFP-positive punctate regions were visualized in the pha-
ryngeal muscles of L1 animals using a Zeiss Axioplan 2 com-
pound microscope (Zeiss Corporation). The percentage of ani-
mals with GFP-positive punctate regions was determined. For
Western blot analysis of autophagy, starved L1 animals carrying
an integrated transgene that expresses a GFP�LGG-1 fusion
were prepared at each time point and analyzed by immunoblot-
ting using an anti-GFP antibody. The relative levels of PE-con-
jugated LGG-1–GFP and LGG-1–GFP were calculated by densi-
tometry using ImageJ (version 1.36b, National Institutes of
Health).

Drug treatment during starvation survival analyses

Drug treatment was performed as described (You et al. 2006).

Western blot analysis

Western blot analysis was performed as described (You et al.
2006).

Statistical analysis

Statistical differences between groups were analyzed using the
�2 test of independence unless otherwise indicated.
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