
Autophagy and phagocytosis-like cell cannibalism
exert opposing effects on cellular survival during
metabolic stress
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Understanding mechanisms controlling neuronal cell death and survival under conditions of altered energy supply (e.g., during
stroke) is fundamentally important for the development of therapeutic strategies. The function of autophagy herein is unclear, as
both its beneficial and detrimental roles have been described. We previously demonstrated that loss of AMP-activated protein
kinase (AMPK), an evolutionarily conserved enzyme that maintains cellular energy balance, leads to activity-dependent
degeneration in neuronal tissue. Here, we show that energy depletion in Drosophila AMPK mutants results in increased
autophagy that convincingly promotes, rather than rescues, neurodegeneration. The generated excessive autophagic response
is accompanied by increased TOR and S6K activity in the absence of an AMPK-mediated negative regulatory feedback loop.
Moreover, energy-depleted neurons use a phagocytic-like process as a means to cellular survival at the expense of surrounding
cells. Consequently, phagocytosis stimulation by expression of the scavenger receptor Croquemort significantly delays
neurodegeneration. This study thus reveals a potentially novel strategy for cellular survival during conditions of extreme energy
depletion, resembling xeno-cannibalistic events seen in metastatic tumors. We provide new insights into the roles of autophagy
and phagocytosis in the neuronal metabolic stress response and open new avenues into understanding of human disease and
development of therapeutic strategies.
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Cells survive and adapt to periods of energetic stress
(e.g., during starvation) by induction of compensatory
processes that ensure the continuation of energy supply,
major of which is autophagy. Macroautophagy (herein
referred to as autophagy) is an evolutionarily conserved
catabolic process in which intracellular macromolecules and
complete organelles are sequestered in double-membrane
vesicles (autophagosomes) and delivered to the lysosome
(by fusion and formation of autolysosomes) for degradation.
Subsequently, the resulting breakdown products are recycled
back to the cytoplasm providing inputs to cellular metabo-
lism. Autophagy is linked to the cellular metabolic status
via its negative regulator, target of rapamycin (TOR), and its
upstream kinase, AMP-activated protein kinase (AMPK).1

AMPK is an evolutionarily conserved serine/threonine
kinase that senses changes in energy levels through AMP,
and adapts cellular metabolism by regulating an array of
catabolic and anabolic processes.2 Composed of three
subunits (a, b and g, each of which is essential for its catalytic
activity), AMPK stimulates autophagy by inhibition of TOR,

but also by directly phosphorylating ULK1 (mammalian
homolog of yeast and fly Atg1, a kinase essential for
autophagy initiation).3,4 However, other AMPK-independent
(aswell as TOR-independent) routes of autophagy stimulation
exist.5

Despite having an important role in starvation and stress
responses, the role of autophagy in cellular death and survival
is controversial.6 Although it remains clear that autophagy
promotes cellular survival in multiple physiological and
experimental settings, by executing clearance of misfolded
proteins, old or damaged cellular components (and thus also
preventing degenerative diseases), autophagic hallmarks
have often been observed in dying cells and have been
associated with type II programmed cell death.7 In addition, in
Drosophila larval salivary glands and midgut, autophagy-
mediated cellular degradation is induced as part of the normal
developmental process.8,9 Recently, several cell engulfment
receptors were identified as essential for complete autophagic
destruction of Drosophila salivary glands, while dispensable
for starvation-induced autophagy.10 Finally, while direct
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induction of autophagy by overexpression of Atg1 induces
apoptotic cell death in Drosophila,11 only a handful of
studies have yet demonstrated that knockdown/knockout
of atg (autophagy) genes reduces cell death.12 There-
fore, molecular mechanisms and metabolic contexts deter-
mining decisions between autophagy-mediated cellular
survival and autophagy-associated cell death remain poorly
understood.
To approach these questions, we used a model of energy

depletion as it occurs in AMPK-deficient neuronal tissue of
Drosophila. We previously showed that removal of b-AMPK in
the visual system of the fruitfly results in progressive
neurodegeneration, arising as a consequence of neuronal
activity (and subsequent energy depletion). This progressive
phenotype is characterized by increasing vacuolization and
loss of photoreceptors in the retina and is accompanied by
behavioral defects that increase in severity with aging.13 Here,
we demonstrate that in thesemetabolic conditions, autophagy
is strongly upregulated, promoting neurodegeneration. More-
over, lack of AMPK activity is accompanied by increased TOR
activity and, importantly, the absence of negative regulatory
feedback from autophagy toward AMPK. In normal conditions
this potentially serves to limit excessive activation of the
autophagic response. Finally, we provide evidence that
photoreceptor neurons compensate energy depletion by a
form of phagocytic cannibalism of surrounding cells, which
can be stimulated with expression of the scavenger receptor
Croquemort (Crq). In this report, we thus present new insights
on how cells adapt to and survive periods of severe metabolic
perturbation.

Results

b-AMPK deficiency leads to non-apoptotic neuro-
degeneration. b-AMPK (termed alicorn or alc) deficiency
in the Drosophila eye leads to progressive retinal degenera-
tion, characterized by extensive vacuolization, the presence
of large vesicular structures, loss of photoreceptor neurons
and general structural disorganization (Figure 1a). This is
almost completely prevented by genetically or functionally
inhibiting the activity of photoreceptor neurons, and thus is a
consequence of their activity and resulting energy deple-
tion.13 In order to determine the cause of cellular degeneration,
we first investigated the involvement of caspase-dependent
apoptosis. To this end, we tested whether p35 and DIAP1
(a baculoviral and a Drosophila caspase inhibitor, respec-
tively) could rescue the neurodegenerative phenotype of
b-AMPK mutants. Neither p35 nor DIAP1 suppressed the alc
retinal phenotype, indicating that the observed neuronal
degeneration is not caused by caspase-dependent apoptosis
(Spasić et al.13 and Figure 1a).
To more closely investigate the morphology of dying cells,

we performed transmission electron microscopy on mutant
retinas. None of the typical hallmarks of apoptosis (chromatin
condensation, nuclear fragmentation, plasma membrane
blebbing and cell shrinkage) could be discerned not at early
stages (day 1, data not shown), nor at very late stages of
degeneration (day 14, Figure 1b), supporting the conclusion
that this degenerative process is non-apoptotic.

Autophagy promotes neurodegeneration in alc mutants.
The detailed analysis of the electron micrographs revealed
expansion of the lysosomal compartment, a number of multi-
lamellar inclusions, multivesicular endosomes, as well as
vesicles that likely correspond to autophagosomes with par-
tially degraded cytoplasmic material (Figures 1b and c). These
features were particularly prominent in later stages of degen-
eration, and being typical hallmarks of autophagy, suggested
an upregulation of this process. In support of this conclusion, in
degenerating mutant brains we found a marked appearance of
punctate localization of GFP-LC3 (microtubule-associated
protein 1-light chain 3, the mammalian ortholog of yeast and
fly Atg8), a commonly used marker for autophagosomes and
autolysosomes.14 In addition, functional inactivation of these
neurons (many of which relay information from photoreceptors),
achieved by rearing flies in the dark, completely suppressed the
punctate staining pattern (Figure 2a), demonstrating that
formation of GFP-LC3 punctae and thus autophagy upregula-
tion was a consequence of energy deprivation in an AMPK-
deficient background, and not just the mere absence of AMPK.
Finally, using LysoTracker to label acidic cellular compartments
(such as the (auto)lysosomes), we showed that GFP-LC3-
positive punctae co-localize with LysoTracker-positive spots in
immunostainings, conclusively demonstrating the presence of
autolysosomes in alc mutant flies (Figure 2a). Consistent with
this, we also observed normal induction of autophagy in the
larval fat body of alc mutants (Supplementary Figure S1).
These results were unexpected, given that AMPK, which is
absent in alc mutants, is a major stimulator of autophagy.
We next determined whether autophagy induction is (partly)

responsible for neurodegeneration of alcmutants. To this end,
we downregulated autophagy in mutant tissues using loss-of-
function alleles of Atg8a (Atg8aKG07569) and Atg7 (Atg7d4), or a
dominant-negative (kinase-defective) form of Atg1 (Atg1K38Q).
In the Atg8a mutant background or after Atg1K38Q over-
expression, alc mutants showed a strong improvement in
retinal morphology: photoreceptor loss was almost entirely
absent and ommatidial organization was largely preserved
(Figures 2b and c). For subsequent functional analysis, flies
were subjected to electroretinogram (ERG) recordings that
measure the collective response of retinal cells to a light
stimulus. Compared with heterozygous controls, alc mutants
are characterized by a marked reduction of both ‘on-’ and
‘off-transients’ (indicating synaptic activity of photoreceptors)
and LCRP (light coincident receptor potential, resulting from
depolarization of photoreceptors in response to a light
stimulus). These defects were significantly reverted in an
Atg7 mutant background at day 1, and remained substantially
improved at day 7 (Figure 2d and Supplementary Figure S2).
In conclusion, both ultrastructural analysis and appearance

of autophagosome and autolysosome markers meet the
criteria for autophagic cell death as recently defined and thus
demonstrate an upregulated autophagic response in degen-
erating alc mutant tissues.6 Importantly, the degenerative
morphological and functional defects can be rescued by
downregulation of autophagy.

Detrimental effects of autophagy are restricted to alc
mutants. To investigate if the detrimental effects of auto-
phagy are a consequence of general excessive stimulation of
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this process, or are specific for severe metabolic depletion
occurring in alc mutants, we stimulated the autophagic res-
ponse in both wild-type and alcmutant animals. We achieved

this by treating the flies with 2 mM rapamycin, which induces
autophagy by inhibiting TOR (a negative regulator of
autophagy), or 5mM LiCl, which enhances autophagy

Figure 1 Neuronal death in b-AMPK (alc) mutants is not caused by caspase activation. (a) The Drosophila compound eye is a regular array of B800 units (ommatidia)
each consisting of 8 photoreceptor neurons and 12 accessory cells. On tangential sections (which are represented here) seven photoreceptors are visible, and can be
discerned by their apical membrane domains specialized in light perception (rhabdomeres; represented as dark-stained spots in light micrographs). Overexpression of
caspase inhibitors p3513 or DIAP1 does not rescue the alc-associated retinal degeneration in 1- or 7-day-old alc mutants. Representative examples of vacuolization (arrows),
vesicular structures (arrowheads) and rhabdomere loss (circles) are indicated. As a control, a 7-day-old heterozygous alc eye section is depicted. Overexpression of DIAP1
alone does not lead to retinal degeneration (not shown). alcD125, null allele of b-AMPK (alc); ey, eyeless-mediated overexpression. Diagram of ommatidial cross-section
adapted from Wang and Montell.41 (b) Ultrastructural analysis of 14-day-old alc mutant tissues by transmission electron microscopy reveals no typical hallmarks of apoptosis
(such as chromatin condensation, nuclear fragmentation, plasma membrane blebbing and cell shrinkage). Compared with heterozygous controls (top row of panels),
ommatidial architecture in alc mutants (bottom row) is highly disorganized, with clear signs of cellular degeneration: vacuolization and abundant vesicular structures, some of
which are very large (green arrowheads) and appear to contain degraded cellular material. Some vesicles contain multilamellar inclusions (magenta arrowhead).
Representative mitochondria are indicated with a yellow asterisk. Scale bars; 5 mm (panels on far left) and 2 mm (magnifications of boxed areas, panels on the right).
(c) Autophagic hallmarks, such as multilamellar inclusions (left panel), multivesicular endosomes (second panel, magenta arrowhead) and double-membrane bound
electron-dense cellular material (third panel) are frequently observed in 14-day-old mutant tissues. A representative nucleus (N) of an alc mutant photoreceptor is shown in
the right panel. Scale bars; 200 nm (left and second panel), 100 nm (third panel) and 2 mm (right panel). Genotypes: FRT42D,alcD125/þ ; EGUF/þ (alcD125/þ panels),
FRT42D,alcD125/FRT42D,GMR-hid,l(2)Cl-R1; EGUF/þ (alcD125 panels) and FRT42D,alcD125/FRT42D,GMR-hid,l(2)Cl-R1; EGUF/UAS-DIAP1
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independently of TOR, by inhibiting inositol monophos-
phatase. None of these treatments resulted in retinal
degeneration in wild-type flies or in a rescue from neuro-
degeneration in alc mutants (Figure 3a). We further
investigated whether upregulation of autophagy resulted in
aggravation of neurodegeneration in alc mutants. The extent
of degeneration is smaller in dark-reared alc mutant flies
when compared with flies reared on a light/dark cycle,13 thus
providing a more sensitive background for investigation
of additive effects. Upregulation of Atg8a, a rate-limiting
autophagy gene, which promotes the autophagic response
clearly resulted in aggravation of neurodegeneration in
alc mutants (Figure 3b). These results strongly suggest
that autophagy is not detrimental for cellular survival per se,
but does have a significant role in the pathology of alc
mutants.

alc mutants display increased TOR activity. To investi-
gate the mechanism by which autophagy is upregulated in
the absence of AMPK, we first examined the function of
TOR. TOR kinase is inhibited by AMPK either directly or
indirectly, while chronic activation of TOR leads to increased
AMPK activity, providing a negative regulatory feedback
loop.15 Therefore, the absence of AMPK would lead to
increased TOR activity. Indeed, western blots of alc head
extracts labeled with a phospho-specific antibody against
Drosophila p70 S6 kinase (dS6K, a well-known TOR
substrate of which the phosphorylation status is frequently
used as a measure for TOR activity15) revealed a significant
increase in dS6K phosphorylation and thus TOR activity in
alc mutants when compared with heterozygous controls
(Figure 4a). Although activation of TOR would result in
suppression of the autophagic response, at the same time
dS6K promotes rather than suppresses autophagy,16 and
its increased activity in alc mutants could at least partially
account for the observed enhancement of autophagy.
However, other, TOR-unrelated mechanisms of autophagy
upregulation in b-AMPK mutants most likely contribute.
In agreement with these conclusions, inhibition of TOR

in alcmutants by overexpression of dTSC2, or a TOR domain
that serves as a dominant-negative allele (dTORFRB), not only
did not improve the degenerative phenotype, but instead
resulted in its aggravation (shown for 7-day-old flies,
Figure 4b), most likely as a result of further increases in
autophagic activity. Similar results were obtained after over-
expression of a constitutively active dS6K (dS6KSTDE;
Figure 4b). These data further support the deleterious effects
of autophagy in the context of AMPK deficiency.

Increased autophagy partially results from the lack of
negative feedback regulation of AMPK. To closer exam-
ine the relationship between autophagy and AMPK activity,
we induced autophagy by ubiquitous overexpression of
Atg8a in wild-type flies, and measured AMPK activation
by monitoring the phosphorylation status of Thr184 in the
catalytic a-subunit of Drosophila AMPK (corresponding to
Thr172 in human AMPK-a2). Phosphorylation of Thr184
(therefore AMPK activation) was severely reduced in Atg8a-
overexpressing flies when compared with the controls
(Figure 4c). Similar results were obtained upon autophagy

upregulation by rearing flies on food supplemented with
5mM LiCl (data not shown). This strongly suggests that
an increased autophagic response negatively regulates
AMPK activity in a regulatory feedback loop, thereby limiting
its levels in conditions of persistent activation. The absence
of this negative regulation in alc mutants most likely
significantly contributes to the excessive induction of
autophagy.

Loss of AMPK reveals a phagocytosis-like neuronal
survival mechanism in early stage degeneration. During
detailed ultrastructural analysis of early stage (day 1)
degenerating retinal tissue of alc mutants, we noticed further
peculiarities. Namely, in contrast to photoreceptor neurons
whose cellular content was very rich in mitochondria, granu-
lated or ‘rough’ endoplasmic reticulum and other organelles,
the pigment cells that surround them appeared to mostly
contain large vesicular structures with degraded cellular
content (Figure 5a). Moreover, photoreceptors seemed to
display an internalization process at the cell surface, where
very large vesicles (often exceeding 500 nm in diameter)
filled with electron-dense material were frequently observed
(Figure 5b). On the basis of the size of the engulfed particles,
which was beyond the limit for most major endocytic routes
except phagocytosis,17 we concluded that photoreceptors
exert a phagocytic-like activity.
As phagocytosis presents a potential mechanism for

energy acquisition,18 we hypothesized that this could be
compensatory behavior of photoreceptor neurons in early
stages of energy deprivation, complementary to autophagy,
and that downregulation of this process would worsen the
neurodegeneration in alc mutants. As a first approach to
influence phagocytosis, we overexpressed a dominant-
negative allele of shibire (shiK44A) in the alc mutant back-
ground. Shibire is the fly ortholog of vertebrate dynamin, a
GTPase that is necessary for certain types of endocytosis, as
well as for phagocytosis.19 Downregulation of shibire caused
a marked aggravation of alc-mediated neurodegeneration
at day 1, as well as at day 7. This experiment was carried
out in the dark, with photoreceptors mostly inactive, thereby
ruling out a major influence of the shibire mutation on photo-
receptor neurotransmission or on the formation of autophago-
somes. In order to more specifically target phagocytosis,
we downregulated Draper, the Drosophila ortholog of the
Caenorhabditis elegans engulfment receptor CED-1.20 Draper
is involved in glia-mediated engulfment of cell corpses and
downregulation of Draper aggravated alc-mediated neurode-
generation (Figure 5c). We next tested if stimulation of
phagocytic-like activity ameliorates the degeneration of alc
mutant flies. Crq is a CD36-related scavenger receptor
involved in the clearance of apoptotic cells during Drosophila
embryogenesis. Exogenous Crq expression in COS cells or
neurons confers the ability to phagocytose cells undergoing
apoptosis.21,22 The overexpression of Crq in mutant alc eyes
significantly delayed retinal degeneration (Figure 5d), strongly
suggesting that photoreceptor neurons use phagocytic ability
as means of survival in metabolic perturbation conditions.
Interestingly, Crq overexpression in homozygous alc flies also
reverted the phosphorylation status of dS6K to the level of
heterozygous alc control flies (Supplementary Figure S3).
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Discussion

Neurons are especially sensitive to cellular energy fluctua-

tions because of their high metabolic demands and low

capacity to store nutrients. This is particularly acute in the

retina that possesses one of the highest metabolic rates of

all tissues in the body. We used the activity-dependent

cellular metabolic perturbation that occurs in AMPK-deficient

Drosophila retina as a model to study adaptive responses of

neurons to metabolic stress.
Basal levels of autophagy are necessary in all cells, and

serve homeostatic functions, such as cytoplasmic protein

and organelle turnover. The autophagic response is rapidly

upregulated with increased cellular energy demands, which

cannot be met by the nutrient supply (e.g., during starvation).

In that respect autophagy serves a similar purpose to AMPK
activation under these conditions; that is to restore cellular
energy levels. Therefore, it is not surprising that regulation of
the two pathways, the autophagic response and AMPK
pathway, is interconnected. In addition to AMPK, several
other molecules regulate autophagy via TOR-dependent or
-independent routes, for example, deacetylase Sirt1, Ras
GTPase, FOXO transcription factor and several kinases,
some acting in the absence of AMPK.23,24

In our study, we find no morphological or genetic evidence
for involvement of apoptosis in neurodegeneration of b-AMPK
(alc) mutants, in agreement with an earlier study in which
TUNEL staining of g-AMPK degenerating brains was nega-
tive.25 Instead, we observe a severe upregulation of auto-
phagy, which promotes neurodegeneration in an alc mutant
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background. Interestingly, a number of other studies suggest
that autophagy may be detrimental for cellular survival in
particular contexts: activation of autophagy in flies expressing
human amyloid beta peptide (Ab42), a known risk factor for
Alzheimer’s disease, enhances Ab42-mediated neurodegen-
eration, while inhibition of autophagy ameliorated the degen-
erative phenotype.26 Also, excessive autophagy is lethal in
C. elegans 27 and overexpression of Atg1 induces apoptotic
cell death in Drosophila.11 Furthermore, developmentally
induced cell death in the female germline is mediated by
autophagy, and obsolete midgut and salivary gland cells
are removed by autophagy during metamorphosis. Although
complete elimination of salivary glands requires the presence
of active caspases, midgut cells solely rely on autophagy for
degradation.9,28,29

Our results further show that the increased autophagy is
accompanied by a rise in TOR activity and likely lack of
negative regulatory feedback between autophagy and AMPK.
It has been previously shown that prolonged starvation leads
to reactivation of TOR, which is necessary for autophagic
lysosome reformation.30 In addition, chronic TOR activity
can cause neurodegeneration by producing reactive oxygen
species, a process that is normally controlled by sestrins that
bind to and activate AMPK.15 Activation of TOR, however, is
not the cause for neurodegeneration in alc mutants, as its
inhibition further deteriorates alcmutant retinas, most likely as
a result of further increases in autophagic activity. Interest-
ingly, Löffler et al.31 recently published a study in mammalian
cell culture, which shows that ULK1 phosphorylates all three
AMPK subunits, leading to a decrease in activating phosphory-
lation of Thr172 in the a subunit of AMPK and a reduction in its
catalytic activity. This is in agreement with our data showing
induction of autophagy that leads to a marked decrease of
Drosophila AMPK Thr184 phosphorylation in vivo. Further
experiments are needed to unravel the precise molecular
nature of this proposed feedback loop. However, collectively,
these data clearly suggest the existence of a negative

feedback loop, which prevents excessive autophagic induc-
tion in conditions of persistent activation.
Therefore, the increased autophagy observed in alc

mutants is most likely a consequence of several events:
increased dS6K activity, the presence of AMPK-independent,
possibly also TOR-independent mechanisms of autophagy
induction, as well as the absence of the negative feedback
regulation of AMPK. Namely, in energy-deprived conditions,
autophagy is predominantly stimulated by AMPK (as com-
pared with other ‘default’ autophagy inducers), whose activa-
tion is attenuated in conditions of persistent autophagy
activation via a regulatory feedback loop, in order to prevent
excessive autophagic induction. This dominant effect of
AMPK on autophagy activation might molecularly be a
consequence of AMPK binding to ULK1, even in conditions
of lack of AMPK activity, effectively shielding ULK1 from other
inducers.32 In the absence of AMPK, other autophagy
inducers could predominantly stimulate the process, while
the autophagic machinery would be unable to moderate their
effects, resulting in excessive activation. Interestingly, while
there is consensus on the fact that AMPK, TOR and ULK1
interact, conflicting data have been reported on the involved
ULK1 phosphorylation sites and whether starvation leads to
association or dissociation of ULK1 and AMPK.4,33 As
suggested by Shang et al.,33 nutrient deprivation leads to
massive dephosphorylation of ULK1 and consequently to
dissociation from AMPK and ULK1 activation.
We further observe a phagocytic-like process at the surface

of photoreceptor cells and provide evidence that it functions
as a compensatory mechanism during metabolic stress.
Specifically, morphological data suggest that photoreceptors
‘cannibalize’ the surrounding cells in early stages of degen-
eration, a process that can be stimulated (and tissue
morphology better preserved) upon enhancement of phago-
cytic capacity by overexpression of Crq. This is in line with
our observation that the ommatidial disarray and photore-
ceptor loss are secondary to the great enlargement of

Figure 2 Autophagy promotes neurodegeneration in alc mutants. (a) Left panel: technique for production of eye clones (eyeless-driven Flp) results in the appearance of
mutant cells also in the brain, as demonstrated by mosaic analysis with a repressible cell marker (MARCM), labeling all alc mutant cells in green (GFP). Mutant cells are visible
in the central brain (cb) and particularly in the optic lobes (ol). As a result, brain neurodegeneration can be observed in alc eye clonal mutants.13 As the optic lobes contain
abundant homozygous alc mutant cells, this tissue was used for GFP-LC3 and Lysotracker (co-) localization. Right panels: (parts of) the optic lobe of the brain. alc mutant optic
lobes display many GFP-LC3-positive punctae, indicating autophagy induction. The staining is substantially decreased in dark-reared flies, suggesting that autophagy is
induced following photoreceptor activation and indicating that the GFP-LC3 punctate signal originates from combined energy and AMPK depletion, and not just the absence of
AMPK. Scale bars; 15mm. Insets: magnifications with counterstained nuclei (anti-elav antibody), scale bars; 5mm. Lower panels: GFP-LC3-positive punctae co-localize with
LysoTracker-positive spots (yellow spots on ‘Merge’ panel), demonstrating the formation of autolysosomes in alc mutant flies. Scale bars; 5 mm. See also Supplementary
Figure S1 for autophagy induction in alc larval fat body. Genotypes: w,eyFlp; FRT42B,alcD125/FRT42B,tubP-Gal80; tubP-Gal4,UAS-CD8:GFP/þ (MARCM panel),
UAS-GFP-LC3; FRT42D,alcD125/þ ; EGUF/þ (alcD125/þ panel) and UAS-GFP-LC3; FRT42D,alcD125/FRT42D,GMR-hid,l(2)Cl-R1; EGUF/þ (alcD125 panels).
(b) Downregulation of autophagy significantly rescues retinal degeneration of alc mutants. In Atg8a; alc double mutants, some vacuolization is still present, however,
rhabdomere loss is almost entirely absent, ommatidial organization is preserved and interommatidial space is mostly ‘edema’ free and comparable to wild-type. Representative
alcD125 controls and rescues are shown for day 1 (top row) and day 7 (bottom row). Genotypes: yw/Y; FRT42D,alcD125/FRT42D,GMR-hid,l(2)Cl-R1; EGUF/þ (alcD125

control) and y,Atg8aKG07569/Y; FRT42D,alcD125/FRT42D,GMR-hid,l(2)Cl-R1; EGUF/þ (rescue panels). Quantification: heterozygous alcD125 control (alcþ /� : yw/Y;
FRT42D,alcD125/þ ; EGUF/þ ) is given for comparison (sections not shown). Data are given as the mean fraction of complete ommatidia (containing seven photoreceptors)
±S.D. *Po0.05 for alc� /� (alcD125) compared with rescue. ND, statistically not different. (c) Eyeless-mediated overexpression of a dominant-negative Atg1 isoform also
leads to a significant improvement of retinal morphology (shown for day 1). Genotypes: alcD125 control and FRT42D,alcD125/FRT42D,GMR-hid,l(2)Cl-R1; EGUF/UAS-
Atg1K38Q (rescue panel). Quantification: heterozygous alcD125 control (FRT42D,alcD125/þ ; EGUF/UAS-Atg1K38Q) is given for comparison (sections not shown). Data
are given as mean values±S.D. ***Po0.001 for alc� /� (alcD125) compared with rescue. ND, statistically not different. (d) ERG recordings taken from 1- and 7-day-old
Atg7� /� ; alc� /� double mutants (orange bars) show significant improvement of ‘on-’ and ‘off-transients’ and LCRP when compared with homozygous alcD125 controls
(green bars). The recordings in the rescued flies are partially reverted to wild-type levels, as indicated in comparison with the heterozygous controls (blue bars). Average
recording of 415 flies per genotype, 5 recordings per fly, error bars: S.E.M. (***Po0.001 in Student’s t-test, compared with preceding bar). Representative ERG traces are
shown in Supplementary Figure S2
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interommatidial space. In addition, cultured neurons have
previously been suggested to harbor phagocytic activities.
Furthermore, in support of this concept, metastatic tumor

cells have long been known for their cannibalistic properties,
engulfing and ingesting entire live cells, either their siblings or
cells from the immune system, thus ensuring their survival or
leading to a non-apoptotic form of target cell death termed
entosis.34 Importantly, tumor cells may use this peculiar
function also to feed in conditions of low nutrient supply.35,36

Moreover, it has been suggested that cell cannibalism itself
requires a relatively normal energy supply from aerobic

respiration, as it directly correlates with residual mitochondrial
function.18 This would explain why the phagocytic-like process
is seen in early stages of degeneration in alcmutants, while the
photoreceptors are still rich in cellular content. Notwithstanding
the differences between tumor cell cannibalism and the
process observed in our study (which involves engulfment of
large vesicles, but not entire cells and, judging by vesicle
morphology, appears to be somewhat more discriminative for
content), the essence of these pathologies seems similar.
Interestingly, the autophagic and the phagocytic path-

ways are functionally interconnected, as demonstrated in

Figure 3 Autophagy is detrimental for cellular survival in alc mutant background only. Induction of autophagy using LiCl (top row of panels) and rapamycin (second row of
panels) (a) and overexpression of the rate-limiting atg8a (b) in alc heterozygous controls (left column) and alcmutant retinas (right column). Middle column: alc mutant controls;
DMSO and water were used as vehicle controls for rapamycin and LiCl, respectively. In heterozygous controls, induction of autophagy does not affect cellular survival. alc-
induced neurodegeneration is also not rescued by autophagy induction. In contrast, induction of autophagy aggravates cell death in alc mutants. This additive effect is clearly
revealed after Atg8a overexpression in the dark-reared alc mutant flies, a more sensitive background for investigation of additive neurodegenerative effects (while LiCl and
rapamycin treatments were performed on light-reared flies). Representative examples of rhabdomere loss and vacuolization are indicated with circles and arrows, respectively.
Quantification: *Po0.05 and ***Po0.001 for (a) alc� /� (alcD125) compared with alcþ /� and (b) alc� /� compared with alc� /� ; ey4Atg8a. Data are given as mean
values±S.D. Genotypes: alcD125/þ and alcD125; see Figure 1, w,Atg8aEP362; FRT42D,alcD125/þ ; EGUF/þ (heterozygous control) and w,Atg8aEP362; FRT42D,alcD125/
FRT42D,GMR-hid,l(2)Cl-R1; EGUF/þ
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Figure 4 Increased TOR activity and the lack of negative regulatory feedback between autophagy and AMPK in alc mutants. (a) TOR activity is stimulated in alc mutants,
as evidenced by increased phosphorylation of its downstream target S6 kinase (dS6K).15 Depicted is a representative immunoblot of head extracts (B100 of each genotype)
from heterozygous control (left) and alc mutant flies (right), using an antibody specific for phosphorylated dS6K. The bar graph depicts quantification of the increased
phosphorylation corrected for levels of non-phosphorylated dS6K and normalized to control values. Represented are mean values (n¼ 6)±S.D., **Po0.01 in Student’s
t-test. Genotypes as in Figure 1. (b) Downregulation of TOR using a dominant-negative allele (TORDN, top row) or TSC2 overexpression (middle row) results in aggravation of
the neurodegenerative phenotype at day 1 (not shown) and day 7 (shown here). Expression of a constitutively active dS6K (S6KCA) also exacerbates alc-mediated
neurodegeneration. Flies were reared in the dark so as to sensitize the background for investigation of additive effects (see comment to Figure 3). Quantification: **Po0.01,
***Po0.001 when compared with alc� /� (alcD125). Data are given as mean values±S.D. Genotypes: FRT42D,alcD125/þ ; EGUF/UAS-TORFRB and FRT42D,alcD125/þ ;
EGUF/UAS-TSC2 and FRT42D,alcD125/þ ; EGUF/UAS-S6KSTDEplus corresponding homozygous alc mutants. alcD125 as in Figure 1. (c) Increased autophagy reduces
activating phosphorylation of a-AMPK, suggesting a negative regulatory feedback loop. Shown is a representative immunoblot from control lines (act5C-Gal4 driver line
(lane 1) and atg8aEP line (lane 3)) and flies in which autophagy was induced by ubiquitous overexpression of atg8a (lane 2). All flies originated from the same cross.
Genotypes: yw/Y; act5C-Gal4/þ and Atg8aEP/yw; act5C-Gal4/þ and Atg8aEP/yw
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macrophages, where LC3 is recruited to apoptotic cell
phagosomes and proteins involved in autophagy enhance
phagosome maturation.37,38 Similarly, activation of Toll-like
receptor facilitates phagosome maturation and at the same
time engages autophagy.39 In addition, autophagy induces
apoptotic cells to present a signal to ensure their clearance by
phagocytes, which is crucial for mouse embryonic morpho-
genesis.40 It would therefore be reasonable to assume that
the occurrence of both of these processes in alc mutant
tissues could be a consequence of mutual activation.
In conclusion, we here provide new evidence for roles of

autophagy and phagocytosis in the cellular response to
metabolic stress and in cell death (Figure 6). These novel
mechanisms by which cells respond to conditions of extreme
metabolic perturbation open new avenues for research that
will contribute to a better understanding of human health and
disease.

Materials and Methods
Drosophila strains and culture conditions. A b-AMPK null allele
(imprecise P-element excision, alcD125) recombined to FRT{ryþ t7.2¼ neoFRT}
42D was used for the production of genetic clones.13 Eye clonal mutants were
produced using eyeless-Gal4,UAS-Flp (EGUF); GMR-hid. For MARCM analysis,
we used flies of the following genotype: w,eyFlp; FRT42B,alcD125/Cyo and w;
FRT42B,tubP-Gal80/CyO; tubP-Gal4, UAS-CD8:GFP.

Lines carrying UAS-DIAP1, Atg8aEP362, Atg8aKG07569, UAS-dS6KSTDE and UAS-
ShiK44A were obtained from the Bloomington Stock Center (Bloomington, IN, USA).
Atg7d4, UAS-dTORFRB, UAS-Atg1K38Q, UAS-TSC2, UAS-GFP-LC3 and UAS-crq
lines were kind gifts from T Neufeld (University of Minnesota, Minneapolis, MN,
USA), D Pan (Johns Hopkins University School of Medicine, Baltimore, MD, USA),
H Stenmark (Institute for Cancer Research, Oslo, Norway) and N Franc (The
Scripps Research Institute, La Jolla, CA, USA). Atg7d4 was recombined to
FRT42D,alcD125 for the production of genetic clones. drprGD2628 and drprGD14423

were obtained from the VDRC (Vienna, Austria). Overexpression (UAS-) constructs
were driven by eyeless-Gal4.

Flies were reared under controlled temperature conditions of 25 1C and, when
specified, under 12-h light/dark cycle or in constant darkness from embryonic stage
onward. For drug treatments, flies were kept on instant medium (Formula 4-24 Blue,
Carolina Biological Supply Company, Burlington, NC, USA) supplemented either
with 2mM rapamycin (Sigma-Aldrich, Bornem, Belgium) or 5 mM LiCl (Merck,
Overijse, Belgium). DMSO and water were used as vehicle controls, respectively.
For other experiments, flies were kept on the standard fly medium. For larval
starvation experiments, early third instar larvae were put on a 20% sucrose solution
for 4 h.16 Fat body clones were induced with heat shock (hs)-Flp (2 h hs at 37 1C of 0
to 8-h-old embryos).

Tissue sections, histological staining and quantification of
photoreceptor loss. For semi-thin plastic sections of the retina, aged flies

were dissected and fixed in 2% glutaraldehyde, 1% OsO4, 50 mM sodium
cacodylate and 4.2 mM HCl for 30 min on ice and postfixed in 2% OsO4, 50 mM
sodium cacodylate for 2 h on ice. Subsequently, fly heads were dehydrated
through acetone series and embedded with the Spurr Low Viscosity Embedding kit
(Polysciences, Eppelheim, Germany). The 1-mm sections were stained with 1%
Toluidine Blue in 2% disodiumtetraborate. Images were obtained using an FV1000
microscope (Olympus, Aartselaar, Belgium) and Cell^D imaging software
(Olympus). For quantification, the fraction of ommatidia that contained seven
photoreceptors was calculated (number of ‘complete’ ommatidia/total number of
ommatidia) using identical magnifications of two different eye sections from at least
five flies (Z10 sections per genotype, Z±300 ommatidia). Data are expressed as
mean fraction±S.D. P-values were calculated using Student’s t-test. Although 7-day-
old alc flies exhibited the same fraction of photoreceptor loss as 1-day-old mutants, the
progressive nature of neurodegeneration was evidenced by increased vacuolization as
well as enhanced photoreceptor loss in 14- and 34-day-old alc flies.13

Transmission electron microscopy. For ultrathin sections of the retina,
flies were decapitated and heads were fixed overnight in Karnovsky fixative

Figure 6 An overview of events following metabolic stress in wild-type and
AMPK mutant photoreceptors. Left panel: activation of wild-type photoreceptors
leads to metabolic stress, followed by increased AMPK and autophagic activity that
together restore energy levels. Autophagy is controlled by negative feedback
regulation to AMPK. Right panel: AMPK mutant photoreceptors respond to
metabolic perturbation by inducing phagocytic activity and autophagy, in an AMPK-
independent way. The suggested lack of AMPK-mediated feedback leads to
excessive autophagy and eventually to cell death

Figure 5 Neuronal survival in early stages of degeneration is dependent on phagocytosis-like cell cannibalism in alc mutants. (a) In early stages of neurodegeneration
(day 1), pigment cells (outlined blue, left panel) appear to mostly contain degraded cellular material, in contrast to neighboring photoreceptors (outlined yellow, middle panel),
which are rich in cellular content. Multiple vesicular structures are observed in the pigment cells (examples marked with green arrowheads), some of which appear to be
engulfed by surrounding photoreceptors. Photoreceptors cells (outlined yellow, right panel) also have reduced cellular contents by day 14. Scale bars: 2 mm (panel on far left)
and 1mm (middle and right panel). (b) Details of engulfment of material by photoreceptors at day 1. Panels 2 and 4 represent enlargements of boxed areas. Scale bars: 1mm
(panel on far left), 500 nm (panels 2 and 3) and 200 nm (panel on far right). Representative nuclei and mitochondria are indicated with red N and a yellow asterisk, respectively.
(c) Expression of a shibire dominant-negative allele (ShiDN) or downregulation of Draper (drprRNAi) aggravates alc-mediated neurodegeneration (compare right alcD125 panel
to middle panels). Flies were reared in the dark so as to sensitize the background for investigation of additive effects (see comment to Figure 3). Representative examples of
rhabdomere loss are indicated with circles. Quantification: ***Po0.001 for alc� /� ; ey4ShiDN and alc� /� ; ey4drprRNAi compared with alc� /� (alcD125). Data are given as
mean values±S.D. Genotypes: alcD125 control as in Figure 1, FRT42D,alcD125/þ ; EGUF/UAS-ShiK44A and FRT42D,alcD125/þ ; EGUF/UAS-drprRNAi (heterozygous
controls), FRT42D,alcD125/FRT42D,GMR-hid,l(2)Cl-R1; EGUF/UAS-ShiK44A and FRT42D,alcD125/FRT42D,GMR-hid,l(2)Cl-R1; EGUF/UAS- drprRNAi. (d) Overexpression of
the engulfment receptor Crq rescues neurodegeneration of alc mutants (compare right column to middle column). Quantification: **Po0.01, ***Po0.001 for alc� /� (alcD125)
compared with alc� /� ; ey4crq. ND, statistically not different. Data are given as mean values±S.D. Genotypes: alcD125 control as in Figure 1, FRT42D,alcD125/þ ;
EGUF/UAS-crq (heterozygous control) and FRT42D,alcD125/FRT42D,GMR-hid,l(2)Cl-R1; EGUF/UAS-crq
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(2% paraformaldehyde, 2% glutaraldehyde in 50 mM sodium cacodylate and
4.2 mM HCl). Subsequently, the samples were postfixed in 2% OsO4 for 2 h on
ice, dehydrated in ethanol series and stained with 4% uranyl-acetate for 30 min in
the dark. The embedding resin, Agar100 (Agar Scientific Ltd, Stansted, UK), was
introduced in a mixture with decreasing concentration of propylene oxide, during a
period of B20 h. Ultrathin (70 nm) sections were poststained with 4% uranyl-
acetate and lead citrate. Images were obtained using a transmission electron
microscope JEM-2100 (JEOL, Zaventem, Belgium) at the KU Leuven Electron
Microscopy Core Facility.

GFP-LC3 and LysoTracker staining. For GFP-LC3 detection, brains of
1-day-old adult flies were dissected in ice-cold phosphate-buffered saline (PBS)
and fixed in 4% formaldehyde. Samples were then incubated overnight with anti-
GFP antibody (1 : 500, A6455, Invitrogen, Gent, Belgium) in PAXD (1� PBS, 5%
BSA, 0.3% Triton X-100 and 0.3% sodium deoxycholate), 2 h with cyanine
3-conjugated secondary antibody (Jackson ImmunoResearch, Newmarket, UK)
and mounted in Vectashield mounting medium (Vector Laboratories, Brussels,
Belgium). Nuclei were counterstained with anti-elav antibody (1 : 200, 7E8A10,
DSHB, Iowa City, IA, USA).

For LysoTracker staining, fat bodies from fed or starved third instar larvae, or
adult brains were dissected in PBS and incubated for 5 min in 1mM LysoTracker
Red DND-99 (Invitrogen). Subsequently, samples were washed for 5 min in PBS
and transferred onto glass slides, covered and immediately photographed live on an
Olympus FV1000 confocal microscope. Simultaneous detection of the LysoTracker
and GFP-LC3 signal in adult brains was performed as described for LysoTracker
staining, using the endogenous fluorescent signal from GFP-LC3.

Western blotting. A total of 100 heads from each fly strain were collected
and homogenized in cell lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl,
1 mM EDTA, 0.1% SDS, 0.5% deoxycholic acid, 1% Igepal CA-630 and protease
and phosphatase inhibitor cocktail tablets (Roche, Vilvoorde, Belgium)). Lysates
were cleared by centrifugation, boiled in 1X SDS sample buffer, resolved
by SDS-PAGE, transferred onto nitrocellulose membranes and probed with
anti-phospho-Drosophila-S6K (Thr398; 1 : 1000, #9209, Cell Signaling, Leiden,
The Netherlands), anti-S6K-a (1 : 200, sc-230, Santa Cruz Biotechnology,
Heidelberg, Germany), anti-phospho-AMPK-a (Thr172; 1 : 2000, #4188, Cell
signaling), anti-AMPK-a 1/2 (1 : 500, ab80039, Abcam, Cambridge, UK) and with
anti-a-tubulin (1 : 2500, ab4074, Abcam), and subsequently with peroxidase-
conjugated secondary antibody (1 : 10 000; Jackson ImmunoResearch). Chemi-
luminescence was detected using a LAS-3000 Imager system (Fuji Film, Wavre,
Belgium). Quantification was performed using the AIDA image analysis software
(Raytest, Tilburg, The Netherlands).

ERG measurements. For ERG recordings, flies were fixed onto glass slides
with glue. A reference electrode was inserted in the thorax, and the recording
electrode, filled with 3 M NaCl, was placed on the eye surface. Light flashes of 1 s
were delivered using a halogen lamp. Data were digitized with pClamp (Molecular
Devices, Sunnyvale, CA, USA) and analyzed with Clampfit software (Molecular
Devices).
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