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Autophagy plays an important role 
in cellular survival by resupplying 

cells with nutrients during starvation or 
by clearing misfolded proteins and dam-
aged organelles and thereby preventing 
degenerative diseases. Conversely, the 
autophagic process is also recognized 
as a cellular death mechanism. The cir-
cumstances that determine whether 
autophagy has a beneficial or a detri-
mental role in cellular survival are cur-
rently unclear. We recently showed that 
autophagy induction is detrimental in 
neurons that lack a functional AMPK 
enzyme (AMP-activated protein kinase) 
and that suffer from severe metabolic 
stress. We further demonstrated that 
autophagy and AMPK are intercon-
nected in a negative feedback loop that 
prevents excessive and destructive stimu-
lation of the autophagic process. Finally, 
we uncovered a new survival mecha-
nism in AMPK-deficient neurons—cell 
cannibalism.

Combined AMPK-Deficiency  
and Metabolic Stress Promote  

Detrimental Autophagy

AMPK is an evolutionarily conserved 
cellular switch that activates catabolic 
pathways and turns off anabolic processes 
in conditions of energy deprivation. In 
this way, AMPK restores the perturba-
tion of cellular energy levels. In addition, 
AMPK induces autophagy by inhibiting 
its negative regulator, mechanistic target 
of rapamycin (MTOR) and by direct acti-
vation of the autophagy-initiating kinase 
ULK1 (Unc-51-like kinase, a homolog 
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of yeast Atg1). AMPK is composed of a 
catalytic α-subunit and regulatory β- and 
γ-subunits, which are all necessary for for-
mation of a functional enzyme. Because 
neurons have high energetic demands and 
a low capacity to store nutrients, it is no 
surprise that AMPK plays an important 
role in neuronal functional maintenance 
and survival. This is particularly acute 
in the retina, which possesses one of the 
highest metabolic rates of all body tissues. 
We used the retina of D. melanogaster as 
a model to study adaptive responses of 
neurons to severe metabolic stress. We 
previously detected that deficiency of 
the AMPK-β subunit in the Drosophila 
eye led to a nonapoptotic form of degen-
eration, characterized by the appearance 
of large vesicular structures, vacuoliza-
tion and loss of photoreceptor neurons. 
Importantly, this degeneration was only 
induced after activation of photorecep-
tors by light and thus is a consequence of 
their activity and resulting energy deple-
tion, and not merely an effect of AMPK 
absence. Dying photoreceptor neurons 
show hallmarks of autophagy, while fur-
ther upregulation of autophagy aggravates 
neurodegeneration. Conversely, down-
regulation of the autophagic process mor-
phologically rescues retinal structures and 
preserves the functional characteristics of 
the photoreceptors. This clearly demon-
strates that autophagy plays a significant 
role in the pathology of AMPK-deficient 
retinal cells. Induction of autophagy in 
the absence of AMPK might seem surpris-
ing, given that AMPK is a major stimula-
tor of autophagy. However, several other 
(Tor-dependent and -independent) routes 
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significantly contributes to the excessive, 
destructive induction of autophagy.

AMPK-Deficient Photoreceptors 
Feed on Neighboring Cells

A remarkable feature of AMPK-deficient 
photoreceptors is the appearance of large 
vesicles on the outer side of the cell mem-
brane in early stages of neurodegenera-
tion. In addition, while photoreceptors 
are filled with organelles such as mito-
chondria, the cellular content of the sur-
rounding pigment cells (responsible for 
the eye color in fruit flies) is rapidly lost. 
Collectively, this suggests that parts of the 
neighboring pigment cells are internalized 
by photoreceptors using a phagocytosis-
like process. Accordingly, we expected 
that blocking the phagocytic pathway 
would aggravate the neurodegenerative 
phenotype and that increasing phagocyto-
sis should ameliorate the phenotype. This 
is exactly what we observed. Stimulation 
of phagocytosis, by overexpression of Crq/
croquemort, a Drosophila CD36-related 
scavenger receptor, partially rescues pho-
toreceptors from degradation. Exogenous 
croquemort expression had been shown 
previously to stimulate the ability of COS 
cells and neurons to conduct phago-
cytosis. The phagocytosis-like uptake 
thus serves as a compensatory mecha-
nism of energy acquisition in conditions 
of severe metabolic perturbation (Fig. 
1). Cell engulfment has previously been 
observed in tumor cells and even serves as 
a prognostic factor in some cancer types. 
Importantly, tumor cells may also use this 
peculiar function to feed in conditions 
of low nutrient supply. Although differ-
ences exist between tumor cell cannibal-
ism and the process we observed (which 
involves engulfment of large vesicles, 
but not entire cells), the essence of these 
pathologies seems similar. Moreover, cell 
cannibalism requires normal energy sup-
ply from aerobic respiration, which could 
explain why the phagocytosis-like pro-
cess is detected in early stages of degen-
eration, when the photoreceptors are 
still rich in mitochondria. Interestingly, 
recent studies indicate direct connections 
between phagocytosis and autophagy 

for starvation-induced autophagy in the 
Drosophila fat body.

Interestingly, in mammalian cell cul-
ture, ULK1 can phosphorylate all three 
AMPK subunits, eventually resulting in 
a reduction of AMPK’s catalytic activity. 
Analogously, we found that pharmacolog-
ical or genetic upregulation of autophagy 
in Drosophila negatively regulates AMPK 
activation (as determined by a reduced 
activating phosphorylation of Snf1a/
AMPK-α) Collectively, these data sug-
gest the existence of a negative feedback 
loop, which prevents excessive autophagic 
induction in conditions of persistent 
activation. The absence of this negative 
regulation in AMPK mutants most likely 

of autophagy stimulation exist that do not 
rely on AMPK.

AMPK mutants also display increased 
Tor activity, as evidenced by enhanced 
S6k phosphorylation. Chronic Tor activity 
can cause neurodegeneration by produc-
ing reactive oxygen species. However, Tor 
inhibition additionally promotes degen-
eration of AMPK mutant retinas, poten-
tially by further increasing autophagic 
activity. In addition, prolonged starva-
tion leads to reactivation of Tor, which 
is necessary for the reformation of the 
autophagic lysosome. On the other hand, 
the observed enhanced S6k phosphory-
lation could contribute to the increased 
autophagic response, as S6k is required 

Figure 1. overview of events following photoreceptor activation in wild-type and AmpK-deficient 
Drosophila retina. (Left) Light-induced energy consumption in wild-type photoreceptors leads 
to AmpK activation and consequent energy restoration. (Right) AmpK-deficient photoreceptors 
utilize a phagocytosis-like route as a temporary alternative nutrient supply. Additionally, lack 
of the suggested AmpK-mediated feedback loop leads to excessive autophagy and eventually 
to cell death. (Bottom) represent one facet of a Drosophila compound eye that consists of 8 
photoreceptor neurons and 12 accessory cells (e.g., pigment cells). on tangential sections (which 
are represented here) 7 photoreceptors are visible, and can be discerned by their apical mem-
brane domains specialized in light perception (rhabdomeres; visible as large, oval, dark-stained 
structures). the photoreceptor architecture in AmpK mutants is highly disorganized, with signs of 
cellular degeneration.
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whereby some autophagy-related proteins 
are recruited by phagosomes. Although 
upstream activation signals for autophagy 
and phagocytosis differ, it is possible that 
these processes are functionally intercon-
nected in AMPK-mutants. Further studies 
are needed to unravel the precise coordi-
nation of both pathways during metabolic 
perturbation.

These new insights contribute to our 
understanding of the mechanisms by 
which neurons adapt to conditions of 
extreme metabolic perturbation and will 
open new avenues for research on human 
health and disease.




