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Alterations in mitochondrial function, as observed in neuro-
degenerative diseases, lead to disrupted energy metabolism and
production of damaging reactive oxygen species. Here, we dem-
onstrate that mitochondrial dysfunction also disrupts the struc-
ture and function of lysosomes, the main degradation and
recycling organelle. Specifically, inhibition of mitochondrial
function, following deletion of the mitochondrial protein AIF,
OPA1, or PINK1, as well as chemical inhibition of the electron
transport chain, impaired lysosomal activity and caused the
appearance of large lysosomal vacuoles. Importantly, our results
show that lysosomal impairment is dependent on reactive oxy-
gen species. Given that alterations in both mitochondrial func-
tion and lysosomal activity are key features of neurodegenera-
tive diseases, this work provides important insights into the
etiology of neurodegenerative diseases.

A prominent feature of neurodegenerative diseases, includ-
ing Parkinson disease (PD)3 and Alzheimer disease, is the accu-
mulation of undigested protein aggregates (1, 2). Although the
underlying mechanisms are complex, several cellular altera-
tions can cause aggregate accumulation, including impaired
quality control pathways and the generation of reactive oxygen
species (ROS) as a consequence of mitochondrial damage (1, 3).

In healthy cells, protein aggregates and damaged cellular
components are delivered to lysosomes to be degraded through
a process termed autophagy (1, 2, 4, 5). As such, autophagy
plays an important neuroprotective role. Nevertheless, the
defects in degradation pathways observed in neurodegenera-
tive diseases extend well beyond alterations in autophagy. Spe-
cifically, disruption of lysosomal function has been linked to
neuronal loss in several neurodegenerative diseases. For exam-
ple, mutations in the lysosomal ATPase ATP13A2 cause PD,
whereas lysosomal dysfunction in Gaucher disease leads to Par-

kinsonism and the appearance of Lewy bodies (6, 7). In addi-
tion, the �-synuclein-containing Lewy bodies found in PD are
positive for lysosomal markers, suggesting that they represent
lysosomes that failed to degrade their content (8). In fact, lyso-
somal alterations are a common feature of PD (8 –11). Never-
theless, the pathological consequences of a loss of lysosomal
function extend well beyond PD, because a wide variety of
mutations that impair lysosomes and cause the accumulation of
intracellular material (lysosomal storage diseases) show fea-
tures of neurodegeneration (12).

A second key metabolic pathway required for neuronal sur-
vival is mitochondrial activity. In fact, mitochondrial dysfunc-
tion is a common feature of neurodegenerative diseases. For
example, decreased activity of complex I of the electron trans-
port chain (ETC) is present in a number of PD cases (13, 14),
whereas amyloid �, Tau tangles, and Htt aggregates all cause
mitochondrial dysfunction (15–17). In addition, several genes
mutated in PD (including PINK1, Parkin, and DJ-1) affect mito-
chondrial function and turnover (18 –21), whereas deregula-
tion of mitochondrial dynamics causes progressive neuronal
loss in humans (22–24). At the cellular level, these alterations in
mitochondrial structure and function lead to ROS-dependent
cellular damage and decreased ATP production, all of which
contribute to neuronal loss (3, 25, 26). Importantly, mitochon-
drial dysfunction is often observed concomitantly with altera-
tions in autophagic/lysosomal function in neurodegenerative
diseases (reviewed in Ref. 3), suggesting a link between the
two. Although this is supported by the observation that loss of
mitochondrial function in yeast impairs starvation-induced
autophagy (27), the extent and physiological importance of this
interaction remain unclear.

Here, we demonstrate that loss of mitochondrial function
impairs lysosomes both in cells in culture and within the brain.
Mitochondrial dysfunction induced by genetic ablation of
mitochondrial proteins or chemical inhibition of the electron
transport chain impaired lysosomal activity and caused the ap-
pearance of large lysosomal vacuoles. These were not the con-
sequence of changes in mitochondrial dynamics but were medi-
ated by a ROS-dependent mechanism. Altogether, these results
indicate that mitochondria are required to maintain lysosomal
function, providing a direct link between these two important
aspects of neurodegenerative diseases.

Experimental Procedures

Cell culture reagents were obtained from Wisent. Other
chemicals were purchased from Sigma-Aldrich, except where
indicated.
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Animals—All experiments were approved by the Université
du Québec à Trois-Rivières Animal Care Ethics Committee,
adhering to the Guidelines of the Canadian Council on Animal
Care. As described previously (28), the forebrain-specific AIF
KO mice was generated by crossing floxed AIF mice (29) with
CamKII�-Cre mice (30). To minimize phenotypic variations
due to the mixed background, the mice were kept on this
FVBN/C57Bl/6 background for at least 6 generations before
generating the experimental animals. In addition, littermates
were used as controls for all experiments. Animals were geno-
typed according to standard protocols with previously pub-
lished primers for AIF and Cre (28).

Tissue Processing and Immunohistochemistry—Mice were
euthanized with a lethal injection of sodium pentobarbital. For
immunohistochemistry, mice were perfused with 1� PBS fol-
lowed by fresh cold 4% paraformaldehyde. Brains were then
removed, post-fixed overnight in 4% paraformaldehyde, cryo-
protected in 20% sucrose in 1� PBS, and frozen. Sections were
collected as 14-�m coronal cryosections on Superfrost Plus�
slides (Fisher). For Western blot analysis, brains were removed,
and cortices dissected and flash-frozen in liquid nitrogen.

Brain sections were analyzed by immunohistochemistry
using AlexaFluor and Cy3 secondary antibodies (Jackson
ImmunoResearch Laboratories, Inc.). Images were taken using
Zeiss 510 meta and Leica confocal microscopes. Aggregates
were autofluorescent when imaged using the 543-nm laser line
and where imaged as such. All quantification was done blind on
at least 4 sections/brain. Diameter measurements and colocal-
ization studies were quantified using ImageJ.

Cell Culture—WT, PINK1 KO (gift from Dr. David Park,
University of Ottawa), and OPA1 KO MEFs (gift from Dr. Luca
Scorrano, University of Padua) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum. OPA1 KO MEFs reconstituted with GFP,
WT OPA1, or OPA1(Q297V) were generated as described (31).
Primary cortical neuron cultures were done as described (32).
Neurons were treated at day 4. Where indicated, cells were
treated for 4 h with oligomycin (10 �M), antimycin A (50 �M),
rotenone (5 �M), sodium azide (150 �M), DDC (50 �M) in the
absence or the presence of the antioxidant N-acetylcysteine
(NAC) (10 mM), ubiquinone (Q10) (Cayman; 25 �g/ml), or
MitoQ (Focus Biomolecules; 100 �M). Nicotinamide (NAM)
treatments (10 mM) were for 2 days. For H2O2 production, cells
were incubated with 50 milliunits/ml glucose oxidase for 1 h.
Lysosomal activity was inhibited by incubating cells in the pres-
ence of 200 nM bafilomycin for 1 h. Where indicated, cells were
incubated for 1 h with Magic Red-RR (Immunochemistry
Technologies), according to the manufacturer’s instructions.
For the dextran experiments, MEFs were incubated 2 h in the
presence of 500 �g/ml Mr 10,000 Texas Red-conjugated dex-
tran (Life Technologies, Inc.). Cells were then washed and
chased for 30 min or 4 h with normal medium before fixing. In
neurons, dextran was added at the time of treatment and cells
were fixed immediately after treatment. For immunofluores-
cence, cells were grown directly on glass coverslips, treated as
indicated, washed in PBS, and fixed for 10 min with 4% para-
formaldehyde. NAD/NADH ratios were measured using a flu-
orescent NAD detection kit (Abcam).

Live Cell Confocal Imaging—MEF cells were first transfected
with RFP-LAMP1 construction from Addgene (plasmid 1817)
and then incubated with 1 �M Lysosensor Green DND-189
(Life Technologies) for 15 min at 37 °C. The cells were then
washed three times in PBS and maintained in DMEM without
phenol before imaging.

Flow Cytometry—To measure ROS, MEFs were incubated
with 5 �M MitoSOXTM Red mitochondrial superoxide indica-
tor (Life Technologies) for 20 min at 37 °C, after which fluores-
cence was measured at a wavelength of 610 nm using a Cytom-
ics FC 500 system (Beckman Coulter). Lysosomal acidity was
measured using Lysosensor Green DND-189. Cells were incu-
bated with 1 �M Lysosensor for 30 min at 37 °C, and the fluo-
rescence was measured at 525 nm. To measure the mitochon-
drial membrane potential, MEFs were incubated with 50 nM

tetramethylrhodamine (Life Technologies) for 30 min at 37 °C,
and fluorescence was measured at 610 nm. For each experi-
ment, a total of 10,000 events were counted.

Electron Microscopy—Cell pellets were fixed in 0.4 M sodium
cacodylate buffer and 8% glutaraldehyde (10 ml of buffer, 10 ml
of glutaraldehyde, and 20 ml of H2O) at room temperature for
1 h. The pellets were then shipped to Mount Sinai Hospital for
processing. Images were acquired using an EMS 208S electron
microscope (Philips).

Antibodies and Immunoblots—The following antibodies
were used: mouse anti-actin (Sigma-Aldrich); goat anti-Oct6,
rabbit anti-SOD1, rat anti-LAMP1, goat anti-AIF, rabbit anti-
TOM20, and rabbit anti-cathepsin B (Santa Cruz Biotechnol-
ogy, Inc.); mouse anti-NDUFA9, mouse anti-Core2, and rabbit
anti LAMP2, (Invitrogen); rabbit anti-Rab5, rabbit anti-Rab7,
and rabbit anti-Rab11 (Cell Signaling Technologies); mouse
anti-NeuN (Chemicon); mouse anti-mtHSP70 (ABR Biore-
agents); and mouse anti-OPA1 (BD Biosciences).

Tissue was lysed in 10 mM Tris-HCl, pH 7.9, 150 mM NaCl, 1
mM EDTA, 1% Triton X-100 supplemented with protease
inhibitor mixture (Sigma-Aldrich) and phosphatase inhibitors
and Triton-insoluble material pelleted at 15,000 � g for 5 min.
For immunoblot analysis, proteins were subjected to SDS-
PAGE, transferred to nitrocellulose membranes, and blotted
with the specified antibodies. Blots were incubated with horse-
radish peroxidase-conjugated secondary antibodies and visual-
ized by enhanced chemiluminescence (Bio-Rad). Samples were
quantified using ImageJ.

In Vitro Lysosomal Assays and ATP Measurements—To mea-
sure cathepsin B activity, 5-�g proteins were diluted in 100 �l of
100 mM HEPES, pH 6.0, 150 mM NaCl, 2 mM DTT, and 5 mM

EDTA in the presence of a 5 �M concentration of the cathepsin
B substrate zRR-AMC (Sigma-Aldrich). Samples were incu-
bated for 30 min at 37 °C, after which fluorescence was mea-
sured (excitation/emission � 360/440 nm) using a Fluostar
Optima (BMG Labtech). Acid phosphatase was measured using
a fluorometric acid phosphatase assay kit (Abcam). 10 �g of
proteins were diluted in the provided buffer in the presence of
0.5 mM substrate (4-methylumbelliferyl phosphate disodium
salt) and incubated for 30 min at 25 °C. The reaction was then
stopped with 20 �l of Stop solution, and fluorescence was mea-
sured (excitation/emission � 360/440 nm). Lysosomal acid
lipase activity was measured as described (33) by diluting 10 �g
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of proteins in 100 �l of reaction buffer (100 mM sodium acetate,
pH 4.0, 1% (v/v) Triton, and 0.5% (w/v) cardiolipin) in the pres-
ence of 0.345 mM 4-methylumbelliferone (Sigma-Aldrich).
Samples were incubated for 1 h at 37 °C. The reaction was then
stopped with 150 mM EDTA, pH 11.5, and fluorescence was
measured (excitation/emission � 360/440 nm). ATP was mea-
sured in whole cells using the Cell Titer Glow kit (Promega).
Cells were grown in 96-well plates, and ATP was measured in
triplicate following the protocol provided. ATP levels were nor-
malized to the total amount of proteins in replicate wells using
the DC protein assay (Bio-Rad).

Statistical Analysis—Statistical differences were determined
using Student’s t test or one-way analysis of variance. p � 0.05
was considered statistically significant.

Results

Mitochondrial Dysfunction Causes the Appearance of Large
Lysosomal Vacuoles—Deletion of the essential mitochondrial
protein AIF causes mitochondrial fragmentation and loss of
ETC components, resulting in impaired mitochondrial func-
tion (29, 34 –36). We recently described a neuron-specific AIF
knock-out mouse (AKO mouse), which shows similar mito-
chondrial fragmentation and loss of complex I expression
(NDUFA9 subunit), providing a new model of mitochondria-
dependent neurodegeneration (Fig. 1, A and B) (28). In these
AKO animals, but not WT animals, large cytoplasmic vacuoles
were observed in a subset of cortical neurons (Fig. 1, C and D,
asterisk). Vacuoles were identified as a region within an affected
neuron that excluded cytoplasmic markers, such as NeuN (Fig.
1C, asterisk) and SOD1 (Fig. 1D, asterisk). These vacuoles were
present mostly in layer V cortical neurons (Oct6-positive neu-
rons; Fig. 1, E and F), the most affected neuronal population in
the AKO cortex (28). However, the vacuoles were unlikely to be
due to loss of neuronal viability because affected neurons were
otherwise morphologically normal (Fig. 1C, NeuN)(28) and
showed no sign of nuclear condensation or fragmentation (Fig.
1G, Hoechst), and AKO animals had normal numbers of neu-
rons in layer V (28). Similar SOD1-negative vacuoles were
observed in MEFs lacking the mitochondrial inner membrane
GTPase OPA1,4 a protein required for mitochondrial fusion,
and to maintain cristae structure (31, 37, 38). Together, these
results indicate that inhibition of mitochondrial function
causes the occurrence of large intracytoplasmic vacuoles.

To determine the nature of the membrane delimiting these
vacuoles, we first co-stained them with markers of endosomes
and lysosomes, the main cellular vesicular system (39). The vac-
uoles were negative for early endosome (Rab5) and recycling
endosome (Rab11) markers4 but positive for the late endo-
some/lysosomal markers LAMP1 (Fig. 1, C and D), LAMP2,
and Rab74 (see Fig. 3A), suggesting a late endosome/lysosomal
origin (noted as lysosomes below for simplicity). Within the
cortex of AKO mice, these large LAMP1-positive structures
were mostly present within layer V neurons (Fig. 1F). Neverthe-
less, AIF deletion did not affect total LAMP1 expression (Fig.
1H), suggesting that total lysosome mass is not affected.

Normal lysosomes have an average diameter of 0.5–1.0 �m
(39). Consistent with this, WT neuronal lysosomes had an aver-
age diameter of 0.6 �m, with the largest lysosome observed
having a diameter of 2.2 �m (Fig. 2, A and B). In accordance
with the presence of large LAMP1-positive vacuoles in AKO
neurons, the average diameter of AKO lysosomes was increased
to 1.0 �m. Of those, 3.6% had a diameter exceeding that of the
largest WT lysosomes observed, with some as large as 18 �m
(Fig. 2, A and B). For analysis purposes, LAMP1-positive lyso-
somes were then binned into three categories according to their
diameter (Fig. 2A): normal lysosomes (�1.5 �m), intermediate
lysosomes (1.5–3.2 �m; from 3 to 10 S.D. above average WT
lysosome diameter), and LAMP1 vacuoles (�3.2 �m; 10 S.D.
above the average diameter of WT lysosomes). As defined,
LAMP1 vacuoles (�3.2 �m) had an average diameter of 10.7
�m (Fig. 2B), and the number of AKO layer V neurons contain-
ing a vacuole increased steadily until the death of the animals
(Fig. 2, C and D; median age of death, 105 days). In addition to
the vacuoles, the number of intermediate LAMP1-positive
lysosomes was dramatically increased following AIF deletion
(Fig. 2E). Of note, these intermediate lysosomes were observed
in individual AKO neurons irrespective of the presence of a
LAMP1 vacuole (Fig. 2F).

The limiting membrane of LAMP1 vacuoles was heterogene-
ous in nature, because LAMP1 and Rab7 signals did not com-
pletely overlap around the circumference of the vacuoles in
OPA1 KO MEFs (Fig. 3A). Similarly, the outer membrane of the
vacuoles present in AKO neurons was uneven and contained
smaller vesicular structures associated with it (Fig. 3B; see
three-dimensional reconstruction on the right). To better
define the nature of these structures, we visualized them by
electron microscopy. Consistent with the immunofluorescence
data, a subset of OPA1 KO MEFs contained large vacuoles
delimited by a complex membrane structure consisting of two
or more layers of overlapping membranes (Fig. 3C).

Because lysosomes and late endosomes are acidic vesicles, we
also measured the pH of LAMP1 vacuoles in OPA1 KO MEFs.
Cells were first transfected with an RFP-tagged version of
LAMP1 (LAMP1-RFP) to identify lysosomes and then loaded
with the pH-sensitive lysosomal dye Lysosensor and imaged.
The membrane surrounding LAMP1 vacuoles (positive for
LAMP1-RFP) was acidic as judged by Lysosensor fluorescence
(Fig. 3D), supporting an endolysosomal origin for the vacuoles.
However, the vacuole lumen was negative for Lysosensor (Fig.
3D), similar to what has previously been reported for the yeast
vacuole (40). Nonetheless, these results raised the possibility
that LAMP1 vacuoles are the consequence of the aggregation of
multiple endolysosomal vesicles. To test this, we measured the
capacity of LAMP1 vacuoles to incorporate endocytosed cargo,
which should accumulate in their lumen only if they are actual
vacuoles. OPA1 KO MEFs were thus incubated with a fluores-
cent dextran that is readily endocytosed and delivered to lyso-
somes (41), and its accumulation within lysosomes and LAMP1
vacuoles was analyzed. In both WT and OPA1 KO MEFs, half of
the endocytosed dextran was already contained within normal
lysosomes after a 30-min chase (Fig. 3E), indicating that loss of
mitochondrial function does not lead to gross alterations in
vesicular transport. More importantly, dextran accumulated in4 J. Demers-Lamarche and M. Germain, unpublished observations.
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the lumen of a portion of LAMP1 vacuoles in both OPA1 KO
MEFs and oligomycin-treated primary neurons (Fig. 3, F and
G), consistent with the vacuolar nature of these structures.

Altogether, these results indicate that mitochondrial dys-
function causes the appearance of large cytoplasmic vacuoles
with endolysosomal features. To demonstrate the importance
of these changes, we then quantified lysosomal morphology in
cellular models of mitochondrial dysfunction. We first mea-
sured LAMP1 vacuoles in OPA1 KO MEFs. In contrast to WT
neurons in situ, where LAMP1 vacuoles were completely
absent, a small number of LAMP1 vacuoles could be observed
in WT MEFs under normal culture conditions (Fig. 4A). How-

ever, the number of these vacuoles dramatically increased when
OPA1 was deleted (Fig. 4A). Furthermore, a similar increase in
LAMP1 vacuoles was observed in WT MEFs following inhibi-
tion of the ATP synthase with oligomycin (Fig. 4A). Oligomycin
treatment of OPA1 KO cells did not cause a further increase in
LAMP1 vacuoles (Fig. 4A), consistent with the ATP synthase
defects present in these cells (31, 37, 38). A similar increase in
LAMP1 vacuoles was observed in oligomycin-treated primary
neurons (Fig. 4A, right), indicating that this is a general conse-
quence of mitochondrial dysfunction.

The PD-linked gene PINK1 functions upstream of Parkin to
regulate two forms of mitochondrial quality control: mitophagy

FIGURE 1. Deletion of the mitochondrial protein AIF disrupts lysosomal morphology in cortical neurons. A, cortical sections of 90-day-old WT and AKO
animals were stained for mitochondria (TOM20; green) and lysosomes (LAMP1; red). B, alternatively, complex I (NDUFA9) and the mitochondrial chaperone
mtHSP70 were analyzed by Western blot (B). C and D, large LAMP1-positive vacuoles (red), excluding the cytosolic markers NeuN (C, green) and SOD1 (D, green)
are present in the cortex of 90-day-old AKO mice. E and F, LAMP1 vacuoles are present in layer V neurons. Vacuoles were observed as a region within a neuron
excluding NeuN (E, green). Laver V neurons were identified as Oct6-positive neurons (E, red). Large LAMP1-positive structures (red) can also be observed in layer
V in composite images of the complete cortex reconstituted from several images taken using a �40 objective (F; neuronal marker NeuN in green). G, the
presence of LAMP1 vacuoles (LAMP1; red) does not affect nuclear morphology (Hoechst; green). The image was generated in ImageJ from a z-stack acquired
using a �63 objective. H, LAMP1 expression is not affected in the cortex of 90-day-old AKO mice. Representative images are shown for all panels, with an asterisk
denoting vacuoles; scale bar, 10 �m.
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and mitochondria-derived vesicles (42, 43). As a consequence,
genetic deletion of PINK1 impairs mitochondrial function (44).
Consistent with this, PINK1 KO MEFs had an elevated number
of LAMP1 vacuoles (Fig. 4B), further supporting a link between
loss of mitochondrial function and lysosome alterations. Alto-
gether, these results demonstrate that lysosomal alterations are
a common feature of loss of mitochondrial function in disease-
relevant models.

Impaired Lysosomal Activity following Mitochondrial Dys-
function—To determine whether the alterations in endolyso-
some structure impacted lysosomal function, we first measured

lysosomal acidification in OPA1 KO MEFs by FACS. Lysosen-
sor signal was decreased in OPA1 KO MEFs, indicative of
defective lysosomal acidification (Fig. 4C). As a control, inhibi-
tion of the V-ATPase with bafilomycin impaired lysosomal
acidification in WT MEFs, but did not further affect lysosomal
pH in OPA1 KO MEFs (Fig. 4C). Because these results suggest
that lysosomal function is impaired following mitochondrial
dysfunction, we then measured lysosomal activity in cells with
mitochondrial dysfunction. Consistent with the impaired lyso-
somal acidification observed in OPA1 KO MEFs, the activity of
the lysosomal protease cathepsin B was significantly decreased
in both OPA1 KO MEFs and AKO neurons (Fig. 4D). Similarly,
treatment of primary neurons with oligomycin greatly reduced
the number of lysosomes positive for the cathepsin B substrate
Magic Red-RR (Fig. 4E). This correlated with a decrease in the
number of cathepsin B-positive lysosomes in AKO neurons
(Fig. 4, F and G) and a dramatic decrease in active cathepsin B
levels in OPA1 KO MEFs (Fig. 4H), consistent with the short
half-life of cathepsin B under neutral conditions (45). In fact,
inhibition of lysosomal acidification with bafilomycin de-
creased the expression of active cathepsin B in WT MEFs to
levels similar to those of OPA1 KO MEFs (Fig. 4H). On the
other hand, the expression level of the lysosomal membrane
proteins LAMP1 and LAMP2 was not altered (Fig. 4I). Impor-
tantly, the loss of cathepsin B activity was rescued by reintro-
ducing WT OPA1 or a fusion-incompetent mutant that still
rescues cristae structure (OPA1(Q297V)) in OPA1 KO MEFs
(31) (Fig. 4, J and K), indicating that the loss of lysosomal activ-
ity is the consequence of the mitochondrial defects present in
OPA1 KO cells.

To further demonstrate the impairment of lysosomal activity
following the disruption of mitochondrial function, we mea-
sured the activity of two other lysosomal enzymes: acid phos-
phatase and lysosomal acid lipase. Consistent with the decrease
in cathepsin B activity, acid phosphatase activity was signifi-
cantly decreased in both OPA1 KO MEFs and AKO neurons
(Fig. 4D). Similarly, lysosomal acid lipase activity was signifi-
cantly decreased in OPA1 KO MEFs (Fig. 4L).

Impaired lysosomes should lead to the accumulation of undi-
gested substrates within affected cells. Because defective mito-
chondria are removed by mitophagy, we determined whether
this process was impaired in our models of mitochondrial dys-
function. We did not observe any change in the expression of
mitochondrial proteins in either AIF KO brains (Fig. 1B) or
OPA1 KO MEFs (Fig. 5A), even in the presence of bafilomycin
to inhibit lysosomal degradation (Fig. 5A), suggesting that there
is only minimal mitophagy occurring in these cells. Nonethe-
less, mitochondrial markers accumulated within OPA1 KO
lysosomes (Fig. 5B), consistent with the decreased lysosomal
activity present in these cells. Similarly, AKO mice accumu-
lated large aggregates that are normally cleared by autophagy
within their cortical neurons (Fig. 5C).

To further demonstrate that the impaired lysosomal func-
tion caused by loss of mitochondrial activity inhibits auto-
phagic flux, we measured p62 levels in OPA1 KO MEFs in the
absence and the presence of bafilomycin. Because p62 is nor-
mally degraded within lysosomes, its levels were increased fol-
lowing lysosomal inhibition with bafilomycin in WT MEFs (Fig.

FIGURE 2. Deletion of the mitochondrial protein AIF disrupts lysosomal
size distribution in cortical neurons. A, size distribution of lysosomes in
cortical neurons from 90-day-old WT and AKO animals. LAMP1-positive lyso-
somes were measured in 3 animals/genotype using ImageJ. B, average diam-
eter of the entire LAMP1-positive population (blue) and LAMP1-positive vac-
uoles (red) measured in A. Data are expressed as the average � S.E. (error bars).
n � 506 WT lysosomes, n � 606 AKO lysosomes, and n � 15 AKO LAMP1
vacuoles, all measured from at least 3 animals/genotype. C and D, the number
of neurons containing LAMP1 vacuoles increases over time in AKO mice. The
number of layer V neurons containing LAMP1 vacuoles was quantified in 3
animals/genotype � S.D. for each time point (C). AKO mice died shortly after
the last time point (90 days) (D). Median age of death for males was 105 days;
n � 7. E, LAMP1-positive lysosomes were binned as normal (diameter �1.5
�m), intermediate (between 1.5 and 3.2 �m), or vacuole (�3.2 �m). The num-
ber of lysosomes per bin was determined for each animal, and data are
expressed as percentage of lysosomes � S.D. (error bars) for 3 animals/geno-
type. (total of intermediate lysosomes and LAMP1 vacuoles). F, lysosome size
was analyzed in each neuron (at least 26 neurons/animal), according to the
presence or absence of a lysosomal vacuole (�3.2-�m diameter) and
expressed as the number of intermediate lysosomes (between 1.5 and 3.2
�m)/neuron � S.D., 3 animals/genotype. *, p � 0.05; **, p � 0.01; ***, p �
0.001.
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5D). In contrast, p62 levels were higher in OPA1 KO and were
not further increased by bafilomycin treatment (Fig. 5D). Alto-
gether, these results indicate that mitochondrial dysfunction
impairs lysosomal activity. It is important to note, however, that
decreased lysosomal activity is not sufficient to cause LAMP1

vacuoles, because bafilomycin treatment failed to cause vacuole
accumulation (Fig. 5E).

Mitochondrial Reactive Oxygen Species Regulate Lysosome
Structure in Response to Mitochondrial Dysfunction—To
address the mechanism through which loss of mitochondrial

FIGURE 3. LAMP1 vacuoles have endolysosomal features. A, the signal for the lysosomal marker LAMP1 (red) and the endosomal/lysosomal marker Rab7
(green) only partially colocalize within LAMP1 vacuoles in OPA1 KO MEFs. The right panels show an enlargement of the boxed section in the image on the left.
B, LAMP1-positive vesicles accumulate within LAMP1 vacuoles (red) in 90-day-old AKO neurons. C, EM images of the vacuoles in OPA1 KO MEFs. D, OPA1 KO
MEFs were transfected with RFP-LAMP1 (red) and incubated in the presence of the lysosomal pH-sensitive dye Lysosensor (green), and live cell images were
acquired. E–G, WT and OPA1 KO MEFs were incubated for 1 h in the presence of Texas Red-conjugated dextran and chased in DMEM for the indicated times.
Colocalization between dextran and LAMP1 was determined in normal lysosomes (E) and LAMP1 vacuoles (G, left). Data are expressed as the average of three
experiments � S.D. (error bars). ***, p � 2E�6. F, representative images of dextran-filled (middle) and dextran-associated (right) vacuoles. The number of
dextran-filled vacuoles was also quantified in primary neurons treated for 4 h with oligomycin in the presence of dextran (G, right). Scale bar, 10 �m except for
in C (left (1 �m) and right (400 nm)).
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function impairs endosomes/lysosomes, we first determined
whether specific electron transport chain components were
involved. Chemical inhibition of individual ETC complexes
caused the formation of LAMP1 vacuoles irrespective of the
complex that was inhibited (Fig. 6A). This indicates that vacu-
ole formation is a general consequence of the loss of mitochon-
drial function and is not specific to a particular ETC complex.
We then addressed the role of ATP production in LAMP1 vac-
uole formation. Total ATP levels were not affected by OPA1
deletion or Oligomycin treatment in MEFs (Fig. 6B), suggesting
that LAMP1 vacuoles are not the consequence of decreased
ATP levels. However, it remained possible that mitochondrial

ATP production rather than total ATP levels regulates the for-
mation of LAMP1 vacuoles. To test this possibility, we incu-
bated primary neurons for 4 h in the absence of glucose, which
dramatically reduces ATP levels in neurons (Fig. 6C). Under
these conditions, we observed a small but significant increase in
the number of LAMP1 vacuoles (Fig. 6C, right), suggesting that
mitochondrial ATP production could play a role in LAMP1
vacuole formation. However, given the small effect of decreased
ATP production, other mechanisms are probably involved.

A second important consequence of disrupted mitochon-
drial function is increased ROS generation. Consistent with
this, chemical inhibition of ETC complexes increased ROS pro-

FIGURE 4. Mitochondrial dysfunction impairs lysosomal activity. A and B, LAMP1 vacuoles are present in cellular models of mitochondrial dysfunction.
Mitochondrial function was disrupted in MEFs and primary cortical neurons by inhibiting the ATP synthase with oligomycin. Alternatively, the mitochondrial
protein OPA1 (A) or PINK1 (B) was disrupted in MEFs. The number of cells with LAMP1 vacuoles (diameter �3.0 �m) was then quantified and expressed as the
average of three (OPA1 KO) or four (neurons, PINK1 MEFs) experiments � S.D. (error bars). C, quantification of Lysosensor signal by FACS. Fluorescence was
normalized to WT control (Ctrl) for three experiments � S.D. D, lysosomal activity was measured in extracts from WT and OPA1 KO MEFs incubated in the
presence of cathepsin B or acid phosphatase (AP) substrates. Fluorescence was normalized to WT MEFs and expressed as the average of three (acid phospha-
tase; AP) or five (cathepsin B) experiments � S.D. Alternatively, lysosomal activity was measured in cortical extracts from 105-day-old WT and AKO (right). Data
are expressed as the average of 3 animals/genotype � S.D. E, decreased cathepsin B activity in oligomycin-treated primary neurons. Neurons were treated with
oligomycin, and the cathepsin B substrate Magic Red-RR was added for the last 30 min of the treatment. Lysosomes were then stained with LAMP1, and the
number of Magic Red-positive lysosomes was quantified by immunofluorescence. Data are expressed as the average of three experiments � S.D. F and G,
decreased cathepsin B expression in AKO brains. 90-day-old WT and AKO animals were stained for cathepsin B (green in G) and lysosomes (LAMP1; red in G).
Quantification of 3 animals/genotype � S.D. is shown in F. Representative images are shown; scale bar, 10 �m. H, expression level of cathepsin B in WT and
OPA1 KO MEFs in the absence or in the presence of the lysosomal inhibitor bafilomycin. I, the expression of lysosomal structural proteins is not affected by the
deletion of OPA1. J, cathepsin B activity was measured in extracts from WT and OPA1 KO MEFs stably expressing the indicated constructs. Data are expressed
as the average of four experiments � S.D. OPA1 and LAMP1 expression levels in the reconstituted cells are shown in K. L, extracts from WT and OPA1 KO MEFs
were incubated in the presence of lysosomal acid lipase (AP) substrates, and fluorescence was measured. Data were normalized to WT MEFs and expressed as
the average of five experiments � S.D. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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duction in WT MEFs, as measured by the increase in fluo-
rescence of the ROS indicator MitoSOX (Fig. 6D). Similarly,
ROS levels were significantly elevated in OPA1 KO MEFs,
and this was rescued by the reintroduction of WT OPA1 or
OPA1(Q297V) (Fig. 6E), concomitant with rescue of lysosomal
structure (Fig. 6F) and function (Fig. 4J).

Because these results suggested that ROS could be involved
in LAMP1 vacuole formation, we manipulated ROS in cells
with disrupted mitochondrial function. Consistent with a role
of ROS in vacuole formation, the antioxidants NAC and Q10
significantly reduced MitoSOX fluorescence (Fig. 7, A and B)
and prevented the appearance of LAMP1 vacuoles in OPA1 KO
MEFs (Fig. 7, C and D) and in WT MEFs treated with ETC
inhibitors (Fig. 6A). Similarly, MitoQ, a mitochondria-targeted
Q10 derivative (46), prevented vacuole formation (Figs. 6A and
7E), consistent with its ability to decrease ROS levels in WT and
OPA1 KO MEFs (Fig. 7B).

To further define the role of ROS in LAMP1 vacuole forma-
tion, we compared lysosome structure and function in cells
treated with the complex III inhibitor antimycin A (which
causes matrix and intermembrane space ROS production; Fig.
6A) or myxothiazol (which induces no detectable increase in
superoxide production as detected with MitoSOX; Fig. 7G)
(47). Strikingly, both inhibitors triggered the formation of
LAMP1 vacuoles in WT MEFs (Figs. 6A and 7G) and in U2OS
cells (Fig. 7H). However, consistent with superoxide produc-
tion, only vacuoles caused by antimycin were prevented by anti-
oxidants (Fig. 7H). Although these results are consistent with
superoxide not directly causing LAMP1 vacuole formation,
myxothiazol has previously been shown to induce H2O2 pro-
duction under some circumstances (48, 49), suggesting that
other forms of ROS could nonetheless play a role.

Exogenous H2O2 Promotes LAMP1 Vacuole Formation—The
fact that myxothiazol can stimulate H2O2 production led us to

test whether oxidative stress can directly affect lysosomes.
To test this, we increased cellular ROS using two distinct
approaches. First, we increased cytoplasmic ROS by inhibiting
superoxide dismutase 1 (SOD1). SOD1 is localized in the cyto-
sol and mitochondrial intermembrane space, where it detoxi-
fies superoxide radicals by transforming them in H2O2, which is
then degraded (47). Incubation of WT MEFs with the SOD1
inhibitor DDC increased ROS to a level similar to that of con-
trol OPA1 KO MEFs (Fig. 8A). However, this increase in ROS
did not cause a significant accumulation of LAMP1 vacuoles in
WT MEFs or affect the number of LAMP1 vacuoles in OPA1
KO MEFs (Fig. 8B).

Importantly, SOD1 inhibition increases superoxide at the
expense of its product, H2O2. Because H2O2 diffuses more eas-
ily than superoxide and has previously been shown to enter
lysosomes and damage them through Fenton-like reactions
(50), it is possible that it is H2O2 that is responsible for vacuole
formation. To test this, we incubated WT MEFs with glucose
oxidase, which produces H2O2 in the presence of glucose. A 1-h
incubation with glucose oxidase caused a small but significant
increase in LAMP1 vacuoles in WT MEFs (Fig. 8C), suggesting
that H2O2 can directly target lysosomes to induce vacuole
formation.

Mitochondria-derived Vesicles Are Not Required for LAMP1
Vacuole Formation—ROS, including H2O2, causes mitochon-
drial damage that is removed through the formation of MDVs,
small vesicles that deliver damaged mitochondrial components
to lysosomes for degradation (41, 42). Consistent with this,
antimycin A treatment of U2OS cells expressing GFP-Parkin
causes the formation of Parkin-positive MDVs as well as of
MDV positive for a matrix marker (mtHSP70) but negative for
outer membrane marker TOM20 (Fig. 8, D and E). Importantly,
myxothiazol treatment also caused an increase in mtHSP70 and
Parkin-positive MDVs (Fig. 8, D and E), indicating that myx-
othiazol causes mitochondrial damage despite not generating
detectable superoxide production. Of note, whereas GFP-Par-
kin-positive MDVs could sometimes be found inside LAMP1
vacuoles following antimycin A treatment, the delimiting
membrane of the vacuoles was negative for Parkin (Fig. 8, F and
G). Similarly, oligomycin treatment only caused minimal redis-
tribution of GFP-Parkin (Fig. 8, G and H), which mostly
remained cytosolic (Fig. 8G), but triggered the formation of
LAMP1 vacuoles to a similar extent as antimycin A (Fig. 8I).
Together with the increase in LAMP1 vacuole observed in
PINK1 KO MEFs, where both mitophagy and MDV pathways
are inhibited (20, 42), these results indicate that Parkin-positive
MDVs are not required for LAMP1 vacuole formation.

Lysosomal Activity Is Rescued by Antioxidants in OPA1 KO
MEFs—Our results indicate that oxidative stress plays an
important role in the generation of LAMP1 vacuoles. To deter-
mine whether the loss of lysosomal activity was also ROS-de-
pendent, we measured lysosomal function in the presence of
ROS scavengers. Incubation of OPA1 KO MEFs with NAC or
Q10, which prevented the appearance of LAMP1 vacuoles (Fig.
7, C and D), also partially rescued lysosomal pH and activity
(Fig. 9, A–D). However, inhibition of matrix ROS with MitoQ,
which abrogated LAMP1 vacuoles (Fig. 7E), failed to rescue
lysosomal pH or activity (Fig. 9, B and E), suggesting that

FIGURE 5. Mitochondrial dysfunction impairs the degradation of lyso-
somal substrates. A, levels of the mitochondrial protein mtHSP70 were ana-
lyzed in WT and OPA1 KO MEFs in the absence or the presence of bafilomycin.
B, the number of mtHSP70-containing LAMP1-positive lysosomes was quan-
tified by immunofluorescence. C, the presence of large autofluorescent
aggregates was quantified in 90-day-old WT and AKO animals and expressed
as the average number of aggregates/neuron � S.D. (error bars). D, levels of
the autophagy proteins p62 were quantified by Western blot in WT and OPA1
KO MEFs in the absence or the presence of bafilomycin. The results were
quantified using ImageJ and expressed as an average of three independent
experiments � S.D. E, WT MEFs were treated with bafilomycin, and vacuole
formation was measured as in Fig. 4A. Data are expressed as the average of
three experiments � S.D. *, p � 0.05; ***, p � 0.001.
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LAMP1 vacuoles and lysosomal activity are regulated in a dis-
tinct manner. This is consistent with the observation that anti-
mycin A, but not myxothiazol, inhibits cathepsin B activity.
(Fig. 9F).

It was recently suggested that loss of mitochondrial function
in T cells decreases lysosomal activity as a consequence of
decreased NAD/NADH ratio (51). Because antioxidants did
not completely rescue lysosomal activity in OPA1 KO cells, we

FIGURE 6. LAMP1 vacuole formation depends on the loss of mitochondrial function but not total ATP levels. A, WT MEFs were treated with the complex
I inhibitor rotenone (Rot), the complex III inhibitor antimycin A (Anti A), or the complex IV inhibitor sodium azide (Azide), and LAMP1 vacuoles were quantified
in the absence or the presence of the antioxidant MitoQ or NAC. OPA1 KO MEFs were included as a positive control. Data are expressed as the average of four
experiments � S.D. (error bars). B, ATP levels are not altered in OPA1 KO MEFs or WT MEFs treated with 10 �M oligomycin. ATP levels were normalized to WT
(right) or control (left) levels and expressed as the average of three experiments � S.D. C, primary neurons were incubated in glucose-free media for 4 h, after
which ATP levels and LAMP1 vacuole content were measured. Data are expressed as the average of four experiments � S.D. D and E, ROS levels were measured
using MitoSOX following ETC inhibition (D; compounds as in A) or in OPA1 KO MEFs stably expressing the indicated constructs (E). Data are expressed as the
average of four experiments � S.D. F, OPA1 KO lysosomal morphology is rescued by reintroducing WT OPA1 or the fusion-defective mutant OPA1(Q297V). Data
are expressed as the average of three experiments � S.D. Expression of the OPA1 constructs is shown in Fig. 4K. *, p � 0.05; ***, p � 0.001.

FIGURE 7. Quenching ROS rescues lysosomal defects following mitochondrial dysfunction. A and B, the increased ROS levels present in OPA1 KO MEFs are
reduced by the antioxidants NAC (A), Q10, and the mitochondria-targeted form of Q10 (MitoQ) (B). Data are expressed as the average of four experiments � S.D.
(error bars) (n � 3 for NAC). C–E, antioxidants prevent LAMP1 vacuole formation. Vacuoles were quantified as in Fig. 4A, and the data are expressed as the
average of three experiments � S.D. (n � 4 for NAC). F–H, ROS were measured in myxothiazol-treated WT and OPA1 KO MEFs using MitoSOX (F). LAMP1 vacuole
formation was then quantified in WT and OPA1 KO MEFs (G) as well as in GFP-Parkin-expressing U2OS cells in the absence or the presence of the antioxidants
MitoQ and NAC (H). Data are expressed as the average of four experiments (MEFs) and three experiments (U2OS) � S.D. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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determined whether NAD levels could play a role in maintain-
ing lysosomal activity in these cells. Consistent with the ETC
defects present in OPA1 KO MEFs, their NAD/NADH ratio
was decreased (Fig. 9G). We thus tested whether the NAD pre-
cursor NAM could rescue lysosomal activity in OPA1 KO cells.
Although NAM increased the NAD/NADH ratio in OPA1 KO
cells, it did not rescue cathepsin B activity (Fig. 9H). This indi-
cates that increasing NAD levels is not sufficient to recue lyso-
somal function. Altogether, our results indicate that mitochon-
drial dysfunction impairs lysosomal structure and function in a
manner that is ROS-dependent.

Discussion

A complex relationship exists between aggregate-prone pro-
teins, mitochondrial dysfunction, and cellular degradation

pathways within the context of neurodegenerative diseases. In
some cases, mutations in aggregate-prone proteins (�-sy-
nuclein in PD, huntingtin in Huntington disease) cause their
accumulation and are directly linked to neuronal loss (1, 2).
However, in most circumstances, aggregate accumulation is
secondary to other neuronal defects that are not fully defined
but are associated with impaired degradation pathways, mito-
chondrial dysfunction, and oxidative stress (1–3, 25). We show
here that loss of mitochondrial activity disrupts lysosomal
structure and function, leading to aggregate accumulation. Our
results thus provide a direct link between mitochondrial dys-
function and alterations in protein degradation pathways.

We used several different models of mitochondrial dysfunc-
tion (AIF KO neurons, PINK1 KO MEFs, OPA1 KO MEFs, and
ETC inhibition in MEFs and primary neurons) to define the role

FIGURE 8. Vacuole formation requires mitochondrial damage downstream of ROS. A and B, WT and OPA1 KO MEFs were treated with the SOD1 inhibitor
DDC, and ROS levels were measured with MitoSOX. LAMP1 vacuoles were then measured and expressed as the average of three experiments � S.D. (error bars).
C, WT MEFs were treated for 1 h with glucose oxidase (GO). Vacuoles were then quantified and expressed as the average of three experiments � S.D. D and E,
U2OS cells stably expressing GFP-Parkin were treated as indicated, fixed, and stained for the mitochondrial markers mtHSP70 (green) and TOM20 (red) as well
as GFP-Parkin (blue). GFP-Parkin MDV and mtHSP70-positive TOM20-negative MDV were quantified. At least 70 cells were quantified within three independent
experiments, and the data are expressed as the number of MDVs/cell � S.E. (error bars). Alternatively, the number of LAMP1 vacuoles containing Parkin-positive
MDVs was quantified and expressed as the average of four experiments � S.D. F, representative images are shown in D. Scale bar, 2 �m. F and G, U2OS cells
stably expressing GFP-Parkin were treated with the complex III inhibitor antimycin A or the ATP synthase inhibitor oligomycin. Recruitment of GFP-Parkin (blue
in G (top)) to LAMP1 vacuoles (red in G (top)) and TOM20-positive mitochondria (green in G (top)) was then analyzed by immunofluorescence. The number of
vacuoles containing Parkin-positive MDVs was quantified in F and expressed as the average of four experiments � S.D. H and I, oligomycin causes LAMP1
vacuole formation despite minimal Parkin-positive MDV production. H, GFP-Parkin-positive MDVs were quantified from a minimum of 100 cells within three
independent experiments and expressed as the number of MDVs/cell � S.D. Alternatively, LAMP1 vacuoles were quantified and expressed as the average of
three independent experiments � S.D. I, *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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of mitochondria in the maintenance of lysosomes. Disruption
of mitochondrial function inhibited lysosomal activity and trig-
gered the accumulation of large vacuoles positive for lysosomal
markers in every model examined, demonstrating that mito-
chondria are required to maintain proper lysosomal function.

Loss of mitochondrial function is associated with mito-
chondrial fragmentation, decreased mitochondrial ATP, and
increased ROS production (3, 26, 47), each potentially affect-
ing lysosomes. However, the fact that fusion-incompetent
OPA1(Q297V) (31) rescued lysosomal function in OPA1 KO
MEFs indicates that mitochondrial fusion is not involved in this
process. On the other hand, lysosomal function was rescued by
antioxidants, suggesting that oxidative stress plays an impor-
tant role in the lysosomal phenotype arising as a consequence of
mitochondrial dysfunction. This is further supported by our
observation that exogenous glucose oxidase-generated H2O2
promotes the formation of LAMP1 vacuoles. Nevertheless,
because neurons incubated in glucose-free media show
decreased ATP levers and increased LAMP1 vacuoles, we can-
not exclude the possibility that changes in mitochondrial ATP
levels (but not total ATP) also contribute to the lysosomal phe-
notype. In fact, it is likely that metabolic imbalance regulates
lysosomes in parallel to oxidative stress. Indeed, the NAD
precursor NAM rescued the lysosomal defects present in
TFAM�/� T lymphocytes (51). However, we could not repli-
cate this rescue in OPA1 KO MEFs. Because OPA1 interacts
with several of the transporters required to shuttle metabolites
across the mitochondrial inner membrane (31), other metabo-
lites could be involved. Still, the accumulation of aggregates
within AKO neurons with defective lysosomes highlights the

crucial relationship between mitochondrial dysfunction, ROS,
and impaired lysosomes.

Mitochondrial dysfunction is a key feature of neurodegen-
erative diseases, including PD, Alzheimer disease, and Hun-
tington disease (reviewed in Refs. 3, 52, and 53). One way in
which mitochondrial function is affected in neurodegenerative
diseases is through the accumulation and aggregation of dis-
ease-causing aggregate-prone proteins, such as �-synuclein
(PD) or huntingtin (Huntington disease). Mutant forms of
these proteins have been shown to impair mitochondria, in part
through direct targeting of these organelles (16, 54, 55). Simi-
larly, impaired autophagy/lysosomes cause the accumulation of
defective mitochondria in several models of neurodegenerative
diseases (6, 56, 57). Of note, this impaired autophagic clearance
often occurs as the consequence of dysfunctional lysosomes
(10, 57, 58), and mutations in lysosomal proteins lead to neuro-
degeneration (6, 7, 12). For example, mutations in lysosomal
hydrolases lead to the accumulation of intracellular material
and neurodegeneration (12), a group of diseases collectively
referred to as lysosomal storage diseases.

On the other hand, although impaired lysosomal activity
clearly leads to neurodegeneration, mitochondrial dysfunction
and downstream oxidative stress also play a major role. In fact,
mitochondrial dysfunction caused by mutations in mitochon-
drial proteins is the primary trigger of neuronal loss in several
examples of neurodegeneration (59). In addition, mutations in
the mitochondrial quality control proteins PINK1 and Parkin
cause the accumulation of defective mitochondria, leading to
PD in humans (60 – 62). Although these mutations account for
only a small subset of PD patients, sporadic cases of PD also

FIGURE 9. Antioxidants rescue lysosomal function following the loss of mitochondrial function. A and B, WT and OPA1 KO MEFs were incubated in the
presence of NAC (A) or Q10 or MitoQ (B), and lysosomal pH was measured using Lysosensor. Data are expressed as the average of three experiments (NAC) or
four experiments (Q10 and MitoQ) � S.D. (error bars). C–E, WT and OPA1 KO MEFs were incubated in the presence of NAC (C), Q10 (D), or MitoQ (E). In vitro
cathepsin B activity was then measured and expressed as the average of five (NAC), four (Q10, antimycin A), or three (MitoQ) experiments � S.D. F, cells were
treated with the ROS-generating complex III inhibitor antimycin A (Anti A) or myxothiazol (Myxo), which inhibits complex III without generating ROS. In vitro
cathepsin B activity was then measured and expressed as the average of four experiments � S.D. G and H, NAM rescues NAD/NADH ratio but not lysosomal
activity in OPA1 KO MEFs. NAD/NADH ratio and cathepsin B activity were measured in WT and OPA1 KO MEFs following a 2-day treatment with NAM. Results
are expressed as the average of three experiments � S.D. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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generally show alterations in mitochondrial function, usually
decreased complex I activity (25, 52). This possibly occurs
through aging-related loss of mitochondrial fitness or exposure
to complex I toxins, such as rotenone (25), all of which increase
ROS-mediated damage and accumulation of protein aggregates
(13, 14, 63– 65).

ROS play complex roles in cellular physiology and pathology,
including neurodegenerative diseases. For example, ROS-me-
diated neuronal damage has been observed in PD, Alzheimer
disease, and ALS (3, 52). Consistent with the deleterious effects
of oxidative stress, a large surge in ROS causes rapid cell death
that can be associated with lysosomal membrane permeabiliza-
tion. For example, neuronal death caused by the parkinsonian
toxin MPP� is associated with lysosomal depletion (10), possi-
bly as a result of Fenton-like reactions involving hydrogen per-
oxide within lysosomes (50). In contrast, the lysosomal impair-
ment that we observed in our models of mitochondrial
dysfunction was not associated with a loss of structural pro-
teins, such as LAMP1. This suggests that milder oxidative stress
impairs lysosomes through mechanisms that are distinct from
acute ROS exposure. Because oxidative damage and neuronal
death accumulate over many years in human patients (25, 66,
67), this could be highly relevant to the long term changes
occurring in neurons affected by neurodegenerative diseases. In
that context, it is noteworthy that AIF KO neurons, which show
increased oxidative damage (68), had decreased lysosomal
activity and accumulation of LAMP1 vacuoles over time but
had limited neuronal death at 3 months (28) and normal
LAMP1 levels. This contrasts with the acute oxidative stress
caused in mice by MPTP injections, which lead to rapid neuro-
nal loss and loss of lysosomal content (10).

Altogether, our results indicate that loss of mitochondrial
function impairs lysosomes. Because alterations in mitochon-
drial function and lysosomal activity are key features of neuro-
degenerative diseases, our work provides important insights
into our understanding of the etiology of neurodegenerative
diseases.
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35. Vahsen, N., Candé, C., Brière, J. J., Bénit, P., Joza, N., Larochette, N., Mas-
troberardino, P. G., Pequignot, M. O., Casares, N., Lazar, V., Feraud, O.,
Debili, N., Wissing, S., Engelhardt, S., Madeo, F., et al. (2004) AIF defi-
ciency compromises oxidative phosphorylation. EMBO J. 23, 4679 – 4689

36. Pospisilik, J. A., Knauf, C., Joza, N., Benit, P., Orthofer, M., Cani, P. D.,
Ebersberger, I., Nakashima, T., Sarao, R., Neely, G., Esterbauer, H., Kozlov,
A., Kahn, C. R., Kroemer, G., Rustin, P., Burcelin, R., and Penninger, J. M.
(2007) Targeted deletion of AIF decreases mitochondrial oxidative phos-
phorylation and protects from obesity and diabetes. Cell 131, 476 – 491

37. Cogliati, S., Frezza, C., Soriano, M. E., Varanita, T., Quintana-Cabrera, R.,
Corrado, M., Cipolat, S., Costa, V., Casarin, A., Gomes, L. C., Perales-
Clemente, E., Salviati, L., Fernandez-Silva, P., Enriquez, J. A., and Scor-
rano, L. (2013) Mitochondrial cristae shape determines respiratory chain
supercomplexes assembly and respiratory efficiency. Cell 155, 160 –171

38. Gomes, L. C., Di Benedetto, G., and Scorrano, L. (2011) During autophagy
mitochondria elongate, are spared from degradation and sustain cell via-

bility. Nat. Cell Biol. 13, 589 –598
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