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PINK1 and Parkin cooperatively protect neurons
against constitutively active TRP channel-induced
retinal degeneration in Drosophila

Z Huang1,2,3,5, S Ren2,4,5, Y Jiang*,1 and T Wang*,2

Calcium has an important role in regulating numerous cellular activities. However, extremely high levels of intracellular calcium can
lead to neurotoxicity, a process commonly associated with degenerative diseases. Despite the clear role of calcium cytotoxicity in
mediating neuronal cell death in this context, the pathological mechanisms remain controversial. We used a well-established
Drosophila model of retinal degeneration, which involves the constitutively active TRPP365 channels, to study calcium-induced
neurotoxicity. We found that the disruption of mitochondrial function was associated with the degenerative process. Further,
increasing autophagy flux prevented cell death in TrpP365mutant flies, and this depended on the PINK1/Parkin pathway. In addition,
the retinal degeneration process was also suppressed by the coexpression of PINK1 and Parkin. Our results provide genetic
evidence that mitochondrial dysfunction has a key role in the pathology of cellular calcium neurotoxicity. In addition, the results
demonstrated that maintaining mitochondrial homeostasis via PINK1/Parkin-dependent mitochondrial quality control can
potentially alleviate cell death in a wide range of neurodegenerative diseases.
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As a key messenger, cellular calcium regulates multiple
neuronal functions, while the dysregulation of calcium
homeostasis ultimately leads to neurotoxicity.1–3 Both clinical
and experimental evidence suggests that calcium-activated cell
death has a central role in the pathogenesis of a variety of
neurological diseases, including stroke, Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, and amyotrophic
lateral sclerosis.4,5 Although it is well known that increased
levels of cytoplasmic calcium can trigger a range of downstream
neurotoxic cascades, the main pathological signaling events
downstream of calcium overload remain unclear. In addition,
pharmacological treatments to suppress calcium-induced cell
death are still lacking.
Mitochondria are the major source of cellular energy,

producing adenosine triphosphate (ATP) through oxidative
phosphorylation. In the case of neurons, almost all ATP is
generated by mitochondria.6 Dysfunctional mitochondria not
only disrupt the supply of cellular ATP, but also release pro-
apoptotic proteins and toxic reactive oxygen species (ROS),
which ultimately lead to cell death.7,8 Further, mitochondria
contribute to themaintenance of cellular calcium homeostasis,
while mitochondrial functions including ATP synthesis are
regulated by calcium in the mitochondrial matrix.9 However,
mitochondrial calcium overload, which is associated with

mitochondrial fragmentation, mitochondrial membrane poten-
tial collapse, ATP depletion, accumulation of ROS, and the
release of pro-apoptotic factors, eventually causes cell
death.2,4,10–12 Therefore, cellular calcium overload ultimately
impairs the ability of mitochondria to contribute to metabolism
and energy production by disrupting calcium homeostasis.9

Eukaryotic cells have several mechanisms with which to
maintain mitochondrial homeostasis and hence their function
and survival.13 Damaged mitochondria are identified and
eliminated through a mitochondrial quality control pathway
known as mitophagy, which involves the selective autophagic
removal of mitochondria.14 Two factors, including a mito-
chondrially targeted protein kinase and an E3 ubiquitin ligase
(encoded by the early-onset Parkinson’s disease genes pink1
and parkin, respectively) are key mediators of this mitochon-
drial quality control pathway.15–17 Damaged mitochondria,
which are characterized by losses in mitochondrial membrane
potential, exhibit stabilized PINK1 on the mitochondrial outer
membrane. This stabilized PINK1 recruits and activates
Parkin, which in turn triggers autophagy and the lysosomal
degradation of dysfunctional mitochondria.18–21

The Drosophila visual system has served as a powerful
model for investigating the mechanisms that underlie retinal
degeneration, as well as a variety of neurodegenerative
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diseases.22–25 Importantly, genetic models of calcium
overload-induced neurodegeneration have been well estab-
lished in this system.26,27 Here, we found that abnormal
mitochondrial morphology and function were associated with
the TrpP365 mutant, which expresses a constitutively active
version of the Drosophila calcium channel involved in
phototransduction. These mutant channels induce cell death
by elevating cellular calcium levels.27 The upregulation of
autophagy suppressed the retinal degeneration phenotype
associated with the TrpP365 mutation, and both PINK1
and Parkin were required for this cell-protective effect. Further
analysis revealed that Parkin was recruited to the mitochon-
dria of TrpP365 mutant photoreceptor cells, and that the
coexpression of PINK1 and Parkin prevented TrpP365-induced

photoreceptor cell degeneration. These results suggest that
the death of TrpP365 mutant photoreceptor cells primarily
resulted from the disruption of mitochondrial function caused
by calcium overload. Further, the PINK1/Parkin-dependent
mitochondrial quality control pathway alleviated the retinal
degeneration associated with the TrpP365 mutation.

Results

Cells that degenerate as a result of elevated cellular
calcium contain dysfunctional mitochondria. The Droso-
phila gene trp (transient receptor potential) encodes a major
calcium channel involved in phototransduction.28 The domi-
nant trp allele, TrpP365, encodes a constitutively active
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Figure 1 Retinal degeneration and mitochondrial dysfunction associated with TrpP365 mutant flies. (a) TEM images of single ommatidium from wild-type and TrpP365mutant
flies (TrpP365/+) at indicated ages. High magnification views of the mitochondrial morphologies are shown in the boxed regions. Scale bar, 2 μm. (b) Quantification of the mean
number of rhabdomeres per ommatidium indicates the time course of retinal degeneration in TrpP365 flies. At least 150 ommatidia from three flies were counted for each point.
(c) The distribution of mitochondrial length within photoreceptor cells. At least 200 photoreceptor cells of wild-type and TrpP365 flies at the ages of 3 and 5 days (D3 and D5) were
evaluated to determine the mitochondrial length. (d) The retinal mitochondrial membrane potential was measured using JC-10 staining. The ratio of JC-10 fluorescence emission
at 525 nm and 590 nm was calculated, and the relative membrane potential was normalized to the TrpP365 mutant. (e) Mitochondrial superoxide levels were measured via
mitoSOX staining of dissected retina. At least five samples from 3-day-old flies were used. The mitoSOX fluorescence intensity was normalized to TrpP365 mutants. Significant
differences were determined using Student’s t-test at indicated age (ns, not significant; ***Po0.001)
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TRPP365 channel, resulting in increased levels of cellular
calcium and retinal degeneration.26,29 This allele therefore
provides a good model for investigating the mechanisms by
which elevated cellular calcium causes cell death. In order to
understand the initial cellular changes in TrpP365 mutant cells,
we used transmission electron microscopy (TEM) to char-
acterize the subcellular structures within photoreceptor cells of
different ages. Consistent with the findings of previous
work,26 TrpP365 heterozygous mutants exhibited a loss of
photoreceptor cells during aging (Figure 1a). When viewed in
tangential sections, the fly ommatidium includes seven
photoreceptor cells. Each photoreceptor cell contains a central
photoreception organelle, the rhabdomere (Figure 1a). Young
TrpP365 flies exhibited normal eye morphology, whereas
aged flies exhibited rapid degeneration with condensed
cytoplasm, vesicle accumulation, and loss of rhabdomeres. In
contrast, the wild-type controls exhibited normal eye
morphology, with all seven rhabdomeres, regardless of age
(Figures 1a and b).

In addition to the degeneration phenotype, the TrpP365

photoreceptor cells from both 3- and 5-day-old flies contained
morphologically abnormal mitochondria. These mitochondria
were larger and more vacuolated when compared with the
controls, which was more severe at day 5 than day 3
(Figure 1c). To functionally characterize the mitochondria
within these mutant cells, we assessed the mitochondrial
membrane potential (i.e., the driving force of ATP synthesis)
with JC-10 staining. The E595/E525 ratio of wild-type cells
was ~25 times higher than that for TrpP365 photoreceptor cells
in 3-day-old flies (Figure 1d). As impaired mitochondria
generally produce increased levels of mitochondrial ROS,
wemeasured the superoxide levels in TrpP365mitochondria via
mitoSOX. The relative mitoSOX fluorescence in the TrpP365

mutant cells was ~ 7 times higher than that in the wild-type
cells, indicating that themitochondria within the TrpP365mutant
cells are damaged (Figure 1e). These results suggest that the
TrpP365 mutation affected mitochondrial function during the
neurodegeneration process.
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Figure 2 Letm1 enhances retinal degeneration in TrpP365mutant flies. (a–h) Morphology of 5-day-old (a) wild-type, (b) ninaE4calx: ninaE-gal4/UAS-calx, (c) ninaE4letm1:
ninaE-gal4/UAS-letm1, (d) ninaE4serca: ninaE-gal4/UAS-serca, (e) TrpP365/+, (f) ninaE4calx;TrpP365/+, (g) ninaE4letm1;TrpP365/+, and (h) ninaE4serca;TrpP365/+ flies.
Scale bar, 2 μm. (i) Mean number of rhabdomeres per ommatidium from 5-day-old flies. Quantifications were based on more than 150 ommatidia from three EM sections for each
genotype. Error bars indicate S.E.M. (**Po0.01; ***Po0.001)
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Increased mitochondrial calcium uptake enhanced
TrpP365-associated cell death. As previously reported, over-
expression of the reciprocal Na+/Ca2+ exchanger CalX largely
suppressed retinal degeneration in the TrpP365 mutant back-
ground, which suggests that the degeneration of TrpP365

mutant photoreceptor cells results from increased cellular
calcium26,29 (Figures 2a, b, e, and 2f). Mitochondria serve as
large and dynamic physiological buffers for calcium, which is
important in regulating mitochondrial function.9 We therefore
reasoned that the increased level of cellular calcium asso-
ciated with the constitutively active TRPP365 channels might
disrupt mitochondrial function by dysregulating mitochondrial
calcium. If the dysregulation of mitochondrial calcium con-
tributes to retinal degeneration in TrpP365 mutant flies, then cell
death may be enhanced by increased mitochondrial uptake of
calcium. To test this hypothesis, we overexpressed LETM1
(leucine zipper-EF-hand containing transmembrane protein 1),
the mitochondrial Ca2+/H+ antiporter responsible for mitochon-
drial calcium entrance, in photoreceptor cells using a very
strong photoreceptor cell promotor, namely the ninaE
promotor.30 Although the overexpression of LETM1 did not
cause retinal cell death in wild-type flies, the death of TrpP365

photoreceptor cells was enhanced by the LETM1 overexpres-
sion (Figures 2c, g, and i). Moreover, upregulation of the
calcium transport of endoplasmic reticulum (ER), the most
important intracellular calcium store, by overexpression of an
ER calcium pump SERCA also significantly suppressed in the
TrpP365-associated degeneration (Figures 2d, h, and i). These

interactions between a variety of calcium transporters and
TRPP365 indicate that increased levels of mitochondrial calcium
may have a key role in the pathology induced by high cellular
calcium levels.

TRPP365-induced cell death was suppressed by autophagy.
Autophagy degrades intracellular aggregates, cellular debris,
and damaged organelles, thereby protecting against a variety
of cell death signals associated with neurodegenerative
diseases.31,32 We therefore tested whether the activation of
autophagy could modify the severity of cell death in TrpP365

mutant flies. In order to induce autophagy, we overexpressed
atg1 via the ninaE promoter.33,34 Compared with the TrpP365

flies, which lost most major photoreceptor neurons after 5 days,
the ninaE-atg1/TrpP365 flies retained most of their photorecep-
tor cells when raised in identical conditions (Figures 3a and b).
We then activated autophagy through the genetic inactivation
of TORC1, the negative regulator of autophagy. TSC1
(tuberous sclerosis complex 1) and TSC2 (tuberous sclerosis
complex 2) form a GTPase-activating protein for Rheb
GTPase, thereby negatively regulating TORC1 kinase activity
and activating autophagy.34–36 As seen with Atg1, the over-
expression of TSC1 and TSC2 (ninaE4Tsc1/2) largely
suppressed the neural degeneration caused by the TrpP365

mutation (Figures 3a and b). Therefore, the upregulation of
autophagy prevented TrpP365-induced photoreceptor cell
degeneration.
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Figure 3 Activation of autophagy suppressed neural degeneration in the TrpP365 mutant flies. (a) TEM images of single ommatidium from wild-type, TrpP365/+, ninaE-atg1,
ninaE-atg1;TrpP365/+, ninaE4tsc1&2(ninaE-gal4/UAS-tsc1,UAS-tsc2), and ninaE4tsc1&2; TrpP365/+ flies. Scale bar, 2 μm. (b) Time course of photoreceptor degeneration.
The number of rhabdomeres per ommatidium was examined by optical neutralization assay. Quantification was based on 4150 ommatidia from three eyes from flies with the
indicated genotypes and ages. Error bars indicate S.E.M. Significant differences between against ninaE-atg1;TrpP365/+ or ninaE4tsc1&2;TrpP365/+ and TrpP365/+ were
determined using Student’s t-test under indicated age (**Po0.01; ***Po0.001)
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PINK1 and Parkin are required for Atg1-mediated sup-
pression of neurodegeneration in TRPP365 mutants. The
digestion of oxidatively damaged organelles by autophagy
prevents the progressive accumulation of dysfunctional
mitochondria and other organelles during aging. As TrpP365

mutant cells contain large numbers of defective mitochondria,
it is reasonable to assume that mitochondrial autophagy is
the primary mechanism by which elevated levels of

autophagy suppress TRPP365-induced cell death. Indeed,
overexpressing Atg1 restored mitochondrial morphology in
TrpP365 retinal cells (Supplementary Figure S1). The mito-
chondrially targeted protein kinase PINK1 and the E3 ubiquitin
ligase Parkin have central roles in mitophagy, which is the
autophagic degradation of dysfunctional mitochondria.20,37

Moreover, the induction of general autophagy by Atg1
enhances PINK1/Parkin-mediated mitophagy in both flies and
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Figure 4 PINK1 and Parkin are required for Atg1 to suppress photoreceptor cell death in TrpP365 mutant flies. (a–f) Examination of single ommatidia by TEM. Cross-sections
were obtained from 8-day-old (a) wild-type, (b) TrpP365/+, (c) ninaE-atg1, (d) ninaE-atg1;TrpP365/+, (e) pink1B9 ninaE-atg1;TrpP365/+, and (f) ninaE-atg1;park1TrpP365/park1 flies.
Scale bar, 2 μm. (g) The mean number of rhabdomeres per ommatidium was quantified from at least 150 ommatidia from three TEM sections for each genotype. Error bars
indicate S.E.M. (ns, not significant; ***Po0.001)
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mammals.38 Therefore, overexpression of Atg1 may prevent
cell degeneration by increasing the autophagic removal of
damaged mitochondria. To test this hypothesis, we over-
expressed Atg1 in the pink1B9 and TrpP365 double mutant
background. Strikingly, the loss-of-function mutation in pink1
completely blocked the ability of Arg1 to protect the TrpP365

mutant cells (Figures 4a–e and g). We next introduced the
loss-of-function parkin mutation, park1, into the ninaE-atg1/
TrpP365 flies. As seen with the pink1 loss of function, park1 also
blocked the ability of Arg1 to protect the TrpP365 photoreceptor
cells (Figures 4f and g). These results suggest that Atg1
prevents TrpP365-induced retinal degeneration by increasing
the selective autophagy of mitochondria.

PINK1 and Parkin cooperatively prevent cell death in
TrpP365 mutant cells. The PINK1/Parkin pathway is a
conserved pathway that mediates mitophagy. In healthy
mitochondria, PINK1 is unstable and subject to rapid
degradation. In damaged mitochondria, however, PINK1
accumulates on the outer membrane of depolarized mito-
chondria. PINK1 then recruits cytosolic Parkin to the
mitochondria and initiates the mitophagic process.18,39 Thus,
the PINK1 protein levels were low in wild-type photoreceptor
cells that overexpressed pink1 (ninaE4pink1-HA). However,
the PINK1 levels were increased ~ twofold in ninaE4pink1-
HA;TrpP365 flies (on both day 1 and day 3) prior to the onset of

massive cell death (Figures 5a and c). As PINK1 was
stabilized in the TrpP365 mutant cells, we questioned whether
stabilized PINK1 was able to recruit Parkin for the autophagic
degradation of mitochondria. To test this, we assayed the
percentage of Parkin bound to the mitochondria by isolating
mitochondria from wild-type and TrpP365 flies expressing both
PINK1-HA and Flag-Parkin. In the wild-type flies, most of the
Parkin was localized to the cytosol, whereas ~50% of
the Parkin was detected in the mitochondrial fraction of the
TrpP365 mutant flies (Figures 5b and d). It is worth mentioning
that the percentage of mitochondrial Parkin was higher in
3-day-old TrpP365 flies than in 1-day-old TrpP365 flies,
indicating that the mitochondria are gradually damaged.
As the TrpP365 mutant cells exhibited PINK1 stabilization

and the mitochondrial localization of Parkin, the evolutionarily
conserved PINK1/Parkin pathway may contribute to
TRPP365-induced cell death. To test this idea, we over-
expressed PINK1 and/or Parkin in TrpP365 mutant photore-
ceptor cells via ninaE-Gal4. There was no obvious alleviation
of the TrpP365-mediated degeneration of photoreceptor cells
by the overexpression of PINK1 or Parkin as revealed by TEM
and optical neutralization assays (Figures 6a–d and g).
However, the degeneration was greatly reduced by coexpres-
sing PINK1 and Parkin (Figures 6e–g). These results support
the hypothesis that the accumulation of damaged mitochon-
dria has a key physiological role in TrpP365-induced cell death.
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Figure 5 Accumulation of PINK1 and Parkin on the mitochondria of TrpP365 photoreceptor cells. (a) Western blot of head extracts from ninaE4pink1-HA (ninaE-gal4/UAS-
pink1-HA) and ninaE4pink1-HA;TrpP365/+ flies. Anti-HA antibody was used to detect PINK1-HA. D1, day 1; D3, day 3. (b) Western blot of fractions from fly heads of
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antibody was used to detect Flag-Parkin. (c) The relative level of PINK1 normalized to Tom20. (d) Histogram quantifying the percentage of Parkin in the mitochondria fraction.
Error bars indicate S.E.M.
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Further, the results suggest that the degradation of damaged
mitochondria by the PINK1/Parkin-mediated mitochondria
quality control pathway alleviated this type of cell death.

The modification of retinal degeneration in the TrpP365

mutant by manipulation of mitochondrial fission and
fusion. Mitochondrial fission can produce small, impaired
daughter mitochondria that are targeted by the mitophagic
machinery. In contrast, mitochondrial fusion may dilute the
impaired mitochondria and thereby prevent their mitophagic
degradation.40,41 Therefore, we assessed the impact of the
mitochondrial fusion and fission pathways on the survival of
TrpP365 mutant cells. This was accomplished by overexpres-
sing Opa1 or Drp1, which are positive regulators of
mitofusion and mitofission, respectively. Consistent with the
PINK1 and Parkin results, the severity of retinal degeneration
was alleviated by Drp1 overexpression and enhanced by
Opa1 overexpression in 5-day-old TrpP365 flies (Figures 7a–f
and i). It has recently been reported that VCP can
complement PINK1 deficiency and hence it is required for
the cleavage of dysfunctional mitochondria.42,43 We therefore
investigated whether VCP is able to protect TrpP365 mutant
photoreceptor cells. As expected, VCP strongly protected
against the death of TrpP365 mutant cells (Figures 7g–i).

These results further support the conclusion that the
mitochondrial quality control pathways have key roles in
promoting cell survival in response to a cellular calcium
assault.

Discussion

The dysregulation of calcium homeostasis is involved in the
pathogenesis of various neurodegenerative diseases, includ-
ing rapid forms of neurodegeneration associated with ische-
mia or brain injury, as well as slowly progressing diseases
such as Alzheimer’s disease, Parkinson’s disease, Hunting-
ton’s disease, and amyotrophic lateral sclerosis.9 It is therefore
of critical importance to determine the mechanisms by which
calcium overload results in neuronal cell death. Mitochondrial
dysfunction (e.g., the loss of mitochondrial membrane
potential) has been detected in neurodegenerative diseases
associated with dysregulated cellular calcium. Calcium over-
load is a major cause of ischemic cell death, and it has been
suggested that the resulting calcium overload within the
mitochondrial matrix leads to mitochondrial dysfunction.9,44,45

It has been further suggested that the mitochondrial uncoupler
protects cells from glutamate-induced excitotoxicity by pre-
venting mitochondrial calcium uptake.46 Moreover, the loss of
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Figure 6 Coexpression of PINK1 and Parkin suppresses retinal degeneration in TrpP365 flies. (a) Time course of retinal degeneration was determined by optical
neutralization. Quantification was based on4150 ommatidia from three eyes at each point. (b–g) Retinal morphologies of (b) wild-type, (c) ninaE4GFP;TrpP365/+ (ninaE-gal4/
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(g) ninaE4pink1&park;TrpP365/+ flies were examined by TEM. Eight-day-old flies were used. Scale bar, 2 μm. Significant differences were determined using Student’s t-test
between the ninaE-gal4/UAS-pink1 UAS-park;TrpP365/+ and TRPP365 under indicated age (**Po0.01; ***Po0.001)

Suppression of retinal degeneration by PINK1 and Parkin
Z Huang et al

7

Cell Death and Disease



MICU1, a gatekeeper of MCU-mediated mitochondrial cal-
cium uptake, leads to constitutive calcium accumulation within
mitochondria, which in turn triggers excessive ROS genera-
tion and sensitivity to cell death stress.47 In flies, the dominant
trp allele, TrpP365, caused age-dependent retinal degeneration
due to elevated levels of cellular Ca2+ stemming from the
constitutive activation of TRP channels. TEM-based morpho-
logical analysis revealed that the mitochondria of the TrpP365

photoreceptor cells gradually accumulated vacuoles. These
mitochondria also accumulated ROS and lost membrane
potential during the degeneration process. It is important to
note that removing dysfunctional mitochondrial via autophagy

largely alleviated neurodegeneration in TrpP365 flies, thereby
providing strong genetic support for the hypothesis that
impaired mitochondrial function contributes to the pathogen-
esis of cellular calcium neurotoxicity.
As neurons are essentially incapable of generating ATP

once oxidative phosphorylation is lost, the loss of mitochon-
drial function is fatal to neuronal cells.6 It has been suggested
that the disruption of the mitochondrial membrane potential by
mitochondrial calcium accumulation has a critical role in
calcium-dependent neurotoxicity. Inhibitors of MCU prevent
the loss of mitochondrial membrane potential upon the
deregulation of cellular calcium homeostasis by preventing
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Figure 7 Modifying mitochondrial quality control pathways modulates the severity of photoreceptor cell death in TrpP365 flies. (a–h) TEM images of cross-sections from 8-day-
old flies. (a) Wild-type, (b) TrpP365/+, (c) ninaE4opa1 (ninaE-gal4/UAS-opa1), (d) ninaE4opa1;TrpP365/+, (e) ninaE4drp1 (ninaE-gal4/UAS-drp1), (f) ninaE4drp1;TrpP365/+,
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The quantification is based on the examination of TEM images of ⩾ 150 ommatidia from three flies. Error bars indicate S.E.M.s (***Po0.001)
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mitochondrial calcium accumulation.48,49 However, owing to
the high instability of such MCU inhibitors, it has not been
possible to determine whether the modification of mitochon-
drial calcium entrance affects cellular calcium neurotoxicity.
The pronounced suppression of TrpP365-induced neurotoxicity
brought about by the introduction of the Na+/Ca2+ exchanger,
CalX, provided strong evidence that the retinal degeneration in
the TrpP365 mutant primarily resulted from cellular calcium
overload. The overexpression of LETM1, a mitochondria
Ca2+/H+ exchange protein, largely increased calcium uptake
by the mitochondria.30 Using a genetic approach, we demon-
strated that an increase in LETM1 function enhanced retinal
degeneration in the TrpP365mutant. In contrast, the expression
of the ER Ca2+ pump, Serca, alleviated photoreceptor cell
death in the TrpP365 mutant. This may be due to the physical
and functional links between the ER calcium release channel
and the mitochondrial calcium uptake systems, because
increased ER calcium uptake by Serca expression reduces
mitochondrial calcium accumulation.50 It is also possible that
constitutively active TRP channels disrupt calcium home-
ostasis in the ER, which may lead to the activation of the ER
stress pathway and hence contribute to the retinal degenera-
tion of TrpP365 mutants.
Autophagy is important for the degradation of intracellularly

damaged organelles and misfolded proteins.51 Through the
degradation of protein aggregates, autophagy has a vital role
in maintaining cellular homeostasis, while the upregulation of
autophagy in models of neurodegenerative diseases reduces
toxic protein aggregates and the associated cell death.32,52

However, it is important to determine whether autophagy is
capable of modulating neurodegeneration in diseases not
associated with aggregated proteins. Here, we found that the
genetic induction of autophagy (by inhibiting TOR or expres-
sing Atg1) alleviated cell death associated with the TrpP365

mutation. Moreover, selectively inhibiting mitophagy pre-
vented the ability of the autophagy pathways to suppress
calcium-induced neurotoxicity. These data strongly support a
model in which autophagy suppresses neural degeneration by
removing damaged organelles and toxic protein aggregates.
Therefore, therapies involving the induction of autophagy may
prove generally useful in treating neurological diseases.
Mitochondria are vulnerable to toxicant exposure, while

mitochondrial dysfunction is associated with the normal aging
process. The timely removal of damaged mitochondria is thus
critical for cellular homeostasis and function. It has been
proposed that mitophagy protects against neuronal loss
during the normal aging process and in neurodegeneration
diseases associated with damaged mitochondria.53,54

Although the alleviation of cell death by autophagy has been
demonstrated in several neurodegenerative diseases, it
remains unclear whether this cell-protective function is
mediated by the mitophagy branch. In the TrpP365 retinal
degeneration model, autophagy suppressed cellular calcium
neurotoxicity, and this effect depended on the PINK1/Parkin
pathway. Furthermore, the direct induction of mitophagy via
PINK1 and Parkin overexpression also protected against
TrpP365-induced neural degeneration. Mitochondria are highly
dynamic organelles, and mitochondrial fission and fusion are
capable of sorting out defective mitochondria prior to
mitophagy. Thus, the modulation of mitochondrial dynamics

by either increasing fission or decreasing fusion leads
to the isolation and mitophagic elimination of damaged
mitochondria.55 Consistent with PINK1/Parkin expression,
increased mitofission suppressed retinal degeneration in the
TrpP365 mutant, whereas the induction of mitofusion via the
expression of Opa1 had the opposite effect. These data support
a model in which PINK1/Parkin-dependent mitophagy sup-
presses neural neurodegeneration by removing damaged
mitochondria. Our findings hence indicate that the induction of
mitophagy may serve as a novel therapeutic strategy for
neurodegeneration associated with mitochondrial dysfunction
or cellular calcium neurotoxicity.

Materials and Methods
Drosophila stocks. All fly growth and crosses were performed according to
standard procedures at 25 °C under a 12-h light/dark cycle. Male flies were used for
all experiments. The ninaE-atg1, UAS-tsc1, and UAS-tsc2 flies have been
previously described.33 The ninaE-gal4, UAS-GFP, park1, and UAS-drp1 flies were
obtained from the Bloomington Stock Center. The TrpP365 and UAS-calx flies were
obtained from Dr C Montell (University of California, Santa Barbara). The pink1B9,
UAS-opa1, UAS-pink1-HA, and UAS-flag-parkin flies were from Dr J Chung
(Chungnam National University School of Medicine). The UAS-atg1 flies were
obtained from Dr T Neufield (University of Minnesota). Dr X Huang (Institute of
Genetics and Developmental Biology, CAS) provided the UAS-serca flies. The EST
clones GH03311 and LP12034 were used to generate UAS-letm1 and UAS-vcp,
respectively. The constructs were individually injected into w1118 embryos, and the
transformants were identified on the basis of eye color.

Tissues for live imaging. All fly retinas were dissected in Schneider’s
Drosophila Medium (Sigma, St. Louis, MO, USA) containing 10% heat-inactivated
fetal bovine serum (Invitrogen, Carlsbad, CA, USA). The mitochondrial membrane
potential was measured by staining with 25 μM JC-10 reagent (Enzo Life Sciences,
New York, NY, USA).56 The fluorescence intensities at excitation/emission
wavelengths of 490/525 nm and 540/590 nm were obtained with a Nikon A1
confocal microscope (Nikon, Tokyo, Japan). The mitochondrial superoxide levels
were measured by staining with mitoSOX (Invitrogen).

Transmission electron microscopy. TEM was performed on cross-
sections of fly eyes as previously described.26 Briefly, the fly heads were dissected
and pre-fixed in a PBS buffer containing 2.5% glutaraldehyde (Sigma), 4%
paraformaldehyde (Sigma), and 2% tannic acid (EMS, Hatfield, PA, USA), followed
by post-fixation in 1% OsO4. The samples were embedded in LR White Resin
(EMS), and thin sections (~90 nm) were prepared at a depth of 30 μm. The sections
were then examined by TEM (JEM-1400; JEOL, Tokyo, Japan), and images were
acquired with a Gatan camera (Model 832; Gatan, Pleasanton, CA, USA).

Quantification of mitochondrial morphology in TEM. The identical
mitochondrial morphology was measured using Image J. The longest length of a
single mitochondria was measured as the length of mitochondria. The images used
for the mitochondrial morphology analysis were taken with at least a × 10 000
amplification factor. After the measurement of the mitochondrial length, data were
analyzed with Origin 8 frequency count. The computation dialog was from minimum
0.1 μm to maximum 2 μm, and the step increment was 0.2 μm.

Mitochondria isolation and western blotting. The isolation of fly
mitochondria was performed as previously described,56 except that 20 eyes were
gently homogenized in 1 ml of mitochondrial isolation buffer (250 mM sucrose,
10 mM Tris (pH 7.4), and 0.15 mM MgCl2). The mitochondrial (pellet) and cytosolic
(supernatant) fractions were solubilized in a 50 μl SDS sample buffer and then
subjected to western blotting.

In order to detect HA-tagged PINK1 and Flag-tagged Parkin on western blots, the
samples were homogenized in an SDS sample buffer, fractionated by SDS-PAGE,
and transferred to Immobilon-FL membranes (Millipore, Billerica, MA, USA). The
blots were then incubated with mouse anti-HA (Roche, Indianapolis, IN, USA) or
mouse anti-Flag (Sigma) primary antibodies or control antibodies, which included
mouse anti-Rh1 (Developmental Studies Hybridoma Bank, Ames, IA, USA), rabbit
anti-CoIV (Abcam, Cambridge, MA, USA), and rat-anti-TOM20. The blots
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were subsequently incubated with IRDye 800-labeled anti-mouse IgG and IRDye
680-labeled anti-rabbit or rat IgG (LI-COR Biosciences, Lincoln, NE, USA). The
signals were then detected using an Odyssey Infrared Imaging System (LI-COR
Biosciences).

Statistical analysis. All statistical analyses were performed using MS Excel
and Origin 8. Unpaired two-tailed Student’s t-tests were used.
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