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Abstract

Autophagic (type Il) cell death, characterized by the massive accumulation of
autophagic vacuoles in the cytoplasm of cells, has been suggested to play
pathogenetic roles in cerebral ischemia, brain trauma, and neurodegenerative
disorders. 3,4-Methylenedioxymethamphetamine (MDMA or ecstasy) is an illicit
drug causing long-term neurotoxicity in the brain. Apoptotic (type |) and necrotic
(type Ill) cell death have been implicated in MDMA-induced neurotoxicity, while the
role of autophagy in MDMA-elicited neurotoxicity has not been investigated. The
present study aimed to evaluate the occurrence and contribution of autophagy to
neurotoxicity in cultured rat cortical neurons challenged with MDMA. Autophagy
activation was monitored by expression of microtubule-associated protein 1 light
chain 3 (LC3; an autophagic marker) using immunofluorescence and western blot
analysis. Here, we demonstrate that MDMA exposure induced
monodansylcadaverine (MDC)- and LC3B-densely stained autophagosome
formation and increased conversion of LC3B-I to LC3B-II, coinciding with the
neurodegenerative phase of MDMA challenge. Autophagy inhibitor 3-
methyladenine (3-MA) pretreatment significantly attenuated MDMA-induced
autophagosome accumulation, LC3B-Il expression, and ameliorated MDMA-
triggered neurite damage and neuronal death. In contrast, enhanced autophagy
flux by rapamycin or impaired autophagosome clearance by bafilomycin A1 led to
more autophagosome accumulation in neurons and aggravated neurite
degeneration, indicating that excessive autophagosome accumulation contributes
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to MDMA-induced neurotoxicity. Furthermore, MDMA induced phosphorylation of
AMP-activated protein kinase (AMPK) and its downstream unc-51-like kinase 1
(ULK1), suggesting the AMPK/ULK1 signaling pathway might be involved in
MDMA-induced autophagy activation.

Introduction

Macroautophagy (henceforth referred to as autophagy) is a highly conserved
cellular catabolic process whereby organelles and soluble and aggregated cellular
components are enveloped in double-membrane vesicles called autophagosomes,
which eventually fuse with lysosomes, leading to the degradation and reuse of the
vesicular contents [1-5]. Autophagy occurs constitutively at a basal level in all

eukaryotic cells and operates as a homeostatic mechanism [6]. In this role,
autophagy removes unwanted cellular structures by the degradation of excess or
damaged organelles and proteins and thereby contributes to the routine turnover
of cytoplasmic components [7]. In addition, autophagy can be activated in
response to various cellular and environmental stress conditions (e.g., starvation,
oxidative stress) to promote cell survival, or to act as a mode of cell death (e.g.,
cerebral ischemia) [4, 8, 9]. Autophagic cell death (also called type II programmed
cell death) is characterized by the massive accumulation of autophagic vacuoles in
the cytoplasm of cells as they die [9, 10]. Defective autophagy has been connected
to many human diseases including cancer, myopathies, and neurodegenerative
diseases such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
and amyotrophic lateral sclerosis [5,11,12].

Autophagy involves several steps and is regulated by a large number of
autophagy-related genes (Atg) that are conserved from yeast to humans [13]; so
far more than 30 have been found. The steps include (i) induction, which involves
formation of the phagophore, a double-membrane structure, and is largely
dependent on Atgl/unc-51-like kinase 1 (ULK1) complex activation mediated by
AMP-activated protein kinase (AMPK) and other factors that lead to the
dephosphorylation of mammalian target of rapamycin (mTOR) [14]; (ii)
nucleation, which is driven by Vps34, a class III phosphatidylinositol 3-kinase
(PI3K), complexed with beclin-1 (Atg6) [4]; (iii) elongation, which is a critical
step in the formation of complete autophagosomes and is controlled by two
ubiquitin-like conjugation systems (Atgl2-Atg5 and Atg8 [microtubule-associated
protein 1 light chain 3 {LC3}]-phosphatidylethanolamine conjugated to the
nascent autophagosome membrane) [7]; and finally (iv) maturation and
degradation, which involve fusion with lysosomes to form autolysosomes, and
degradation of the luminal contents [7, 10, 15].

3, 4-Methylenedioxymethamphetamine (MDMA or Ecstasy) is one of the most
popular recreational drugs abused by adolescents [16]. Accumulating evidence
indicates that long-term MDMA abuse is associated with cognitive impairments

PLOS ONE | DOI:10.1371/journal.pone.0116565 December 31, 2014 2/22



@'PLOS | ONE

Role of Autophagy in MDMA-Induced Neurotoxicity

and mood disturbances [17, 18]. In the central nervous system (CNS), MDMA is
toxic to both serotonergic neurons and the dopaminergic system [19,20]. In
addition, MDMA is toxic to brain regions, including the cerebral cortex,
thalamus, and striatum [18,21]. Oxidative stress, excitotoxicity, mitochondrial
dysfunction, and necrosis have been implicated in MDMA-induced neurotoxicity
[22]. MDMA also induces apoptosis (type I programmed cell death) by increasing
the expression of the pro-apoptotic protein Bax and inhibition of the anti-
apoptotic protein Bcl-2 [23]. A previous study reported that the transcript
expression level of Atg5 is elevated in mouse embryo and neuroblastoma cells after
MDMA treatment [24]. However, the pathophysiological role of autophagy in
MDMA-induced neurotoxicity is unknown. The aim of the present study is to
investigate the effect of MDMA on autophagy in cultured rat cortical neurons. In
this study, MDMA treatment provoked a dramatic increase in autophagy
activation in cortical neurons, neurite degeneration, and neuronal death rate.
Inhibition of autophagy with 3-methyladenine (3-MA) significantly decreased
autophagosome accumulation and prevented neurite damage and neuronal death.
Our data suggest that excessive autophagy is a contributing factor in MDMA-
induced neurotoxicity. Furthermore, AMPK/ULKI signaling might be involved in
the MDMA-induced autophagy pathway.

Materials and Methods

Antibodies and reagents

The following antibodies were used: rabbit anti-LC3B, mouse anti-MAP2, and
FITC-conjugated goat anti-rabbit IgG (Sigma Chemical, St. Louis, MO); rabbit
anti-beclin-1 and mouse anti-B-actin (Santa Cruz Biotechnology, Santa Cruz,
CA); mouse anti-NeuN (Millipore, Temecula, CA); rabbit anti-phospho-AMPK
(Thr172), rabbit anti-AMPK, rabbit anti-phospho-mTOR (Ser2448), rabbit anti-
mTOR, rabbit anti-phospho-ULK1 (Ser555), and rabbit anti-ULK1, rabbit anti-
cleaved caspase 3, rabbit anti-caspase 3 (Cell Signaling, Danvers, MA); Texas red-
conjugated goat anti-mouse IgG (Vector Laboratories, Burlingame, CA);
Horseradish peroxidase (HRP)-conjugated anti-rabbit and anti-mouse immu-
noglobulin (Jackson ImmunoResearch Laboratories, West Grove, PA). 3-
Methyladenine, rapamycin, bafilomycin Al, and monodansylcadaverine (MDC),
wortmannin, LY294002 (Sigma Chemical) and Torin-1 (Tocris Bioscience,
Ellisville, MO) were used in our autophagy flux studies. MDMA (purity, 98%)
was obtained from the Investigation Bureau of Taiwan.

Primary cortical neuron culture

All experimental procedures were approved by the Institutional Animal Care and
Use Committee at the National Defense Medical Center (Taipei, Taiwan). Rat
primary cortical neuron culture was performed according to a published
procedure with modifications [25]. One-day-old Sprague—Dawley rats were
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sacrificed and their brains were removed. Meninges and blood vessels were
carefully removed. The cerebral cortex was placed in ice-cold calcium and
magnesium-free Hank’s balanced saline solution (HBSS, Invitrogen, Carlsbad,
CA), minced, digested with 0.125% trypsin and 0.05% DNase for 10 min at 37°C,
suspended in DMEM with 10% fetal bovine serum (FBS) to inactivate the trypsin,
and pelleted by centrifugation at 1000 rpm for 10 min. After suspending the cell
pellet in medium and adjusting the cell density to 1 x 10° cells/ml, neurons were
seeded on coverslips or culture dishes precoated with poly-D-lysine and cultured
with growth medium (1:1 mixture of DMEM/F-12 and neurobasal medium
[Invitrogen], 5% fetal bovine serum, supplemented with 0.5 mM L-glutamine, 1%
penicillin-streptomycin and 2% B-27 serum-free supplement [Invitrogen]). On
the third day post-plating, non-neuronal cell proliferation was suppressed by
treatment with 5 pM cytosine-D-arabinofuranoside for 24 h. On the fifth day of
culture, the cells were used for the experiment. Neurons were identified by
positive staining with neuron-specific MAP2 antibody and the percentage of
MAP2-immunostained neurons was over 90%.

Drug treatment

Cells were pretreated with 3-MA (1 mM ), rapamycin (100 nM), bafilomycin Al
(1 nM), Torin-1 (100 nM), wortmannin (5 pM), or LY294002 (5 uM) for 30 min
prior to the treatment with MDMA for 24 h or 48 h.

MTT assay

The MTT assay was performed according to the manufacturer’s protocol (Sigma).
Cells were treated for 48 h with increasing concentrations of MDMA in
quadruplicate for each condition, and they were subsequently incubated with the
MTT solution (0.5 mg/ml) at 37°C for another 2 h. Supernatants were then
discarded and 200 pl of acidified isopropanol (0.04 N HC1 in isopropanol) were
added to the cultures and mixed thoroughly to dissolve the dark blue crystals of
formazan. The optical density at 570 nm was measured using a microplate reader.
The cell viability was expressed as a percentage of control.

Monodansylcadaverine staining

The monodansylcadaverine (MDC) assay to label autophagosomes has been
described previously [26]. Cells grown on coverslips were treated with MDMA in
the presence or absence of 3-MA (1 mM) for 48 h, incubated with 0.05 mM MDC
for 30 minutes at 37 °C, washed three times with PBS, and mounted on slides.
MDC-labeled vacuoles were immediately imaged using a fluorescence microscope
(excitation wavelength 380 nm, emission filter 525 nm). The number of cells with
MDC-labeled vacuoles were counted in eight randomly chosen field per dish and
more than 20 cells in each field are analyzed.
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Immunofluorescence

For double immunofluorescence, cells were fixed in methanol for 5 min, washed 3
times in PBS (5 min for each), simultaneously incubated with rabbit anti-LC3B
antibody and mouse anti-MAP2 antibody for 1 h, treated with FITC-conjugated
goat anti-rabbit IgG and Texas red-conjugated goat anti-mouse IgG at room
temperature for 1 h, washed with PBS, mounted with 3% n-propyl gallate and
50% glycerol in PBS, and viewed under a fluorescence microscope (Nikon, Japan).
For NeuN or cleaved caspase 3 immunostaining, cells were fixed in 10% formalin,
blocking with 5% non-fat milk in 0.1% Triton X-100, and then incubated with
anti-NeuN or cleaved caspase 3 antibody for 1 h. The cells were then incubated
with Texas red-conjugated goat anti-mouse IgG or Texas red-conjugated goat
anti-rabbit IgG for 1 h and mounted. The number of NeuN-positive or cleaved
caspase 3-positive cells was counted in six-eight random fields (10X) on each
coverslip (two per condition), and the average number of NeuN-positive cells or
cleaved caspase 3 per random field was determined for each condition tested and
compared to control group.

Neurite Outgrowth Assay

Neurite outgrowth visible in MAP2-positive neuron images was quantified as the
total length of neurites radiated from a single neuron. Images were acquired from
randomly selected fields (n=8~12) under fluorescence Microscope. The length of
the total neurite of 40-50 neurons per condition was determined using Neuron]/
Image] software (version 1.46r; NIH, Bethesda, MD). Neuron] is an Image]J plugin
to facilitate the tracing and quantification of elongated and network image
structures, in particular neurites in fluorescence microscopy images [27]. Neuro]
allows the user to interactively analyze running averages and statistic of neurite
length, soma number, neurite attachment points, and neurite ending points from
a single image. Each experimental condition was done in duplicate wells, and at
least three independent experiments were conducted to acquire the final results.
Approximately a total of 200-300 cells were counted in each group.

Western blot analysis

Cells were washed with cold phosphate-buffered saline (PBS), extracted with RIPA
buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% SDS, 1% NP-40, 1 mM EDTA,
0.5% sodium deoxycholate) containing 1 mM PMSF, 2 mM Na;VO,, 5 mM NaF,
and protease inhibitor cocktail, scraped, lysed by sonication, and centrifuged at
14,000 g for 10 min at 4°C. The supernatant protein concentration was
determined using a bicinchoninic acid (BCA) protein assay kit (Bio-Rad,
Hercules, CA). The cellular homogen (30 pg per lane) was separated by 8-15%
SDS polyacrylamide gel electrophoresis and transferred onto a PVDF membrane
(Millipore). The membrane was incubated in blocking solution (5% non-fat milk
in TBS-T) at room temperature for 1 h, incubated overnight with primary
antibody at 4°C, washed with TBS-T, treated with HRP-conjugated secondary
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antibodies at room temperature for 1 h, washed with TBS-T, and incubated with
enhanced chemiluminescence reagents (ECL, Thermo Scientific, Rockford, IL) to
visualize the bands. Each experiment was repeated at least 3 times. Densitometric
analysis of the immunoreactive bands was performed using ImageJ software
(NTH).

Lactate dehydrogenase (LDH) assay

As an index of cell death, release into extracellular medium was measured using
the LDH assay. Briefly, supernatants were collected at the times indicated and
intact cells were lysed using Triton X-100-containing lysis buffer. The amount of
LDH release was determined spectrophotometrically at 492 nm using the LDH-
Cytotoxicity Assay Kit (Sigma). Percent cell death was calculated using the
formula: % cytotoxicity = LDH release (OD,9,)/maximum LDH release (OD,o,),
after correcting for baseline absorbance of the LDH release at 492 nm.

Statistical analysis

The quantitative data are presented as mean + S.D. The Student ¢ test was used to
calculate P values, with a P value <0.05 defined as statistically significant and a
P<0.01 as highly statistically significant.

Results

MDMA decreased neuronal cell viability in a dose-dependent
manner

We first examined the dose effect of MDMA on cell viability. Cortical neuron
cultures were treated with different concentration of MDMA (0.5, 1, 1.5, 2 mM)
for 48 h, and then the cell viability was determined by MTT assay. MDMA
produced a concentration-dependent decrease in cell viability (Fig. 1). Treatment
with 0.5 and 1 mM MDMA for 48 h did not have an obvious effect on the cell
viability, as approximately 95% and 91% of the cell viability compared to normal
control. When cells were treated with higher concentration of MMDA (1.5 and
2 mM), the cell viability was significantly decreased to 75% and 52%, respectively.

MDMA induced autophagy and neurite degeneration in a dose-
and time-dependent manner

We investigated the dose-dependent effect of MDMA on autophagy activity and
neurite outgrowth in cultured rat cortical neurons. Autophagy activity was
assessed using immunoblotting and immunofluorescence to detect the essential
autophagy protein LC3. Upon autophagy activation, the LC3-I protein localized
in the cytoplasm is cleaved, lipidated, and inserted as LC3-II into autophagosome
membranes. Thus, an increase in the amount of the smaller-molecular-weight
LC3-II protein and an increase in the LC3-II/LC3-I ratio are a hallmark of
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Fig. 1. Effect of MDMA on cortical neuron viability. Cultured cortical neurons were treated with different
concentration of MDMA for 48 h, and then cell viability was determined by MTT assay. The data are
expressed as percentage of untreated controls (mean + S.D., n=3, quadruplicate wells for each condition).
*P<0.05; **P<0.01 vs control.

doi:10.1371/journal.pone.0116565.g001

autophagy and correlate with an increased number of autophagosomes [28]. In
the present study, cortical neurons were treated with different concentrations
(0.5 mM, 1 mM, 1.5 mM, 2 mM) of MDMA for 48 h and then performed
western blot analysis using LC3 antibody. The results revealed a dose-dependent
increase in ratios of LC3B-II/LC3B-I. Treatment with MDMA at 0.5, 1, 1.5, 2 mM
significantly increased the ratios of LC3B-II/LC3B-I to 1.5-fold, 2.6-fold, 3.5-fold,
and 4.2-fold of the control values, respectively (n=3, p<<0.05) (Fig. 2A and 2B).
Increase in ratio of LC3B-II/LC3B-I are known to represent upregulation of
autophagy. Beclin-1 expression are known to be involved in the formation of
preautophagosomal structures. However, the expression level of beclin-1 was not
affected by MDMA (Fig. 2A). We then performed double immunofluorescence to
correlate the LC3 expression and neurite outgrowth using anti-MAP2 (a general
neurite marker) and anti-LC3B antibodies after 48 h of MDMA treatment. As
shown in Fig. 2C, in non-treated control neurons, the pattern of LC3B
immunoreactivity was light, diffuse, and cytoplasmic within the cell body. At
500 uM of MDMA treatment, anti-LC3B staining exhibited a more condensed
diffuse distribution. After exposure to 1 mM MDMA, typical cytoplasmic LC3B
punctate was formed notably in almost all neurons with shortening of total
neurite length per neuron from 265+ 18 um (control group) to 145+ 15 pm

(1 mM MDMA treatment). At higher concentrations of MDMA (1.5 and 2 mM)),
more LC3 punctate spots were observed and accompanied by dose-dependent
decreases in neurite length per neuron to 115+ 10 pm and 85+ 13 pm,
respectively (n=3 experiments with 200-300 cells per experiment) (Fig. 2C and
2D). Immunofluorescence demonstrated that MDMA triggers dose-dependent
autophagosome formation accompanied by reduction of neurite outgrowth in
cultured neuronal cells (also see inset showing a magnified view of LC3B-labeled
aggregation in MDMA-treated neuron in Fig. 2C).
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Fig. 2. Dose dependence of MDMA-induced autophagy activation and neurite degeneration in cortical neuron culture. Cultured cortical neurons
were treated with the indicated concentrations of MDMA for 48 h, and then western blot analysis and double immunofluorescence were performed. (A)
Western blot analysis of LC3B and beclin-1. B-actin was used as the internal control. (B) Densitometry of LC3B-II/LC3B-I ratio. Quantitative data are
expressed as intensity relative to the control mean value (mean + S.D.). n=3, *P<0.05 vs control. (C) Double immunofluorescence stained images and
merged images of representative cells using anti-LC3B and anti-MAP2. Bar =30 pum. Intense LC3 punctate fluorescence shown in the MDMA-treated group
(see insets). (D) Quantitation of neurite outgrowth. The total neurite length are shown as mean + S.D., n=3 experiments with 200-300 cells per experiment,
*P<0.05 vs control.

doi:10.1371/journal.pone.0116565.9002

Although 1 mM MDMA had no obvious effect on cell viability, pharmacolo-
gical actions significantly caused a decrease in neurite outgrowth and upregulation
of autophagy. Therefore, | mM MDMA was applied to cultures in the following
experiments. We then examined the time dependent effect of MDMA on
autophagy activation. The cells were treated with 1 mM MDMA for 18 h, 24 h or
48 h and subjected to western blot analysis using LC3 antibody. The results
showed that treatment with MDMA for 18, 24 and 48 h significantly induced a
time-dependent increase in ration of LC3B-II to LC3B-I to 1.3-fold, 2.2-fold, and
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Fig. 3. The time course of MDMA-induced autophagy activation in cultured cortical neurons. Cultured
cortical neurons were treated with MDMA for different times as indicated, and then subjected to western blot
analysis and double immunofluorescence staining with anti-LC3B and MAP2 antibodies. (A) Western blot
analysis of LC3B. B-actin was used as the internal control (upper panel). Densitometry of LC3B-II/LC3B-I
(bottom panel). Quantitative data are expressed as intensity relative to the control mean value (mean + S.D.).
n=3, *P<0.05 vs control. (B) Representative double immunofluorescence and merged images using anti-
LC3B and anti-MAP2 antibodies. Bar =30 um. Intense LC3 punctate staining pattern shown in the MDMA-
treated group (see insets). (C) Quantitation of neurite outgrowth. The total neurite length are shown as mean
+ S.D., n=3 experiments with 200-300 cells per experiment, *P<0.05 vs control.

doi:10.1371/journal.pone.0116565.9003
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2.7-fold of control values, respectively (n=3, p<<0.05) (Fig. 3A). Double
immunofluorescence staining with anti-MAP2 and anti-LC3B antibodies
appeared that LC3B punctate staining was not observed within 13 h of MDMA
treatment (data not shown), whereas positive aggregations increased rapidly
within 18 h and even more punctate staining was observed after 24 h and 48 h of
MDMA treatment (see inset showing a magnified view of LC3B-labeled neuronal
cells in Fig. 3B). Moreover, the neurite outgrowth was significantly reduced by
32% and 48% following MDMA treatment for 24 and 48 h, respectively, when
compared with control cells (n=3 experiments with 200-300 cells per
experiment) (Fig. 3C). MDMA removal for 48 h reduced autophagosome
accumulation almost to the baseline, suggesting that this process is reversible
(data not shown).

Autophagy inhibitor, 3-MA decreases MDMA-induced activation of
autophagy, and protects neurons against neurite degeneration
and neuronal death

Monodansylcadaverine (MDC) staining can be used to detect autophagic vacuoles
(AVs) [29]. The autofluorescent drug MDC accumulates in AVs, but not in the
early endosome compartment. Under a fluorescence microscope, AVs stained by
MDC appear as distinct punctuate structures throughout the cytoplasm or within
the perinuclear region. As shown in Fig. 4, the number of MDC-labeled vesicles
within cortical neurons (arrows in Fig. 4A) was significantly increased to 7.5+ 1.1
at 48 h after MDMA treatment as compared to control values (0.75+0.2),
confirming that MDMA induces accumulation of autophagic vesicles. The
autophagy inhibitor 3-MA is commonly used to define the role of autophagy
under various physiological conditions [30]. Pretreatment with 1 mM 3-MA
effectively decreased the number (1.85+0.45) of MDMA-induced MDC
incorporation (Fig. 4A), whereas 3-MA treatment alone had no effect on MDC
incorporation. To further address the role of MDMA in autophagy induction,
cells were pre-incubated with 3-MA for 30 min prior to induction of autophagy
by MDMA for 48 h. Western blot analysis showed that 3-MA significantly
prevented MDMA-induced ratio of LC3B-1I/LC3B-I from 2.6-fold to 1.7-fold of
control values (n=3, p<<0.01) (Fig. 4B). Cells were treated as the same above, and
then double immunostaining were performed with anti-MAP2 and anti-LC3B. 3-
MA significantly reduced LC3 punctate staining (see inset showing a magnified
view of LC3B-labeled neuronal cells in Fig. 4C) and significantly prevented nerve
fiber degeneration (Fig. 4C and 4D). Interestingly, treatment with 1 mM 3-MA
alone significantly promote neurite outgrowth (Fig. 4C and 4D). We advance to
prove 3-MA protection against MDMA-induced neuronal cell death. Cells were
pre-incubated with 3-MA for 30 min prior to different concentration of MDMA
treatment for 48 h, then the neuronal death was determined by LDH assay. As
shown in Fig. 5, cell death increased from 11.8% to 49.1% as MDMA
concentration increased from 1.0 mM to 2.0 mM, but 3-MA pretreatment
decreased 1.0 and 2.0 mM MDMA-induced cell death to 6.1% and 30%,
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Fig. 4. 3-MA decreased MDMA-elicited autophagy activation and neurite degeneration. Cultured cortical neurons were exposed to 1 mM MDMA for
48 h in the presence or absence of 1 mM 3-MA for 48 h. Autophagy activity was assay by MDC incorporation, western blot analysis and double
immunofluorescence staining with anti-LC3B and MAP2 antibodies. (A) The autophagic vacuoles were visualized by monodansylcadaverine (MDC) staining
and the mean number of MDC-labeled vacuoles per cortical neurons (arrows) was quantitation. Quantitative data are expressed as mean + S.D. n=3.
##P<0.01 vs control, **P<0.01 vs MDMA-treated group. Bar =30 pm. (B) Western blot analysis of LC3B expression. p-actin was used as the internal
control. Immunoblot signal ratio of LC3B-II-to-LC3B-I was quantitative by densitometric assay. Quantitative data are expressed as intensity relative to the
control mean value (mean + S.D.). n=3. #P<0.05 vs control, **P<0.01 vs MDMA-treated group. (C) Representative double immunofluorescence and
merged images using anti-LC3B and anti-MAP2 antibodies. Bar =30 um. (D) Quantitation of neurite outgrowth. The total neurite length are shown as mean
+ S.D. n=3 experiments with 200-300 cells per experiment, *P<0.05 vs control; *P<0.05 vs. MDMA treatment; 7P<0.05 vs control.

doi:10.1371/journal.pone.0116565.9004
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Fig. 5. 3-MA alleviated MDMA-induced cortical neuron death. (A) Cortical neuron cultures were treated with different concentrations of MDMA in the
presence or absence of 1 mM 3-MA. After 48 h, the neuronal death was determined by LDH cytotoxicity assay. The data are presented as percentage of
dead cells. n=3, triplicate wells for each condition, *p<0.05, **p<<0.01 vs control. (B) Cortical neuron cultures were treated with 2 mM MDMA in the
presence or absence of 1 mM 3-MA. After 48 h, the cells were immunostained with anti-NeuN antibody. Bar =50 um. (C) Quantitative data of the number of
NeuN-positive cells. The data are presented as percentage of the control value (mean + S.D.). n=3, ##P<0.01 vs control; **p<0.01 vs 2 mM MDMA
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treatment. (D) 3-MA attenuated MDMA-induced activation of caspase 3. Cortical neuron cultures were treated with 2 mM MDMA in the presence or absence
of 1 mM 3-MA for 24 h, and then western blot analysis was performed using antibodies against cleaved-caspase 3 and caspase 3. -actin was used as the
internal control. Quantitative data are expressed as intensity relative to the control mean value (mean + S.D.). n=3, #P<0.05 vs control; *p<0.05 vs 2 mM
MDMA treatment. (E) Representative images from cortical neuron cultures treated with 2 mM MDMA in the presence or absence of 1 mM 3-MA. After 24 h,
the apoptotic cells were determined by immunostaining with anti-cleaved caspase 3. Bar =30 pum. (F) Quantitative data of the number of cleaved-caspase 3
positive neurons. The data are presented as percentage of the control value (mean + S.D.). n=3, ##P<0.01 vs control; **p<0.01 vs 2 mM MDMA

treatment.

doi:10.1371/journal.pone.0116565.9005

respectively (n=3, triplicate wells for each condition). Morphological data by
anti-NeuN immunostaining also confirmed that when cultured neuron were
treated with 2 mM MDMA for 48 h, 3-MA significantly attenuated MDMA-
induced neuronal cell loss (n=3, p<<0.01) (Fig. 5B and 5C). We further
investigated the apoptotic effect of inhibition of autophagy by 3-MA after MDMA
exposure. The appearance of cleaved caspase-3 immunoreactivity is used as a
marker of apoptosis. The antibody that was used detects endogenous levels of the
large fragment (17/19 kDa) of activated caspase-3 resulting from cleavage adjacent
to Asp'’®, and does not recognize full length caspase-3 or other cleaved caspases.
Cortical neuron cultures were treated with 2 mM MDMA in the presence or
absence of 1 mM 3-MA for 24 h, and then western blot analysis and
immunofluorescence were performed using antibodies against cleaved-caspase 3
and caspase 3. As shown in Fig. 5D, MDMA significantly caused an increase in
cleaved caspase-3 protein level. 3-MA pretreatment significantly attenuated the
upregulation of cleaved caspase 3 from 2.4-fold to ~1.4-fold of control values
(n=3, p<<0.05) (Fig. 5D). The immunofluorescence data also confirmed that 3-
MA pretreatment significantly reduced the percentage of immunopositive cleaved
caspase-3 neurons induction by 24 h of MDMA treatment from 265+ 13% to
146 +19% of control values (n=3, p<<0.01) (Fig. 5E and 5F), whereas very low
number of cleaved-caspase 3 positive cells were detected in untreated control cells
or 3-MA treatment alone. Therefore, MDMA-induced neuronal death are at least
partly autophagy-dependent. However, other autophagy inhibitors, wortmannin
and LY294002, had no effect on MDMA-elicited autophagy and neurite damage
(data not shown).

Autophagosome accumulation is associated with MDMA-induced
neurite degeneration

To further clarify the detrimental role of autophagosome accumulation in
MDMA-induced neurotoxicity, we employed rapamycin and Bafilomycin Al.
Rapamycin , an mTOR inhibitor commonly used to activate/enhance autopha-
gosome formation. Bafilomycin Al, a specific inhibitor of vacuolar H" ATPase
(V-ATPase), prevents autophagy at a late stage by inhibiting fusion between
autophagosomes and lysosomes [31], resulting in autophagosome accumulation.
Cells were treated with MDMA in the presence or absence of rapamycin or
Bafilomycin for 48 h and double immunostained with anti-MAP2 and anti-LC3B
antibodies. As shown in Fig. 6, western blot analysis confirmed that cotreatment
of MDMA with rapamycin or Bafilomycin Al synergistically resulted in
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Fig. 6. Rapamycin or Bafilomycin augmented MDMA-induced autophagy and neurodegeneration.
Cultured cortical neurons were treated with MDMA with/without 100 nM rapamycin (rapa) or 1 nM Bafilomycin
A1 (Baf) for 48 h, respectively. After treatment, the cells were performed western blot analysis or double
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immunofluorescence with anti-LC3B and anti-MAP2 antibodies. (A) Western blot analysis of LC3B
expression. B-actin was used as the internal control. Densitometry of LC3B-II/LC3B-I. The data are presented
as intensity relative to the control mean value (mean + S.D.). n=3, #P<0.05 vs control, *P<0.05 vs MDMA-
treated group. (B) Representative double immunofluorescence and merged images using anti-LC3B and anti-
MAP2 antibodies. Bar =30 pum. (C) Quantitation of neurite outgrowth. The total neurite length are shown as
mean + S.D., n=3 experiments with 200-300 cells per experiment, *P<0.05 vs. control group; "P<0.05 vs.
MDMA treatment.

doi:10.1371/journal.pone.0116565.g006

autophagy upregulation, as determined by an increase in ratio of LC3B-1I/LC3B-I
from 2.8-fold to 3.7-fold or 3.9-fold of control values, respectively (n=3, p<<0.05)
(Fig. 6A). 100 nM rapamycin or 1 nM Bafilomycin Al alone increased LC3B
immunostaining intensity slightly but had no effect on neuronal morphology and
neurite growth (Fig. 6B and 6C). However, rapamycin and Bafilomycin Al in the
presence of MDMA acted synergistically with MDMA to enhance autophagosome
accumulation and neurite degeneration (Fig. 6B and 6C), indicating that
autophagosome accumulation is associated with MDMA-induced reduction of
neurite outgrowth. Another mTOR inhibitor Torin-1 directly inhibits both
mTORCI1 and mTORC2. Cotreatment of MDMA with Torin-1 (100 nM) also
synergistically resulted in LC3B-labed autophagosome accumulation and
aggravated neurite degeneration, whereas Torin-1 alone increased LC3B
immunostaining intensity slightly without affecting neurite outgrowth (S1 Fig.).
This result was similar to that observed in treatment with rapamycin.

MDMA induced AMPK/ULK1 signaling

AMP-activated protein kinase (AMPK) is the key signal triggering autophagy
through inactivation of mTOR and phosphorylation of ULK1 [32,33]. AMPK
promotes autophagy by directly activating ULK1 through phosphorylation of
Ser317, Ser555, and Ser777, while mTOR, another serine/threonine kinase,
impedes autophagy by disrupting the interaction between ULK1 and AMPK
[14,32]. Therefore, the deactivation of mTOR triggers autophagy. To further
investigate the kinase involved in MDMA-induced autophagy, levels of
phosphorylated AMPK, mTOR, and ULK1 were measured. As shown in Fig. 7,
MDMA induced an increase in phosphorylation of AMPK in Thr 172, a peak at
1.5 mM MDMA showing a 2.7-fold increase compared to the control cells, and
declined after the treatment (Fig. 7A). MDMA also caused a dose-dependent
increase in the phosphorylation of ULK1 in Ser 555 (Fig. 7B), whereas did not
alter mTOR phosphorylation in Ser 2448 (Fig. 7C), suggesting the possible
involvement of AMPK/ULK1, but not mTOR in MDMA-induced autophagy.

Discussion

MDMA is a neurotoxin. MDMA-induced toxicity may involve Ca** overload,
oxidative stress, and mitochondrial dysfunction, and may lead to apoptotic and
necrotic cell death [34]. Autophagy activation involves in brain ischemia, trauma
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doi:10.1371/journal.pone.0116565.9007

and neurodegeneration. In the present study, we examined the role of autophagy
in MDMA-induced neurotoxicity. Our data provide the first evidence that
MDMA elicits a robust autophagic response in primary rat cortical neurons, as
judged by an increase in autophagosome formation and protein expression of
LC3B-II. The autophagy inhibitor 3-MA significantly reduced MDMA-induced
autophagy activation and partially protected neurons against MDMA-induced
neurite shortening and neuronal death. Either enhancement of autophagosome
generation by rapamycin or impairment of autophagosome clearance by
Bafilomycin Al resulted in augmented MDMA-induced autophagosome accu-
mulation and neurite degeneration, indicating that excessive autophagy may play
a detrimental role in MDMA-triggered neurotoxicity. Furthermore, MDMA
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altered the phosphorylation status of AMPK and ULK1, which plays an important
role in initiating autophagosome generation.

Autophagy can be classified into basal and induced modes [35]. Under basal
conditions in our culture system, autophagosomes and LC3-II expression were
hardly detectable in healthy neurons, although the basal level of Atg proteins, such
as beclin-1 and LC3-I were highly expressed. These observations are consistent
with previous observations [5]. Instead of a low level of basal autophagy,
constitutive autophagy occurs in healthy neurons, and autophagic degradation is
so efficient that autophagosomes cannot accumulate at detectable levels [36]. It is
now well accepted that basal or low-level autophagy is cell-protective for
maintenance of homeostasis and survival, while excessive or sustained autophagy
can lead to self destruction or autophagic cell death, either directly or indirectly
[37]. Autophagy induction and subsequent neuronal death occur in the CNS
under several pathological conditions, including ischemia, trauma, glutamate-
mediated excitotoxicity, and neurodegenerative protein aggregation diseases . We
extended these findings by demonstrating that MDMA treatment in cultured rat
cortical neurons resulted in robust autophagosome formation, concomitant with
the neurodegeneration/neuronal death. Autophagic flux implies a balance
between autophagosome formation and autophagic degradation. Either increased
autophagosome formation in the early stage or defective degradation in the late
stage can lead to accumulation of autophagic vacuoles. MDMA-induced LC3B-II
accumulation could be a result of either LC3B-I to LC3B-II conversion or defects
in LC3B-II degradation. In this study, 3-MA, an autophagy inhibitor at the early
stage of autophagosome biogenesis, prevented MDMA-induced autophagy
vacuole accumulation, suggesting MDMA may activate signaling cascades that
initiate autophagosome generation. However, it cannot be completely excluded
that autophagosome accumulation might be because of organelle turnover
inhibition.

It is well known that MDMA induced neuron loss through apoptosis or
necrosis mechanism. In the present study, we further confirm that MDMA caused
neuron loss through autophagy upregulation. Extensive or dysregulated
autophagy may lead to autophagic cell death, called type II programmed cell
death. This mode of cell death is characterized by massive degradation of cellular
contents, including essential organelles such as mitochondria, by means of
complicated intracellular membrane/vesicle reorganization and lysosomal activity.
Suppression of autophagy by 3-MA can block neuronal death in response to
various stress conditions in the CNS such as kainate-induced excitotoxicity in rats
[40], and rodent traumatic or ischemic brain injury [39,41]. 3-MA was also found
to attenuate NMDA-induced caspase 3 activation and cell death in cultured rat
cerebellar granule neurons [42]. Similarly, we found that 3-MA alleviated
MDMA-induced neuronal death and apoptosis, suggesting autophagic cell death
involves in MDMA-induced neuron loss. However, whether other factors in
MDMA-elicited autophagy and neurotoxicity, such as oxidative stress, Ca**
overload, mitochondrial dysfunction or apoptosis, could contribute to autophagic
cell death or require further investigation. In addition, autophagy is a double-
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edged sword in neuron cell survival. There is extensive cross-talk between
autophagy and other forms of cell death, such as apoptosis and necrosis.
Depending on cell types, environment and stimulation manners, autophagy can
precede, inhibit or enhance apoptotic cell death and both autophagic and necrotic
morphologies are observed in the same cell [43]. The discrepancies may be duo to
the complex and diverse interactions among autophagy, apoptosis and cell death.
In the present study, inhibition of autophagy by 3-MA could inhibit apoptosis
induced by MDMA, suggesting involvement of autophagy-mediated apoptosis.
However, we can not exclude the possibility for 3-MA direct inhibition on
apoptosis. Therefore, more specific siRNA knockdown of the Atg protein (ex:
Atg5 or Atg7) will be performed to elucidate the interaction between autophagy
and apoptosis.

Upstream signals that regulate autophagy include class III PI3K (Vps34)/beclin
1 and AMPK/mTOR/ULKI1 [13]. The specific inhibitors of autophagy (3-MA,
wortmannin, and LY294002) suppress autophagy by inhibiting class III PI3K [44].
In the present study, 3-MA (but not wortmannin and LY294002) reduced
MDMA-induced autophagy activation. Emerging evidence indicates that the three
autophagy inhibitors can block both class I and III PI3Ks [45]. Class I and class II1
PI3Ks have opposing effects on autophagy—the class III pathway promotes
autophagy, whereas the class I pathway inhibits autophagy by Akt/mTOR
signaling [46]. This may account for the discrepancy between three inhibitors in
the regulation of MDMA-induced autophagy. In addition, MDMA had no effect
on protein levels of beclin-1 in this study. At present, no so-called class-specific
PI3K inhibitors are available. Therefore, this raises the question of how the
mechanism of 3-MA inhibition can be determined, since it involves inhibition of
the pro-autophagic activity of class III PI3K. The 3-MA target(s) that mediate this
effect may not act on class III PI3K directly. Previous studies have shown that 3-
MA may have class III PI3K-independent effects, including mediation of Ca** flux
and p38MAPK, C-Jun N-terminal kinase, and the mitochondrial permeability
transition pore [47]. Interestingly, our results shown that treatment with 3-MA
alone promoted neurite outgrowth, suggesting multiple pharmacological effects
on biological processes in neurons. Further studies are needed to directly test these
speculations.

In the present study, we employed rapamycin, Torin-1 and bafilomycin Al to
affect autophagic flux. mTOR is a central checkpoint which negatively regulates
autophagy [32]. Rapamycin and Torin-lare mTOR inhibitors by inhibiting
mTORCI1 and both of mTORCI and TORC2, respectively [48]. Rapamycin or
Torin 1-induced autophagysome accumulation was significant augmented in
neurons exposed to MDMA and subsequent neurite degeneration. However,
neither rapamycin nor Torin 1 induced the formation of autophagosome, which
suggesting inhibition of mTOR alone is not sufficient to induce autophagy in
neurons. Similar results were also reported in previous studies, which showed that
rapamycin or its analogus, everolimus weakly induced autophagy in neurons
[48,49]. In yeast, rapamycin is a potent activator of autophagy [50], whereas the
situation is less clear in mammalian systems, where rapamycin alone is an
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inconsistent activator of autophagy and highly dependent on the cell type and
treatment conditions [48]. Rapamycin frequently requires combination with other
PI3K/mTOR inhibitors, such as LY294002 to enhance autophagy acitivity [51].
PI3K-Akt pathway is upstream of mTOR [52]. Therefore, we suspected that
synergistic autophagy effect of MDMA plus mTOR inhibitor might dysregulated
PI3K/AKt/mTOR signaling. However, detail molecular mechanism remains
further investigation. Bafilomycin Al, a specific inhibitor of vacuolar H" ATPase
(V-ATPase), may result in an increase in autophagosomes by inhibiting fusion
between autophagosomes and lysosomes [31]. However, in this study, low-dose
bafilomycin Al (1 nM) alone have less effect on autophagy in cultured cortical
neuron. The results are consistent with previous study, which shown that
bafilomycin Al (=1 nM) have no effects on LC3-II expression and autophago-
some formation in cultured cerebellar neurons. High-dose Bafilomycin Al

(210 nM) may induced autophagy, however, we and previous study shown that
this concentration of bafilomycin Al attenuated neuronal viability [53]. Low-dose
(1 nM) bafilomycin Al did not affect neuronal viability [53] and in combination
with MDMA resulted in synergistic autophagosome accumulation in our study.
Together, chronicle activated or excessive autophagosome accumulation are
associated with MDMA-induced neurite degeneration in cortical neurons.

Our present data revealed a marked increase in AMPK and ULK1
phosphorylation following MDMA treatment. AMPK, a heterotrimeric serine/
threonine kinase, is an evolutionarily conserved cellular energy manager
controlling nutrient sensing and energy homeostasis [54]. Accordingly, AMPK
stimulates autophagy not only by inactivation of mTOR but also by direct
phosphorylation of ULK1 [32,55,56]. AMPK is activated by phosphorylation of
threonine residue 172, which directly increases its interaction with ULK1 and
phosphorylates several serine residues of ULK1 including Ser317, Ser555, and
Ser777 [14, 32]. Activation of ULK1 by AMPK can recruit Atgl3 and FIP200, and
trigger autophagosome formation [57]. In this study, MDMA induced
phosphorylation of AMPK (Thr172) and ULKI (Ser555), suggesting AMPK-
ULK1 signaling might be involved in MDMA-induced autophagy. mTOR,
another serine/threonine kinase, functions as a negative regulator of autophagy by
disrupting ULK1-AMPK interaction [14,32].

A previous study also showed that rapamycin can trigger autophagosome
formation by enhancing the association of AMPK with ULK1 [55], which may
account for acting synergistically with MDMA to augment autophagosome
accumulation. However, the mechanism underlying MDMA-mediated AMPK-
ULK1 signaling and its contribution to autophagy requires further investigation.

To conclude, we propose that MDMA neurotoxic stress triggers neuronal
autophagy, which appears to be detrimental to cell survival. In other words,
autophagy under the MDMA toxicity paradigm in fact contributes to the
neuronal cell injury/cell death process. Abnormal accumulation of autophagic
vacuoles is a critical hallmark feature of autophagic cell death. Thus, specific
modulation of autophagy might be a novel neuroprotective strategy to attenuate
MDMA-induced neurotoxicity.
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Supporting Information

S1 Fig. Torin-1 augmented MDMA-induced autophagy and neurodegeneration.
Cultured cortical neurons were treated with MDMA with/without 100 nM Torin-
1 for 48 h. After treatment, the cells were performed double immunofluorescence
with anti-LC3B and anti-MAP2 antibodies. (A) Representative double immuno-
fluorescence and merged images using anti-LC3B and anti-MAP2 antibodies. Bar
=30 pm. (B) Quantitation of neurite outgrowth. The total neurite length are
presented as mean + S.D., n=3 experiments with 200-300 cells per experiment,
#P<0.05 vs. control group; "P<0.05 vs. MDMA treatment.
doi:10.1371/journal.pone.0116565.s001 (TIF)
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