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ABSTRACT: Rotenone, which selectively inhibits mitochondrial complex I, induces
oxidative stress, α-synuclein accumulation, and dopaminergic neuron death, principal
pathological features of Parkinson's disease. The autophagy−lysosome pathway degrades
damaged proteins and organelles for the intracellular maintenance of nutrient and energy
balance. While it is known that rotenone causes autophagic vacuole accumulation, the
mechanism by which this effect occurs has not been thoroughly investigated. Treatment of
differentiated SH-SY5Y cells with rotenone (10 μM) induced the accumulation of
autophagic vacuoles at 6 h and 24 h as indicated by Western blot analysis for microtubule
associated protein-light chain 3-II (MAP-LC3-II). Assessment of autophagic flux at these
time points indicated that autophagic vacuole accumulation resulted from a decrease in
their effective lysosomal degradation, which was substantiated by increased levels of
autophagy substrates p62 and α-synuclein. Inhibition of lysosomal degradation may be
explained by the observed decrease in cellular ATP levels, which in turn may have caused
the observed concomitant increase in acidic vesicle pH. The early (6 h) effects of rotenone on cellular energetics and autophagy−
lysosome pathway function preceded the induction of cell death and apoptosis. These findings indicate that the classical
mitochondrial toxin rotenone has a pronounced effect on macroautophagy completion that may contribute to its neurotoxic
potential.
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Parkinson's disease (PD) is an age-related neurodegener-
ative disorder that affects upward of 1−2% of persons age

60 or older and is characterized pathologically by the loss of
substantia nigra dopaminergic neurons and accumulation of
intracellular protein inclusions termed Lewy bodies.1 Oxidative
stress and a decreased capacity of neurons to degrade α-
synuclein (α-syn), a protein reportedly involved in vesicular
dopamine release and the major component of Lewy bodies,
are believed to be major contributors to Lewy body formation
and neurodegeneration in PD.2

A decreased function of complex I of the mitochondrial
electron transport chain is reported in the substantia nigra of
PD patients1 that may lead to the generation of oxidative stress
and a decrease in ATP production. One mechanism by which
cells compensate for this disruption in energy balance is
through stimulation of the autophagy−lysosome pathway
(ALP), which shuttles outlived and/or damaged proteins and
organelles to the lysosome for their pH-dependent degradation
and recycling.3−5 In macroautophagy, a subset of the ALP,
double-membraned autophagic vacuoles shuttle cargo destined
for degradation to lysosomes. Increased numbers of autophagic
vacuoles are detected in several human Lewy body diseases
including PD and dementia with Lewy bodies6−8 as well as in
animal models of PD.9 Moreover, the ALP is believed to be the
main route for degradation of α-syn oligomers and aggregates,
further implicating its dysfunction in PD pathology.10

Exposure to environmental pesticides such as rotenone, a
selective inhibitor of complex I of the mitochondrial electron

transport chain, is associated with an elevated risk of developing
PD and is used experimentally to model PD pathophysiol-
ogy.11,12 Rotenone induces neurodegeneration and neuron
death in association with caspase activation,13 and causes α-syn
accumulation in experimental models of PD.11,14 Moreover,
rotenone-induced oxidative stress reportedly induces post-
translational modifications of α-syn,15 which are thought to
promote its aggregation and toxicity.16,17

Rotenone has also been shown in several studies to cause
accumulation of autophagic vacuoles,8,18−21 as a likely response
to inhibition of mitochondrial function and generation of
oxidative stress. However, it is not entirely clear if rotenone-
induced accumulation of autophagic vacuoles results from
either an increased induction of macroautophagy or from the
inhibition of macroautophagy completion, which requires
functional fusion of autophagic vacuoles with lysosomes.3

Such information may be important for designing rational
therapeutics that attenuate PD-associated neuronal dysfunction,
in part through their maintenance of ALP function. Thus, the
goal of this study was to delineate the mechanism by which
autophagic vacuoles accumulate in cultured neuronal cells
following treatment with an acute, death-inducing concen-
tration of rotenone.
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■ RESULTS AND DISCUSSION

It is well established that rotenone disrupts the ALP. However,
the cause of autophagic vacuole accumulation following
rotenone treatment has not been carefully investigated. The
purpose of this study was to assess the manner by which
rotenone, a potent mitochondrial toxin that is used as an
experimental model of PD, affects accumulation of autophagic
vacuoles using a neuroblastoma cell line (SH-SY5Y) that was
differentiated to a neuronal phenotype. We first assessed cell
death, apoptosis, and energetics following treatment with
rotenone. Next, using a death-inducing concentration of
rotenone, we assessed autophagic flux to determine the manner
by which autophagic vacuoles accumulate. We next assessed

vesicular acidification and the integrity of lysosomal membranes
to determine the potential for acidic vesicle dysfunction to
contribute to changes observed in autophagic flux. Finally, we
correlated these observed effects of rotenone on macro-
autophagy by assessing relative levels of a lysosomal membrane
marker and a transcription factor that is responsible for its
stress-induced up-regulation.

Rotenone-Induced Neuronal Cell Death and Apopto-
sis. In retinoic acid-differentiated SH-SY5Y cells, rotenone
induced concentration and time-dependent cell death (Figure
1A, C). A decrease in cell viability was observed beginning at 24
h of 10 μM rotenone treatment. About a 50% decrease in SH-
SY5Y cell viability was observed after 48 h of rotenone
treatment, which progressed to 70% by 72 h (Figure 1C).

Figure 1. Rotenone induced SH-SY5Y cell death and caspase-3-like activity are concentration- and time-dependent. Rotenone induced a
concentration-dependent decrease in cell viability (A) and increase in caspase-3-like activity (B), observed 24 h after treatment. 10 μM rotenone
induced a time-dependent decrease in SH-SY5Y cell viability (C) that was accompanied by an increase in caspase-3-like activity (D) at 48 and 72 h of
treatment. Complete inhibition of rotenone-induced caspase-3-like activity (not shown) with the broad caspase inhibitor Boc-FMK (Boc-Asp-FMK)
does not attenuate the decrease in cell viability after 48 h treatment with 10 μM rotenone (E). Rotenone (10 μM) induced a significant decrease in
cellular ATP levels (μM/well) at 6 and 12 h after treatment compared to CTL (F). Results represent mean ± standard deviation, and experiments
were repeated independently at least three times with similar results. *p < 0.05 vs 0 μM rotenone CTL (A, B, E, F); *p < 0.05 vs 0 h rotenone (C,
D).
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Rotenone-induced SH-SY5Y cell death was accompanied by a
concentration-dependent increase in caspase-3-like activity
(Figure 1B). A 3- to 4-fold increase was also detected in
caspase-3-like enzymatic activity in 10 μM rotenone treated
SH-SY5Y cells versus vehicle control at 48 and 72 h, indicating
that rotenone-induced cell death was accompanied by caspase
activation (Figure 1D). All subsequent experiments utilized a
concentration of 10 μM rotenone. To determine if caspase
activation was required for rotenone-induced neuron death, we
measured cell viability in the presence of a broad caspase
inhibitor Boc-Asp(OMe)-FMK (Boc-FMK) (Figure 1E). Boc-
FMK at a concentration that completely inhibited rotenone-
induced caspase-3-like activity (data not shown) failed to
inhibit rotenone-induced cell death. This data indicates that
although rotenone can induce robust apoptosis, caspase
activation, per se, is not required for cell death. To confirm
that a death-inducing concentration of rotenone affected
cellular energetic, ATP levels were measured at 6 and 12 h
following rotenone treatment (Figure 1F), time points that
preceded the induction of neuronal apoptosis and cell death

(Figure 1C, D). Rotenone caused a significant reduction in
ATP levels at both time points, due likely to the inhibition of
complex I of the mitochondrial electron transport chain and
indicates the reliance of these cells on mitochondrial ATP
production as a source of energy.

Rotenone Causes Early and Persistent Accumulation
of Autophagic Vacuoles by Compromising Their
Lysosomal Degradation. Previous studies have identified
accumulation of autophagic vacuoles in substantia nigra
neurons of PD brain and in in vitro models of rotenone-
induced neuronal cell death,6−8,18,19,21 suggesting that the ALP
is involved in regulating dopaminergic neuron death. To further
delineate the involvement of macroautophagy in rotenone-
induced neuronal cell death, we assessed levels of autophagic
vacuoles via Western blot analysis for MAP-light chain 3-II
(LC3-II; Figure 2), an accepted and selective marker of
autophagic vacuoles.3 Treatment with rotenone induced a
significant accumulation of autophagic vacuoles at both 6 h
(Figure 2B) and 24 h (Figure 2C) after treatment. Since the
accumulation of autophagic vacuoles may result from either

Figure 2. Rotenone causes accumulation of autophagic vacuoles by blocking their effective degradation. (A) Representative Western blot of LC3-II
(14 kDa) and actin (42 kDa) loading control for SH-SY5Y lysates collected 6 and 24 h following treatment with 10 μM rotenone (ROT) in the
presence or absence of 100 nM bafilomycin A1 (BafA1). Rotenone caused a significant increase in LC3-II immunoreactivity at both 6 and 24 h
following treatment (A−C). To measure autophagic flux, 100nM BafA1 was added for the last 2 h of rotenone treatment prior to preparing lysates.
Quantification of LC3-II/actin ratios for each treatment is expressed graphically as fold CTL for 6 h rotenone (B) and 24 h rotenone (C). Treatment
with 10 μM rotenone induced a significant increase in AV accumulation, an effect that was not significantly greater upon treatment with 100 nM
BafA1. Representative Western blot indicates that rotenone increase levels of the autophagy substrate p62 at both 6 and 24 h after treatment (D).
Side bar in (D) indicates higher p62-immunoreactive species following 6 and 24 h treatment with rotenone that suggests its enhanced ubiquitination.
Blots were stripped and reprobed for actin. Immunoreactivity for p62 (normalized to actin) is quantified graphically in (E) and is expressed as fold
VEH CTL. Results = mean ± standard deviation from three to five independent experiments. *p < 0.05 vs VEH CTL.
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induction of autophagy or from a decrease in their lysosomal
degradation3,22 we also assessed autophagic flux (Figure 2) via
treatment with 100 nM bafilomycin A1, a selective inhibitor of
vacuolar-type V-ATPase that completely blocks degradation via
macroautophagy through its inhibition of autophagic vacuole-
lysosome fusion. Bafilomycin A1 was added to cells at 4 or 22 h
(2 h prior to collection at the 6 and 24 h rotenone time points,

respectively). At each time point tested, we found no further
increase in levels of LC3-II in bafilomycin A1-rotenone-treated
cells compared to cells treated only with 100 nM bafilomycin
A1 (Figure 2B, C). This result suggests that the rotenone-
induced increase in autophagic vacuoles resulted not from
autophagy induction but rather from a block in the lysosomal
degradation of autophagic vacuoles. As a positive control for

Figure 3. Rotenone increases levels of α-synuclein. (A) Representative Western blot analysis of whole cell lysates indicates an increase in high
molecular weight species of α-synuclein (>50 kDa) following 48 h treatment with 10 μM rotenone. (B) Quantification of high-molecular weight
species of α-synuclein indicates a significant increase vs vehicle control. Results = mean ± standard deviation obtained from three independent
experiments. *p < 0.05 vs VEH CTL.

Figure 4. Rotenone causes an increase in acidic vesicle pH. (A) Representative histogram of alterations in acidic vesicle pH in SH-SY5Y cells after
treatment with DMSO vehicle (VEH, 24 h, orange line), rotenone (ROT, 10 μM, 24 h, blue line), or bafilomycin A1 (BafA, 100 nM, 4 h, pink line)
as determined by flow cytometry. Effects of rotenone treatment are expressed as a leftward shift in fluorescence in the cell population when
compared to vehicle control, suggesting a loss of lysosomal/acidic vesicle pH. (B) Quantification of LTR mean fluorescence intensity (MFI)
indicates a >30% decrease following 6 and 24 h treatment with rotenone. (C) Phase contrast and fluorescence microscopy were used to image the
rotenone-induced attenuation of LTR fluorescence at 24 h after treatment. Results = mean ± standard deviation from five independent experiments.
*p < 0.05 vs VEH CTL.
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autophagy induction, the addition of 100 nM BafA1 for the last
2 of a 24 h rapamycin treatment produced noticeably greater
LC3-II immunoreactivity in comparison to 2 h treatment with
BafA1 alone (data not shown).
Autophagic flux is also commonly assessed by detecting

protein levels of p62/A170/SQSMT1, a ubiquinating and LC3
binding protein that binds to ubiquitin aggregates and
promotes degradation via autophagy.22 Thus, decreases in
p62 levels are associated with enhanced autophagic flux as
observed for example during serum starvation, whereas its
accumulation suggests autophagy degradation block.22 We
observed a significant increase in p62 levels at both 6 h and 24
h following treatment with 10 μM rotenone (Figure 2D, E).
These data support our assessment of autophagic flux (Figure
2A−C) suggesting that rotenone disrupts the degradation of
autophagic vacuoles. Further evidence for rotenone-induced
inhibition of autophagic degradation in our model was
supported by a significant increase in high molecular weight
species of α-synuclein at 48 h following treatment (Figure 3), as
it is well established that the ALP is important for α-syn
degradation.8,23,24 Levels of alpha synuclein following 6 and 24
h of rotenone treatment were not significantly different from
vehicle control (data not shown).
Rotenone Increases Acidic Vesicle pH but Does Not

Induce Lysosomal Membrane Permeabilization. To
determine if rotenone-induced inhibition of autophagic flux
correlated with a compromise in the function of acidic vesicles,
we utilized a flow cytometric approach with the acidotropic dye
lysotracker red (LTR) to quantify acidic vesicle pH (Figure 4).
Rotenone induced a significant, >30% loss in LTR mean
fluorescence intensity versus vehicle control-treated cells at
both 6 and 24 h following treatment, time points that coincided
with the observed decrease in ATP production (6 h; Figure
1G) and inhibition of macroautophagy (Figure 2). The effects
of rotenone on LTR mean fluorescence intensity were not as

robust as those observed following treatment with 100 nM
BafA1, a potent inhibitor of acidic vesicle pH via its direct
inhibition of V-ATPase.41 Epifluorescence microscopy images
(Figure 4C) corroborate our findings via flow cytometry, where
compared to vehicle-control-treated cells there is a relative lack
of LTR fluorescence following treatment with rotenone or
bafilomycin A1. These results indicate that rotenone causes an
early and persistent increase in acidic vesicle pH, which may be
due possibly to a net decrease in cellular ATP levels and in turn
ATP-dependent acidification. Rotenone has been shown
previously to inhibit cathepsin D activity and decrease
fluorescence emitted by the acidotropic dye lysosensor green
in cultured cell lines,25,26 evidence that corroborates our
findings.
We also determined if rotenone caused the onset of

lysosomal membrane permeabilization (LMP) by assessing
the colocalization of cathepsin D and LAMP-1 immunor-
eactivity using confocal microscopy (Figure 5). At 24 h after
treatment with rotenone, a time point that corresponded to
significant inhibition of autophagic flux (Figure 2), a significant
decrease in LTR mean fluorescence intensity (Figure 4), and
the onset of cell death/apoptosis (Figure 1), cathepsin D
immunoreactivity colocalized with LAMP-1 similar to that of
vehicle control-treated cells, suggesting a lack of LMP at this
time point. In contrast, noticeable LMP (as indicated by a
diffuse staining pattern for cathepsin D that did not colocalize
with LAMP-1) was observed in cells treated for 24 h with
chloroquine (50 μM; Figure 5), a lysosomotropic agent and
known inducer of LMP.27 Together these results suggest that
the inhibition of autophagic flux by rotenone may be caused in
part by its inhibition of vesicular acidification, perhaps via its
potent inhibition of intracellular ATP, but not because of the
onset of LMP. It is possible that rotenone may eventually
induce LMP at later time points not tested in this study, as
shown previously by the dopaminergic neurotoxin MPP+9 and

Figure 5. Rotenone does not induce lysosomal membrane permeabilization (LMP). Confocal microscopy images obtained via double label
immunocytochemistry for the soluble lysosomal enzyme cathepsin D (red, Cy3) and the lysosomal membrane protein LAMP-1 (green, FITC)
following treatment for 24 h with DMSO vehicle (top row), 10 μM rotenone (ROT, middle row), or 50 μM chloroquine (CQ, bottom row).
Punctate immunoreactivity for cathepsin D that colocalized to regions of the cell exhibiting intense LAMP-1 immunoreactivity was apparent in
vehicle and rotenone-treated cells. Diffuse staining for cathepsin D was observed in chloroquine-treated cells that did not localize intracellularly to
that of LAMP-1, suggesting the onset of LMP. Images are representative of LMP assessment from three independent experiments.
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the oxidative stress-inducing agent hydrogen peroxide.28

However, the possibility still exists that rotenone-induced
oxidative stress in our model may compromise lysosomal
membrane integrity that in turn may decrease the efficiency of
macroautophagy for clearing substrates,5 but at a lower
concentration and earlier time than that is required for
inducing LMP. Taken together, lysosome dysfunction corre-
sponds with and may contribute to a decreased turnover of
autophagic vacuoles following rotenone treatment, events that
may be responsible for the accumulation of macroautophagy
substrate and induction of cell death.
Rotenone Increased Levels of LAMP-1 but not TFEB.

We also tested the effect of rotenone on levels of lysosomal
membrane associated protein 1 (LAMP-1), a structural protein
present on membranes of late endosomes and lysosomes.
LAMP-1 is best known for its regulation of lysosomal motility
and endosomal-lysosomal fusion with autophagic vacuoles,29

and has been shown to fluctuate with changes in lysosomal
volume and/or number.9,30 Western blot analysis indicated an
increase in LAMP-1 levels following treatment with 10 μM
rotenone (Figure 6A), an effect that was significantly different
vs vehicle control at 6 h but not 24 h (Figure 6B). This increase
in LAMP-1-suggests an increase in either the number or size of
acidic vesicles that may be a consequence of lysosome
dysfunction (Figure 4) and inhibition of autophagic flux
(Figure 2). Conversely, LAMP-1 may also increase as a
function of de novo lysosome biogenesis, as shown recently
under stressful conditions and as a response to alterations in
autophagy.9,30 To address this possibility the effects of rotenone
on endogenous levels of the transcription factor EB (TFEB)
were assessed by Western blot analysis, as TFEB has been
shown previously to regulate transcription of LAMP-1 in

addition to other lysosomal targets.9,30 Levels of TFEB at 6 and
24 h following rotenone treatment were similar in rotenone vs
vehicle control cells (Figure 7), suggesting that the increase in
LAMP-1 observed following rotenone treatment does not result
from lysosome biogenesis, but rather from the inhibition of
lysosomal degradation.
Our assessment of autophagic flux suggests that induction of

macroautophagy is not the major mechanism by which
rotenone causes accumulation of autophagic vacuoles. In
agreement with this interpretation, previous reports have
shown that cell death and markers of apoptosis induced by
1−10 μM rotenone in SH-SY5Y are not influenced by siRNA
knockdown of Atg5, a gene that is critical for de novo synthesis
of autophagic vacuoles.19,34 Interestingly, these studies also
showed that pretreatment of SH-SY5Y cells with drugs that
induce autophagy attenuate cell death and apoptosis caused by
rotenone post-treatment.19,34 These observations suggest that,
in addition to its ability to block the lysosomal degradation of
autophagic vacuoles, rotenone may also inhibit autophagy
induction, an effect that is somehow circumvented upon
pretreatment with drugs that stimulate formation of autophagic
vacuoles. In support of this hypothesis, it has been shown that
rotenone causes dephosphorylation of death-associated protein
kinase (DAPK) in association with mitochondrial dysfunc-
tion.35 The “active” phosphorylated form of DAPK has been
shown to phosphorylate the BH3 domain of Beclin-1, thus
disrupting the Bcl-XL-Beclin-1 interaction and in turn
promoting Beclin-1-dependent autophagy.
Alternatively, it is possible that rotenone inhibits autophagy

induction through its effects on microtubule assembly, as an
intact microtubule network is also important for the formation
of de novo autophagic vacuoles.33,36 Rotenone has been shown

Figure 6. Rotenone increases levels of LAMP-1. Representative Western blot (A) for LAMP-1 (∼110 kDa) along with actin (42 kDa) loading
control for lysates obtained from SH-SY5Y cells treated with vehicle control (VEH CTL) or 10 μM rotenone (ROT) for 6 or 24 h. Quantification of
LAMP-1 signal averaged from four independent experiments indicated that levels of LAMP-1 were significantly greater at 6 h following rotenone. *p
< 0.05 vs vehicle CTL.
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previously to inhibit microtubule assembly,31 as well as increase
levels of free tubulin in association with a decrease in
mitochondrial membrane potential.32 An intact microtubule
network is known to be important not only for the formation of
nascent autophagic vacuoles but also for the fusion of
autophagic vacuoles with lysosomes and endosomes.33 Thus,
if rotenone disrupts the function of microtubules, it would not
be surprising if autophagic vacuoles accumulate due to an
effective block in their trafficking to lysosomes for degradation.
Reduced turnover of autophagic vacuoles as a result of
microtubule dysfunction may also contribute to persistent
rotenone-induced mitochondrial toxicity, as the ability of
damaged mitochondria to be effectively recycled by mitophagy
(a type of macroautophagy selective for mitochondrial
degradation) may be severely compromised.
Other reports indicate that rotenone exhibits concentration-

specific or even cell type-specific effects on autophagy
induction. Treatment of mouse embryonic fibroblasts with 2
μM rotenone caused accumulation of autophagic vacuoles
concomitant with a reduction in levels of p62, suggesting
autophagy induction.21 Concurrent treatment of SH-SY5Y cells
with 100 nM rotenone and either rapamycin, which induces
autophagy, or 3-MA, which inhibits autophagy induction,
attenuated or exacerbated cell death, respectively,37 suggesting
that autophagy induction is not inhibited by low concentrations
of rotenone. In addition, inhibition of autophagy induction (3-
MA vs Atg5 or Beclin-1 siRNA knockdown) in HEK 293 and
U87 cells was shown to attenuate cell death induced by 50 μM
rotenone,18 suggesting again that rotenone does not inhibit
autophagy induction and that autophagy induction may
potentiate rotenone-induced cell death at higher concentra-

tions. We have observed previously using knockdown of Atg7
that autophagy induction contributes to the onset of cell death
induced by chloroquine, a lysosomotropic agent that inhibits
autophagic flux,38 suggesting that autophagy induction can be
death-inducing in the face of lysosome dysfunction.
In conclusion, to our knowledge, this is the first report

indicating that rotenone inhibits the lysosomal degradation of
autophagic vacuoles. Inhibition of autophagic flux was observed
at both early and late time points, and may be caused by the
rotenone-induced increase in acidic vesicle pH and decrease in
ATP levels. The induction of cell death and apoptosis was only
apparent at later time points, suggesting that the inhibition of
autophagic turnover by rotenone may contribute to cellular
demise. In light of the relationship of rotenone as a neurotoxin
model of PD, preservation and/or enhancement of autophagic
degradation should be considered a viable therapeutic strategy
to delay disease onset and/or progression.

■ METHODS
Cell Culture. SH-SY5Y human neuroblastoma cells were cultured

in Minimum Essential Medium Eagle (MEM) (Cellgro, Herndon, VA)
and F12-K Nutrient Mixture (ATCC, Manassas, VA) medium
supplemented with 0.5% sodium pyruvate, 0.5% nonessential amino
acids (Cellgro, Herndon, VA), 1% penicillin/streptomycin (Sigma, St.
Louis, MO), and 10% fetal bovine serum (FBS) (HyClone, Logan,
UT). SH-SY5Y cells were differentiated in 10% FBS feeding media
supplemented with 10 μM retinoic acid (Sigma, St. Louis, MO) for 7−
8 days. Medium supplemented with retinoic acid was replaced every
2−3 days. For experiments, cells were seeded at a density of 400/mm2

in media containing 2% B-27 supplement (Invitrogen, Grand Island,
NY) and 10 μM retinoic acid. Rotenone (Sigma, St. Louis, MO) stock
in DMSO was prepared fresh for every experiment and added to
differentiated SH-SY5Y cells for 3−72 h.

Measurement of Cell Viability and Caspase-3-like Activity.
Cell viability was measured via Calcein AM fluorogenic conversion
assay (Invitrogen, Grand Island, NY) and caspase-3-like activity was
detected via fluorogenic DEVD cleavage assay and expressed relative
to untreated controls as previously described in our laboratory.39

Measurement of ATP Levels. Differentiated SH-SY5Y cells were
plated at 2 × 104 cells/well in 96-well plates and after 24 h were
treated with either DMSO vehicle or rotenone at a final concentration
of 10 μM. At 6 and 12 h following rotenone treatment, levels of ATP
were assessed using the ATPLite Luminescence ATP Detection Assay
System (Perkin-Elmer, Waltham, MA). Luminescence was quantified
using a BioTek Synergy 2 luminometer. ATP levels (μM/well) were
calculated based on a standard curve utilizing an ATP standard
supplied by the assay kit. Mean ATP levels were averaged from six
wells per treatment per time point, and each time point was repeated
for a total of three independent experiments.

Western Blot Analysis. Whole cell lysates were prepared in buffer
containing 1% SDS and 1% Triton X-100 as previously described in
our laboratory.40 Protein concentrations were determined using the
BCA assay (Pierce, Rockford, IL). Equal amounts of protein were
electrophoresed on SDS-polyacrylamide gels and subsequently
transferred to PVDF membranes (BioRad, Hercules, CA). Western
blots were probed for LC3 (Abcam, Cambridge, MA), p62 (Abnova,
Littleton, CO), LAMP1 (1D4B; University of Iowa Hybridoma Bank),
or α-synuclein (Santa Cruz, Santa Cruz, CA). GAPDH (Cell Signaling,
Beverly, MA) or actin (Sigma, St. Louis, MO) was used as loading
control. X-ray films of Western blots were scanned for densitometric
analysis using UN-SCAN-IT gel 6.1 software (UN-SCAN-IT, Orem,
UT).

Assessment of Lysosomal Membrane Permeabilization
(LMP). To assess LMP, double-label immunocytochemistry was
performed for cathepsin-D and LAMP-1. Cells plated in 8-well
chamber slides were treated for 24 h with either DMSO vehicle,
rotenone (10 μM), or chloroquine (50 μM) and then were fixed for 20
min with ice-cold 100% methanol. Following PBS wash, fixed cells

Figure 7. Rotenone exposure does not alter TFEB levels. (A)
Representative Western blot analysis for TFEB (53 kDa) and GAPDH
(37 kDa) loading control following 6 and 24 h treatment with vehicle
control (CTL) or 10 μM rotenone (ROT). (B) Quantification of
TFEB/GAPDH ratios following 6 and 24 h treatment of rotenone are
expressed graphically as fold CTL. Results = mean ± standard
deviation obtained from six independent experiments.
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were incubated for 30 min with blocking buffer (5% v/v horse serum
in 1× PBS containing 1% Triton X-100) followed by overnight
incubation in blocking buffer without Triton X-100 and containing
goat anti-cathepsin D antibody (Santa Cruz, Santa Cruz, CA). After
PBS wash, cells were incubated in blocking buffer containing HRP-
conjugated anti-goat IgG secondary antibody (ImmPRESS, Vector
Laboratories, Burlingame, CA) for 1 h in the above blocking buffer,
RT followed by PBS wash. Cells were next subjected to a second
fixative (4% paraformaldehyde, 15 min, 4 °C) for 15 min to prevent
membrane rupture that occurs following exposure of methanol-fixed
cells to the high salt concentration of our detection reagent buffer.
Following PBS wash, detection was performed using Tyramide Signal
Amplification (TSA; Perkin-Elmer, Waltham, MA) by addition of Cy3-
conjugated tyramide in Plus Amp Buffer (30 min, RT) followed by
PBS wash. At this point, fixed cells were incubated in blocking buffer
(1% BSA, 0.2% evaporated milk, 0.3% Triton X-100 in PBS) for 30
min at RT and then overnight in blocking buffer without Triton X-100
and containing the second primary antibody (mouse anti-human
LAMP-1, U Iowa Hybridoma Bank). Following PBS wash, fixed cells
were incubated with HRP-conjugated anti-mouse IgG secondary
antibody (ImmPRESS, Vector Laboratories, Burlingame, CA).
Following PBS wash, detection was performed via TSA upon addition
of FITC-conjugated tyramide in Plus Amp Buffer (30 min, RT)
followed by PBS wash. Nuclei were next counterstained using bis-
benzimide (0.2 μg/mL, Sigma, St. Louis, MO) for 10 min, followed by
PBS wash. After coverslipping, colocalization of cathepsin D and
LAMP-1 was visualized using a Zeiss Observer.Z1 laser scanning
microscope (Thornwood, NY) equipped with a Zeiss 40× 1.3 oil DIC
M27 Plan-Apochromat objective and imaged using Zen 2008 LSM
710, V5.0 SP1.1 software. Transmitted light images were also taken
using DIC optics. Fluorescence filters were used to observe bis-
benzimide (excitation 405 nm, emission 409−514 nm), FITC
(excitation 488 nm, emission 494−572 nm), and Cy3 (excitation
543 nm, emission 585−734 nm).
Measurement of Lysotracker Red Staining Intensity. Cells

were plated at 1 × 106 cells/well in a 6-well dish and were treated with
DMSO vehicle or rotenone (10 μM) for either 6 or 24 h, or
bafilomycin A1 (100 nM) for 4 h prior to analysis by flow cytometry.
Cells were then incubated with LysoTracker Red (100 nM final
concentration, Life Technologies, Eugene, OR) in Locke’s buffer (154
mM NaCl, 5.6 mM KCl, 3.6 mM NaHCO3, 1.3 mM CaCl2, 1 mM
MgCl2, 10 mM HEPES, 1.009 g/L glucose, pH 7.4) for 1 h. Cells were
then harvested, pelleted, and resuspended in 1× PBS buffer before
being passed through a 70 μm nylon cell strainer (BD Falcon,
Durham, NC) into collection tubes to provide a single cell suspension.
Cells were kept on ice and protected from light during immediate
transport to the flow cytometry facility (Joint UAB Flow Cytometry
Facility; Enid Keyser, Director) for analysis. A total of 1 × 104 events
were detected in each experimental condition using the BD LSR II
flow cytometer (Becton Dickinson, San Jose, CA). Further analysis
was completed using FlowJo software (Ashland, OR, licensed by
UAB). LTR fluorescence was also visualized via microscopy. Subets of
cells were plated in 8 well glass chamber slides (Lab-Tek, Rochester,
NY) at a density of 6 × 104 cells/well for treatment with vehicle or
rotenone (24 h), or bafilomycin A1 (4 h). Following 1 h incubation,
LTR was assessed via microscopy using a Zeiss Axioskop fluorescent
microscope (Carl Zeiss Microimaging, LLC, Thornwood, NY) at 40×
magnification using bis-benzimide (0.2 μg/mL) for nuclear counter-
stain. Transmitted light images were also taken using phase contrast
optics. Representative images were collected using AxioVision 4.8
software (Carl Zeiss, Thornwood, NY).
Statistics. Significant effects of treatment were analyzed either by

Student’s t test (when two groups were being compared), by one-
factor ANOVA (when effects of treatment or time were assessed
across multiple groups, or by two-factor ANOVA (when the effects of
time vs rotenone treatment were assessed). Post hoc analysis was
conducted using Bonferroni’s test. A level of p < 0.05 was considered
significant.
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