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Manganese (Mn) overexposure is frequently associated with the development of a neurodegenerative
disorder known as Manganism. The Mn-mediated generation of reactive oxygen species (ROS) promotes
cellular damage, finally leading to apoptotic cell death in rat astrocytoma C6 cells. In this scenario, the
autophagic pathway could play an important role in preventing cytotoxicity. In the present study, we
found that Mn induced an increase in the amount and total volume of acidic vesicular organelles (AVOs),
a process usually related to the activation of the autophagic pathway. Particularly, the generation of
enlarged AVOs was a ROS- dependent event. In this report we demonstrated for the first time that Mn
induces autophagy in glial cells. This conclusion emerged from the results obtained employing a battery
of autophagy markers: a) the increase in LC3-II expression levels, b) the formation of autophagic vesicles
labeled with monodansylcadaverine (MDC) or LC3 and, c) the increase in Beclin 1/ Bcl-2 and Beclin 1/
Bcl-XL ratio. Autophagy inhibition employing 3-MA and mAtg5K130R resulted in decreased cell viability
indicating that this event plays a protective role in Mn- induced cell death. In addition, mitophagy was
demonstrated by an increase in LC3 and TOM-20 colocalization. On the other hand, we proposed the
occurrence of lysosomal membrane permeabilization (LMP) based in the fact that cathepsins B and D
activities are essential for cell death. Both cathepsin B inhibitor (Ca-074 Me) or cathepsin D inhibitor
(Pepstatin A) completely prevented Mn- induced cytotoxicity. In addition, low dose of Bafilomycin A1
showed a similar effect, a finding that adds evidence about the lysosomal role in Mn cytotoxicity. Finally,
in vivo experiments demonstrated that Mn induces injury and alters LC3 expression levels in rat striatal
astrocytes. In summary, our results demonstrated that autophagy is activated to counteract the harmful
effect caused by Mn. These data is valuable to be considered in future research concerning Manganism
therapies.

& 2015 Published by Elsevier Inc.
1. Introduction

Manganism is a neurodegenerative disease caused by chronic
exposure and accumulation of manganese (Mn) in brain [1]. Mn
intoxication in humans was first described by John Couper [2] in
workers employed in the grinding of black oxide of this metal.
Occupational exposure is also prominent in miners, welders,
iológica, Facultad de Ciencias
UIBICEN-CONICET, Avda. In-
EGA Buenos Aires, Argentina.

ojod),
cen.uba.ar (S. Porte Alcon),
ail.com (F. Saravia),
Kotler).
smelters and workers involved in the alloy industry [1]. Since
clinical signs of Manganism are similar to those of Parkinson’s
Disease (PD), the former is described as a Mn- induced parkin-
sonism [1, 3]. However, compared with PD, the number of studies
describing clinical and molecular events involved in Manganism is
rather limited [4].

In the nervous tissue, Mn toxicity is mediated by reactive
oxygen species (ROS) [5–7]. ROS have the ability to oxidize cellular
biomolecules, generating chain reactions and ultimately leading to
cell damage. The task of managing general and specific cellular
damage is under the control of the highly regulated process called
autophagy, which in turn could be sustained by intracellular signal
transduction mechanisms mediated by ROS [8, 9]. In most known
cases, autophagy constitutes a cytoprotective response to provide
survival advantage to cells undergoing nutrient deprivation or
other stress signals. However, in apoptotic scenarios, autophagy

www.elsevier.com/locate/freeradbiomed
http://dx.doi.org/10.1016/j.freeradbiomed.2015.06.034
http://dx.doi.org/10.1016/j.freeradbiomed.2015.06.034
http://dx.doi.org/10.1016/j.freeradbiomed.2015.06.034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.freeradbiomed.2015.06.034&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.freeradbiomed.2015.06.034&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.freeradbiomed.2015.06.034&domain=pdf
mailto:rgorojod@qb.fcen.uba.ar
mailto:aalaimo@qb.fcen.uba.ar
mailto:sportealcon@qb.fcen.uba.ar
mailto:carlosjpomilio@gmail.com
mailto:fesaravia@gmail.com
mailto:moniquekotler@gmail.com
mailto:kotler@qb.fcen.uba.ar
http://dx.doi.org/10.1016/j.freeradbiomed.2015.06.034


R. Gorojod et al. / Free Radical Biology and Medicine 87 (2015) 237–251238
may play different roles, favoring cell survival or death as a func-
tion of the cell type, stimulus and microenvironment [10].

The term autophagy describes three different forms of lysoso-
mal-mediated degradation and recycling of intracellular compo-
nents. Macroautophagy (hereafter referred to as autophagy) is the
most described autophagic pathway. It involves the engulfment of
superfluous cytoplasmic material and organelles by a phagophore.
This phagophore then expands and seals itself to form a double
membrane structure named autophagosome. The autophago-
somes fuse with lysosomes to originate autolysosomes inside
which the degradation of the trapped material occurs [11].
Therefore, the maintenance of acidic vesicular organelles (AVOs)
integrity such as lysosomes and autolysosomes is essential to the
proper completion of the autophagic pathway.

Lysosomes are membrane- bounded organelles that contain
hydrolytic enzymes, which optimal activity is exhibited at low pH.
A plethora of distinct stimuli (including high levels of ROS) is able
to induce lysosomal membrane permeabilization (LMP) and sub-
sequent release of the luminal content to the cytosol. The ectopic
presence of lysosomal proteases in the cytosol leads to the acti-
vation of additional hydrolases, such as caspases, resulting in cell
death [12].

Astrocytes are proposed as an early Mn target [3,13,14]. We
have previously described the molecular signaling pathways un-
derlying Mn- induced apoptotic cell death in cortical rat astrocytes
[15], rat astrocytoma C6 cells [16,17] and human Gli36 astrocyte-
like cells [18] after 24 h exposure. Also, our group has demon-
strated that Mn- induced apoptosis in C6 cells is mediated by ROS
generation [17]. Considering that an autophagic pathway could
play a role in this apoptotic scenario, our main goal was to de-
termine whether Mn induces autophagy in C6 cells and how this
process may impact on cellular fate. Besides, we inquired whether
lysosomal proteases, specifically cathepsins, are implicated in Mn-
cytotoxicity as a clue to establish the potential occurrence of LMP
in our model. Finally, the cytotoxic effect of Mn was assessed after
a single striatal Mn- injection in rats. Our findings demonstrate
that an autophagic pathway is triggered by Mn exposure in as-
trocytoma C6 cells as a protective response to alleviate Mn
cytotoxicity.
2. Materials and Methods

2.1. Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM), trypsin, man-
ganese chloride, 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetra-
zolium bromide (MTT), 3-amino-7-dimethylamino-2-methylphe-
nazine hydrochloride (Neutral Red), 3,6-bis(dimethylamino) acri-
dine (acridine orange), Polyethylenimine (PEI) branched MW
25,000, Hoechst 33258 fluorochrome, monodansylcadaverine,
PVA- DABCO, glutathione (GSH), melatonin and ECL detection re-
agents (luminol and p-coumaric acid) were purchased from Sig-
ma-Aldrich Co. (St. Louis, MO, USA). Fetal bovine serum (FBS) was
obtained from Natocor (Córdoba, Argentina). Streptomycin, peni-
cillin and amphotericin B were from Richet (Buenos Aires, Ar-
gentina). LysoTracker Red DND-99 was from Molecular Probes
(Eugene, OR, USA). N-2-hydroxyethylpiperazine-N0-2-ethane-sul-
fonic acid (HEPES) was from ICN Biomedicals (Irvine, CA, USA).
3-methyladenine (3-MA), wortmaninn (WM), Ca-074 Me,
SB203580, SP600125 and PD98059 were from Calbiochem (La
Jolla, CA, USA). Pepstatin A and 3-(2,4-Dichloro-5- methox-
yphenyl)-2,3-dihydro-2-thioxo-4(1H)-quinazolinone (Mdivi-1)
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Bafilomycin A1 (Baf A1) was purchased from Fermentek
(Jerusalem, Israel). Cyclosporine A was from Sandimmun Novartis
Pharmaceuticals (Buenos Aires, Argentina). The following anti-
bodies were employed: anti- p-JNK (G7) sc-6254, anti- p-ERK (E-4)
sc-7383, anti- ERK2 (C-14) sc-154, anti- JNK1 Antibody (G-13) sc-
46006, anti- β- Actin (C4) sc-47778, anti- MAP LC3β sc-16755,
anti- TOM-20 (FL-145), anti- rabbit IgG-HRP sc-2030, anti- mouse
IgG-HRP (Santa Cruz Biotechnology); anti- Beclin-1 #3738, anti-
LC3A/B (D3U4C) XP #12741, anti- Akt #9272, anti- Phospho-Akt
(Ser473) #9271 (Cell Signaling Technology, Danvers, MA, USA);
LC3/ MAP1LC3A antibody NB100-2331 (Novus Biologicals, Lit-
tleton, CO, USA); Glial Fibrillary Acid Protein Antibody (131-17719)
#A-21282, Alexa fluor 488 goat anti- mouse IgG (HþL) #A-11001,
Alexa fluor 488 donkey anti-goat #A-11055, Alexa fluor 555 Goat
Anti-Rabbit IgG (HþL) #A-21428 (Life Technologies, Carlsbad, CA,
USA).

2.2. Cell Culture and Manganese Exposure

Rat astrocytoma C6 cell line (ATCC CCL-107), originally derived
from an N-nitrosomethylurea- induced rat brain tumor [19], was
kindly provided by Dr. Zvi Vogel (Weizmann Institute of Science,
Rehovot, Israel). C6 cells were maintained in DMEM supplemented
with 10% heat- inactivated FBS, 2.0 mM glutamine, 100 units/ml
penicillin, 100 mg/ml streptomycin and 2.5 mg/ml amphotericin B.
Cells were cultured at 37 °C in a humidified atmosphere of 5% CO2-
95% air, and the medium was renewed three times a week. For all
experiments, C6 cells were removed with 0.25% trypsin-EDTA,
diluted with DMEM 10% FBS and re-plated into 12- well plates
(1.5�105 cells/well) or 96- well plates (1.5�104 cells/well) de-
pending on the experiment. After 24 h in culture, cells reaching
�70 - 80% confluence were exposed to MnCl2 for 6, 12 or 24 h in
10% FBS (S) or serum free (SF) media.

2.3. Plasmids and Transfection

The pCI-neo mAtg5WT and mAtg5K130R expression plasmids
were kindly provided by Dr. Noburu Mizushima (University of
Tokyo, Japan) and Tamotsu Yoshimori (Osaka University, Japan).
For transfections, C6 cells were seeded in 96- well plates at a
density of 4�103 cells/well and allowed to grow for 48 h until 50-
60% confluence. Transfection complexes were prepared in SF
media in a ratio PEI:DNA 3.75:1 (0.35 mg plasmid per well). Mix-
tures were vortexed, incubated 10 min at RT and then drop-wise
added to the cells in S media. After 5 h, media was renewed. Ex-
posure to Mn was conducted at 24 h post- transfection.

2.4. MTT reduction assay

This assay was carried out to evaluate cell viability according to
the protocol previously described [20] with slight modifications
[17]. After exposure, cells grown on 96- well plates were washed
with Phosphate Buffered Saline (PBS) and incubated with MTT
0.125 mg/ml in culture media for 90 min at 37 °C. Then, the pro-
duct formazan was solubilized in 200 ml of DMSO. Absorbance was
measured at 570 nm with background subtraction at 655 nm in a
BIO-RAD Model 680 Benchmark microplate reader (BIO-RAD la-
boratories, Hercules, CA, USA). The MTT reduction activity was
expressed as a percentage of control cells.

2.5. Neutral Red retention assay

Neutral Red (NR) assay was carried out to evaluate cell viability
following the protocol described [21] with slight modifications.
After Mn exposure, cells grown on 96- well plates were washed
with PBS and 200 ml of NR solution in culture media was added to
each well (40 mg/ml, previously warmed at 37 °C overnight [ON]
and centrifuged 10 min at 2,600 rpm). After incubation (2 h, 37 °C),
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cells were washed once with PBS and 200 ml of acid alcohol so-
lution (1% v/v acetic acid in 50% ethanol) was added to each well
until complete dye dissolution. Absorbance was measured at
570 nm with background subtraction at 690 nm in a BIO-RAD
Model 680 Benchmark microplate reader. Results were expressed
as a percentage of the corresponding control cells.

2.6. Fluorescence microscopy of labeled AVOs

For acridine orange (AO) staining, cells grown on glass cover-
slips were incubated with the fluorescent dye (1 mg/ml) for the last
6 h of Mn exposure at 37 °C. After two washes with PBS, coverslips
were mounted on glass microscope slides and immediately ana-
lysed under a Nikon fluorescence microscope Eclipse E600 (Nikon
Instech Co., Ltd., Karagawa, Japan) employing FITC filters (λex:
450–490 nm; λem: 515 nm). Images were captured with a Nikon
CoolPix5000 digital camera.

For Lysotracker staining, exposed cells grown on coverslips
were washed twice with PBS and incubated with Lysotracker Red
DND-99 50 nM in SF media for 30 min at 37 °C. Then, cells were
washed twice with PBS, fixed with 4% paraformaldehyde/ 4% su-
crose (PFA-S) in PBS 30 min at room temperature (RT) and washed
five times with PBS. Samples were examined under a Nikon
fluorescence microscope Eclipse E600 employing TRITC filters
(λex: 528–553 nm; λem: 600–660 nm) and images were acquired
with a Nikon CoolPix5000 digital camera. AVOs diameter (d) was
measured employing ImageTool software (UTHSCSA, San Antonio,
TX, USA). A selected area surrounding each AVO was drawn and a
manual threshold was applied to distinguish between adjacent
vacuoles avoiding the quantification of non-specific fluorescent
pixels. The area of individual AVOs from 25 cells was measured
(500 AVOs/ sample) and d¼2√(area/π). The number of cells ex-
hibiting enlarged AVOs was manually scored (1,000 cells/ sample).

2.7. Quantification of AVOs by flow cytometry

This assay was carried out employing the protocol described
[22] with slight modifications. After treatments, cells grown on 12-
well plates were stained with AO (1 mg/ml) for 15 min at 37 °C in S
or SF media. Then, cells were washed twice with PBS, detached by
incubation with 100 ml trypsin- EDTA for 3 min at 37 °C and
transferred to eppendorf tubes. Afterwards, trypsin- EDTA was
diluted in 1.5 ml PBS, cells were centrifuged and the pellet was
resuspended in 500 ml PBS. Samples were kept on an ice bath and
protected from light until measurements. Fluorescence emission of
10,000 cells/ sample was measured with a FACS Aria II flow
cytometer (BD Biosciences, San Jose, CA, USA) (λex: 488 nm; λem:
670 nm FL-3). Data was analysed employing Flowing Software
(Turku Center for Biotechnology, Finland).

2.8. Immunocytochemistry

PFA-S fixed samples were permeabilized with Triton X-100
0.25% in PBS (10 min, RT), washed 3 times with PBS (5 min) and
blocked with 1% BSA in PBST (Tween 20 0.1% in PBS) ON at 4 °C.
Coverslips were incubated with a solution of anti- MAP LC3β and
anti- TOM-20 (1:100 and 1:500, respectively) for 1 h at RT, washed
3 times with PBS and incubated with a solution of Alexa 488 anti-
goat (1:1000; 1 h, RT in the dark). After 3 washes with PBS, sam-
ples were incubated with Alexa 555 anti- rabbit (1:1000; 1 h, RT in
the dark). Finally, coverslips were washed three times with PBS
and mounted with a solution of PBS- glycerol (1:1, v/v). Samples
were analysed under a FV300 confocal fluorescence microscope
(Olympus Optical Co., Tokyo, Japan) equipped with the image ac-
quisition software Fluoview 5.0 (Olympus Optical Co.). An Olym-
pus 60x oil-immersion Plan Apo objective (numerical aperture:
1.4) was employed. Sequential scanning of slices with Argon (λ:
488 nm) and Helium-Neon (λ: 543 nm) lasers was performed to
reduce bleed-through of the fluorescence signal. Manders’ overlap
coefficient (R) was calculated employing the intensity correlation
analysis plug-in for ImageJ software (U. S. National Institutes of
Health, Bethesda, MD, USA) with subtraction of the mean value
plus 3x the standard deviation of the background.

2.9. Labelling of autophagic vacuoles with monodansylcadaverine
(MDC)

Following the treatments, cells were incubated with 0.05 mM
monodansylcadaverine (MDC) in PBS for 10 min at 37 °C [23].
Then, cells were washed four times with PBS and immediately
analysed by fluorescence microscopy under a Nikon fluorescence
microscope Eclipse E600 employing DAPI filters (λex: 330–380 nm;
λem: 435–485 nm). Images were acquired with a Nikon Cool-
Pix5000 digital camera.

2.10. Western Blots

Western blots were performed according to the procedure
described [16]. Immunoreactive bands were detected employing
enhanced chemiluminescence western blotting detection reagents
(ECL). Images were captured with the luminescent LAS 1000 plus
Image Analyser employing LAS 1000 pro software (Fuji, Tokyo,
Japan). Quantitative changes in protein levels were evaluated
employing ImageJ software.

2.11. In vivo Manganese Administration

Two month-old male Sprague-Dawley rats were obtained from
the Institute of Biology and Experimental Medicine, National Re-
search Council (IBYME-CONICET) Animal Facility (NIH Assurance
Certificate # A5072-01) and were housed under controlled con-
ditions of temperature (22 °C) and humidity (50%) with 12 hours/
12 hours light/dark cycles (lights on at 7:00 am).

Intra- striatal injection of Mn was carried out as previously
described [16]. Rats (n¼4) were deeply anesthetized with a Xy-
lazine (20 mg/kg BW, Bayer, Argentina)/Ketamine (50 mg/kg BW
Holliday-Scott, Argentina) cocktail by ip injection and positioned
in a stereotaxic frame (David Kopf Stereotaxic Instruments, Tu-
junga, CA, USA) with the incisor bar at the level of the ear. MnCl2
(1 μmol) dissolved in sterile distilled water was injected into the
left striatum while saline solution was injected into the right one
using the following coordinates: A¼ �0.2, L¼ 73, V¼ �5 to the
bregma, according to Paxinos and Watson atlas [24]. Infusions
were performed at an average flow rate of 1 μl/40 sec and the
cannula remained in situ for 2 min after the completion of each
infusion.

7 days after MnCl2 administration, rats were anesthetized as
mentioned and transcardially perfused with 20 ml of of 0.9% saline
followed by 30 mL of 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4. Brains were removed from the skull, dissected, fixed
overnight in the 4% paraformaldehyde solution at 4 °C and then
cut coronally at 50 mm in a vibrating microtome Integraslice
7550PSDS (Campden Instruments, Loughborough, United King-
dom). Sections were stored in a cryoprotectant solution (25%
glycerol, 25% ethylene glycol, 50% sodium phosphate buffer 0.1 M
pH 7.4) at �20 °C until use.

All in vivo experiments were performed according to the NIH
Guide for the Care and Use of Laboratory Animals and were ap-
proved by the Ethical Committee of the IBYME-CONICET, Argen-
tina. All efforts were made to minimize animal suffering and to
reduce the number of rats employed.
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2.12. Immunohistochemical Staining

All immunohistochemical stainings were performed on free-
floating sections. Brain sections were placed in 24- well plates and
washed 3 times with PBS (10 min). To block endogenous perox-
idase activity, sections were exposed for 10 min to 1% H2O2 in a
solution of 100% methanol: PBS (1:1). After 2 washings with PBS
(5 min), tissues were incubated in citrate buffer 0.01 M (90 °C,
30 min) for antigen retrieval. Unspecific antigenic sites were
blocked for 30 min at 37 °C with 1% goat serum in PBS-Triton
X-100 0.1% and sections were incubated ON at 4 °C with mouse
anti-GFAP (1:400) and rabbit anti-LC3 (1:1000) diluted in blocking
solution. Then, samples were washed 3 times with PBS (5 min)
and incubated with a solution containing Alexa 488 anti- mouse
IgG (1:1000) and Alexa 555 anti- rabbit IgG (1:1000; 1 h, RT).
Sections were washed 3 times with PBS, put on gelatin-coated
slides and mounted with PVA-DABCO. Negative controls were
performed by incubating brain sections under the same conditions
without primary antibody (data not shown). Sections were ana-
lyzed using a Nikon Eclipse E800 confocal scanning laser
microscope.

2.13. Statistical analysis

Experiments were carried out in triplicate unless otherwise
stated. Results are expressed as mean7standard error of the
mean (SEM) values. Experimental comparisons between treat-
ments were made by Student’s t- test or one- way ANOVA, fol-
lowed by Student- Newman- Keuls post hoc test with statistical
significance set at po0.05. All analysis were carried out with
GraphPad Prism 4 software (San Diego, CA, USA).
3. Results

3.1. Mn induces Neutral Red differential retention in AVOs

Previous results from our laboratory demonstrated that 750 mM
MnCl2 induces a 4373% (po0.001) decrease in cell viability after
24 h exposure in SF, whereas exposure in S masked Mn toxicity
and no cell death was detectable [17]. In the current work, a time-
response cytotoxicity study was carried out by exposing C6 cells to
750 mMMnCl2. Viability was measured at 6, 12 and 24 h employing
MTT and NR assays under SF conditions.

Mn induced a decrease in cell viability in a time- dependent
manner (12 h: MTT: 2071%, NR: 1372%; 24 h: MTT: 4171%, NR:
4274%; po0.001) (Fig. 1A and B). Interestingly, after 6 h of Mn
exposure, an increase of 4574% (po0.001) in NR retention was
observed (Fig. 1B). To evaluate whether this increment was de-
pendent on Mn concentration, we measured NR retention at
Fig. 1. Viability assays. (A-B) Cells were exposed to 750 mM Mn in SF media for 6, 12 or 2
were incubated with different Mn concentrations for 6 h and NR retention was measur
different Mn concentrations ranging from 100 to 1500 μM
(Fig. 1C). An increase in NR retention was measured in the range of
350-1250 μM (350 μM: 1574%, 500 μM: 6577%, 750 μM:
5677%, 1000 μM: 7377%, 1250 μM: 3874%). Since the NR assay
is based on the retention of this supravital dye within the lyso-
some of uninjured cells [25], these results suggest that 6 h of Mn
exposure might induce an increase in the number and/or size of
AVOs. Consequently, we investigated this hypothesis by studying
the effect of Mn exposure on different parameters related to the
acidic compartment.

3.2. Mn increments AVOs number and total volume and induces
ROS- dependent formation of enlarged vacuoles

AO is a weak base that becomes protonated and sequestered in
the AVO’s acid environment. At this low pH conditions, AO emits
red fluorescence when is excited at 488 nm. This fluorescence
intensity is proportional to the degree of acidity and/or the volume
of the cellular acidic compartments. Thus, we analysed the effect
of Mn exposure (in S or SF media for 6 or 24 h) on the generation,
size and fluorescence intensity of AVOs upon staining with AO.
These experiments were performed using fluorescence micro-
scopy (Fig. 2A) or flow cytometry (Fig. 2B). Mn induced an increase
in the number and/ or the fluorescence intensity of AVOs. More-
over, we detected the presence of enlarged AVOs after 6 h of Mn
exposure in SF and after 24 h in both serum conditions (Fig. 2A,
arrowheads). Besides, cells treated with Mn for 24 h in SF ex-
hibited dye diffusion from AVOs, suggesting the occurrence of LMP
in some of those vesicles. Results obtained by flow cytometry
analysis showed an increase in the mean fluorescence intensity
(MFI) measured in the red channel (FL-3) upon 24 h of Mn treat-
ment in S and SF conditions (33710% and 1576%, respectively;
po0.05) whereas no differences were observed after 6 h exposure
(Fig. 2B). In contrast, AO MFI measured in the green channel (FL-1)
was not affected by Mn exposure in any condition. Overall, these
results together with those obtained by NR assay (Fig. 1B and C),
indicate that Mn exposure generates an increase in the number,
size and total volume of AVOs in C6 cells.

In order to obtain additional information about the changes in
AVO’s size, cells were stained with Lysotracker Red DND-99 and
evaluated by fluorescence microscopy. The analysis revealed the
formation of enlarged AVOs in the same conditions detected by AO
staining (6 h: SF, 24 h: S and SF; Fig. 3A, arrowheads). Next, we
assessed AVO’s diameter employing ImageJ software. As showed in
Fig. 3B, Mn induced the formation of two to four times larger AVOs
than the mean size of control cells. To further investigate the re-
levance of this event in the total cell population, the percentage of
cells exhibiting enlarged AVOs were quantified. We found an in-
crease in this parameter after 6 or 24 h in SF conditions (2.970.5
fold; 3.670.5 fold; respectively), with a greater effect after 24 h
4 h and cell viability was assayed by MTT reduction (A) or NR retention (B). (C) Cells
ed. Results are expressed as mean7SEM. **po0.01, ***po0.001 vs. control.



Fig. 2. Mn induces changes in AVOs size, number and total volume. Cells were exposed to Mn for 6 and 24 h in S or SF media and stained with AO (1 mg/ml). (A) Cell cultures
were analysed by fluorescence microscopy (λex: 450- 490 nm, λem: 515 nm). Mn induced both an increase in the red fluorescence intensity and the appearance of enlarged
AVOs (arrowheads). (B) Representative histograms obtained by flow cytometric analysis showing the fluorescence intensity pattern in the red channel for each treatment
(λex: 488 nm; λem: 670 nm, FL3-A). 10,000 events/ treatment were analysed. Bars represent the MFI for each treatment. Error bars represent SEM. *po0.05 vs. control. A.U.:
Arbitrary Units. Scale Bar: 25 μm.
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exposure (po0.05) (Fig. 3C).
The acidic pH of lysosomes, together with the presence of re-

ducing equivalents, provide a hospitable environment for Fenton
reactions. Under oxidative stress conditions, hydrogen peroxide
may diffuse from the cytoplasm into the lysosomal lumen and
generate hydroxyl radical. This highly reactive radical would in
turn negatively affect the integrity of lysosomal membranes [26].
To evaluate the possible involvement of ROS in the formation of
enlarged AVOs, cells were preincubated (1 h) with glutathione
(GSH; 1 mM) or melatonin (MLT; 0.5 mM) and then Mn was added



Fig. 3. Mn-induced AVOs enlargement is prevented by antioxidants. (A- C) Cell cultures were exposed to Mn for 6 and 24 h in S or SF media and stained with Lysotracker Red
DND-99 (50 nM). (A) Cells were observed by fluorescence microscopy (λex: 528- 553 nm, λem: 600- 660 nm). Arrowheads indicate enlarged AVOs. (B) AVOsʹ diameter was
measured employing Image Tool software (500 AVOs per treatment). Representative diameter randomly selected from 52 AVOs are shown. (C) Cells with normal and
enlarged AVOs were scored (1,000 cells/ treatment). (D) Cells were preincubated (1 h) with GSH (1 mM) or MLT (0.5 mM) in SF media and then exposed to Mn for 6 h. Cells
with normal and enlarged AVOs were counted (1,000 cells/ treatment). Results are expressed as mean7SEM. **po0.01, ***po0.001 vs. control. #po0.05, ###po0.001 vs.
Mn. Scale Bar: 25 μm.

R. Gorojod et al. / Free Radical Biology and Medicine 87 (2015) 237–251242



Fig. 4. Mn exposure generates MDC- labeled autophagic vacuoles. Cells were exposed to Mn for 6 and 24 h in S or SF media. After treatments, autophagic vesicles were
labeled with MDC (arrowheads) and observed by fluorescence microscopy (λex: 330-380 nm; λem: 435-485 nm). Scale Bar: 25 μm.
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for 6 h in SF media. The results obtained showed a total prevention
of enlarged AVOs formation (Fig. 3D), suggesting that ROS are re-
sponsible for the observed alterations.

Altogether, evidence accumulated suggests that the autopha-
gic- lysosomal pathway could play a determining role in cell fate
facing Mn cytotoxicity, being protective or detrimental for the
cells. Considering that AVOs formation (Fig. 2) is a characteristic
feature of autophagy [22], we next evaluated the possible activa-
tion of the autophagic pathway.

3.3. Autophagy is triggered following Mn exposure

Autophagy is mediated by a unique vesicle called autophago-
some that engulfs cytosolic cargo and organelles for its degrada-
tion into the autolysosome. Therefore, throughout this process, it
is often found an increase in the formation of autophagic vesicles.
To label autophagosomes and autolysosomes, cells were stained
with MDC fluorescent dye [27]. Mn- treated cells exhibited accu-
mulation of MDC into granular structures after 6 and 24 h treat-
ment in both SF and S conditions, respectively (Fig. 4, arrowheads).
These results support the occurrence of autophagic events trig-
gered by Mn exposure. On the other hand, cells exposed to Mn for
24 h in SF media and excited at 330- 380 nm rapidly shrunk and
detached from the culture dish surface. Considering that cells were
not fixed, a possible phototoxic effect may be aggravated as a re-
sult of oxidative stress and apoptotic cell death occurring in this
scenario [17].

During autophagosome's formation, microtubule-associated
protein 1 light chain 3- I (LC3-I) covalently binds to phosphati-
dylethanolamine (PE) and is incorporated into autophagosome’s
membranes. This lipidation process converts cytosolic LC3-I into
the active, autophagosome membrane-bound form, LC3-II. Since
the amount of LC3-II correlates well with the number of autop-
hagosomes, it has been widely employed to monitor autophagy
[28]. In order to analyze this process, we performed western blot
analysis of total cell lysates derived from cells exposed to Mn (1-
6 h) under S and SF conditions (Fig. 5A). Our results showed that
Mn induced an increase in LC3-II generation after 1 h exposure in
S and SF media. Moreover, LC3-II levels augmented after 24 h of
Mn exposure in both serum conditions (Fig. 5B). Considering that
LC3-II is subject to lysosomal degradation during autophagy, its
accumulation could also occur when protein degradation is im-
paired. To assess autophagic flux more precisely, we analysed the
LC3-II levels in the presence of Baf A1. This inhibitor of the va-
cuolar type ATPase (v-ATPase) blocks the last step in autophagy,
the acid- dependent degradation of autophagosome contents. For
24 h of Mn exposure, preincubation with Baf A1 generated a more
pronounced increment, suggesting that the degradative compart-
ment is functional and changes in LC3-II expression levels are a
consequence of autophagy activation.

LC3 re-distribution from the cytosol to easily visualized ‘puncta’
is a commonly used technique to monitor autophagosome for-
mation during autophagy. Immunocytochemical analyses of the
LC3 subcellular location revealed that Mn induces the recruitment
of LC3 to autophagosomes after 6 and 24 h in both serum condi-
tions (Fig. 5C, arrowheads). Brought together, these results de-
monstrate that Mn- induced LC3-II expression is a consequence of
accelerated autophagosome generation and autophagy triggering
rather than impaired lysosomal clearance.

To further confirm the role of Mn in the autophagic process, we
carried out experiments measuring Beclin 1 expression levels by
western blotting. Beclin 1 is known to play a leading role in au-
tophagy by assembling a multiprotein interactome which controls
the initiation of this event [29]. In our model, Mn induced an in-
crease in Beclin 1 levels after 6 and 24 h exposure in both serum
conditions (6 h: S- 1.4 fold, SF- 2.0 fold; 24 h: S- 1.3 fold, SF-
1.3 fold; po0.05) (Fig. 5D).

It has been proved that the amount of Beclin 1 complexed to
Bcl-2 or Bcl-XL negatively modulates the levels of autophagy
[29,30]. Accordingly, a competitive disruption of Beclin



Fig. 5. Mn triggers autophagy activation. (A- B) LC3-II expression levels: Cells were exposed to Mn in S or SF media. Total cellular lysates were run on SDS-PAGE and blots
were probed with anti- LC3 and anti- β Actin as a loading control. LC3-II levels were normalized to β- Actin. (A) Cells were incubated with Mn for 1- 6 h. (B) Cells were
incubated with Mn for 24 h. Before the end of each treatment, BafA1 was added to culture media (100 nM, 2 h) to prevent lysosomal degradation. (C) LC3 cellular dis-
tribution: Cells were exposed to Mn for 6 and 24 h. Immunocytochemical labeling of LC3 was performed to study autophagosomes formation. Arrowheads indicate the
presence of autophagosomes in Mn exposed cells. Images were acquired using a digital confocal microscope Olympus FV300 (λex: 488 nm, λem: 515- 530 nm). Scale Bar:
25 μm. (C- D) Beclin 1 expression levels. (C) Cells were exposed to Mn for 6 and 24 h in S or SF media. Beclin 1 expression levels were measured by western blot analysis and
normalized to β-Actin. (E) Beclin 1 protein levels were measured as a ratio to Bcl-2 or Bcl-XL (24 h in SF media). *po0.05, ***po0.001 vs. control.
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1 interaction with Bcl-2 or Bcl-XL is enough to induce autophagy
[31]. Previous results from our group have demonstrated that 24 h
of Mn exposure induces a decrease in Bcl-2 expression (5179%,
po0.001) [17] whereas no changes were measured in Bcl-XL le-
vels (data not shown). In the present work, 24 h of Mn exposure in
SF increased 2.5 and 1.4 fold the ratio between Beclin 1/ Bcl-2 and



Fig. 6. Autophagy inhibition enhanced cell death and prevented alterations in NR retention. (A- B) Cells were preincubated with 10 mM 3-MA or 100 nM WM for 1 h and
then exposed to Mn for 6 h in SF media. (A) Western Blot analysis for LC3. (B) NR retention assay. (C- D) Cells were preincubated with 10 mM 3-MA for 1 h and then exposed
to Mn for 24 h in SF media. (C) LC3 levels were measured by western blot. (D) Cell viability was assayed by MTT reduction. Results in B and D are expressed as mean7SEM.
**po0.01, ***po0.001 vs control. #po0.05, ###po0.001 vs. Mn. (E-F) Cells were transfected with Atg5WT, Atg5K130R or an equal amount of empty vector (EV) and then
exposed to Mn for 24 h in SF media. Non transfected cells (NT) are shown as controls. (E) Phase- contrast representative images of each treatment are shown. Scale bar:
50 μm. (F) Cell viability was assayed by MTT reduction. Results are expressed as mean7SEM. ***po0.001 vs EV. ###po0.001 vs. EV þ Mn.
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Beclin 1/ Bcl-XL, respectively (Fig. 5E). These findings support the
results obtained by MDC staining (Fig. 4), LC3-II expression levels
and LC3 immunocytochemistry (Fig. 5A-C), indicating autophagy
activation in both serum conditions.

3.4. Autophagy in cell death

Autophagy can play different roles in cell death, both being
protective or detrimental according to the nature and strength of
the cell death stimulus [10]. To study the role of autophagy in Mn
cytotoxicity, we employed 3-MA (the most commonly used au-
tophagy inhibitor) and wortmannin (WM) to inhibit class III
phosphoinositide-3-kinase (PI3KC3) and thereby, the initiation of
autophagy.

Since Mn induced an increment in NR retention after 6 h of Mn
exposure (Fig. 1B), a condition where autophagy is activated, we
inquired whether the autophagic process affected NR retention.
First, we evaluated the capability of 3-MA and WM to prevent the
increase in LC3-II after 6 h of Mn exposure (Fig. 6A). The results
obtained demonstrated that both inhibitors were effective to di-
minish LC3-II levels, and thus, to inhibit the autophagic process
after 6 h of Mn exposure. Therefore, we evaluated their effect on
Mn- induced increase in NR retention. Both inhibitors completely
prevented the dye uptake increase (Fig. 6B), indicating that this
parameter was affected by the activation of the autophagic
process.

Next, we investigated the role of autophagy on Mn cytotoxicity
after 24 h exposure. Preincubation with 10 mM 3-MA almost
completely prevented Mn- induced LC3-II synthesis indicating that
autophagy is inhibited (Fig. 6C). The inhibition of autophagy aug-
mented cell susceptibility to Mn, leading to a decrease in MTT
reduction assay (1775%, po0.05) (Fig. 6D). To further confirm
this protective role of autophagy in Mn-induced cell death we
conducted experiments employing a genetic strategy to prevent
Atg5–Atg12 conjugation. This ubiquitin-like conjugation system
together with LC3–PE are essential for autophagosome formation
[32]. Thus, cells were transfected with Atg5WT or the Atg5K130R

mutant. Atg5K130R mutant is unable to conjugate to Atg12 and
suppresses the autophagic process [33]. Mn- induced cell death
analysed by phase-contrast microscopy (Fig. 6E) or MTT assay
(Fig. 6F) was dramatically enhanced by autophagy inhibition
(4677%, po0.001). These data support a key role for autophagy
in cellular protection against Mn cytotoxicity.

On the other hand, WM was not able to inhibit autophagy
measured by LC3-II generation after 24 h of Mn exposure and did
not have any effect on Mn- induced cell death (10- 500 nM, Sup-
plementary Fig. S1).

3.5. Mitophagy

Autophagy plays a relevant role in mitochondrial quality con-
trol. Defective or redundant mitochondria are excluded from the
mitochondrial network through fission events and delivered to the
lysosome for degradation through a specific process called mito-
phagy [34]. Mitochondrial depolarization and fission have been
proposed as a requisite for mitophagy execution [35]. Previous
findings from our group demonstrated the occurrence of mi-
tochondrial membrane permeabilization in Mn- exposed C6 cells
[17]. Moreover, an increase in the mitochondrial network fission
was observed [16, 17]. Considering that the autophagic pathway
plays a protective role in Mn- induced cytotoxicity, we next in-
vestigated whether or not mitophagy takes place in this scenario.
Cells were exposed to Mn for 6 or 24 h in S and SF conditions and
colocalization between LC3 and mitochondrial outer membrane
protein TOM-20 was evaluated. After 24 h of Mn exposure, the
untreated cells exhibited mostly mitochondrial tubular networks
in both S and SF conditions. These organelles were distributed in
the cellular somata and processes (Fig. 7A). In contrast, Mn-



Fig. 7. Mitophagy is activated after Mn exposure. (A- C) Cells were exposed to Mn in S or SF media for 24 h. (A- B) Immunocytochemical labeling of LC3 (green) and TOM-20
(red) was performed to label autophagosomes and mitochondria, respectively. Images were acquired using a digital confocal microscope Olympus FV300 (Alexa 488: λex:
488 nm, λem: 515-530 nm; Alexa 555: λex: 543 nm, λem: 585- 605 nm). (A) Representative images of each condition. Scale Bar: 10 μm. (B) A representative region from Fig.
A was selected and magnified. Scale Bar: 2.5 μm. (C) Mandersʹ overlap coefficient (R) was employed to quantify the degree of colocalization between LC3 and TOM-20.
(D) Cells were preincubated with CsA (1 mM) or Mdivi-1 (1 nM) and then exposed to Mn for 24 h in SF media. Beclin 1 expression levels were measured by western blot
analysis and normalized to β-Actin. *po0.05, ***po0.001 vs. control. A.U.: Arbitrary units.
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exposed cells in SF conditions showed fragmented mitochondria
mainly localized in perinuclear aggregates according to [17]
(Fig. 7A). Besides, results indicated that Mn induces an increase in
LC3 and TOM-20 colocalization after 24 h exposure in both S and
SF conditions (Fig. 7C) (2873% and 1073%, respectively). These
data suggest that mitochondria are being targeted for autophagic
degradation. Therefore, in this scenario, autophagy- mediated
mitochondrial quality control could play an important role in cell
protection towards Mn- induced apoptotic cell death. No differ-
ences in LC3 and TOM-20 colocalization were observed after 6 h
exposure (data not shown).

We have previously demonstrated that both the inhibition of
mitochondrial fission and/or the mitochondrial permeability
transition pore (MPTP) opening partially prevented cell death
[16,17]. In fact, preincubation of C6 cells with Mdivi-1 or Cyclos-
porine A (CsA) resulted in a decreased cytotoxicity after 24 h of Mn
exposure under SF conditions. Therefore, we next investigated the
effect of protecting mitochondrial integrity on autophagy activa-
tion by measuring Beclin 1 expression levels. Preincubation with
CsA (1 mM) or Mdivi-1 (1 nM) completely prevented the increase
in Beclin 1 expression levels after 24 h of Mn exposure in SF media
(Fig. 7D), confirming an important role for mitophagy in the au-
tophagic process. Altogether, these results suggest that in these
conditions, where apoptosis is taking place, autophagy could at
least avoid cell death through damaged mitochondria disposal.
3.6. ERK and JNK signaling pathways are involved in the autophagic



Fig. 8. Autophagy signaling. (A) Cells were incubated with Mn for 6 h in S or SF
media and lysates were separated by SDS-PAGE. Blots were probed with anti- pERK,
anti- pAkt and anti pJNK. ERK2, JNK1 and β-Actin were employed as loading con-
trols. (B- C) Cells were preincubated (1 h) with PD98059 (25 μM), SP600125
(20 μM) or SB203580 (10 μM) in SF media and then Mn was added for 6 h. (B) LC3
expression was assessed by western blot analysis. LC3-II levels were normalized to
β-Actin. (C) NR retention assay. Results are expressed as mean7SEM. *po0.05,
**po0.01 ***po0.001 vs. control; #po0.05, ##po0.01 vs. Mn.
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process

In order to investigate the signal transduction mechanisms
involved in Mn- induced autophagy, we measured the expression
levels of several signaling molecules related to this process.

Several studies have pointed to the mitogen-activated protein
kinases (MAPKs) as critical proteins regulating the initiation and
execution of autophagy. In particular, extracellular signal-regu-
lated kinase (ERK) and c-Jun N-terminal kinase 1 (JNK1)
phosphorylation mediate activation of autophagy [36,37] whereas
p38 MAPK has a dual role, both as a positive and negative reg-
ulator [38]. Finally, Akt activates mTORC1 and inhibits autophagy
[39].

Considering the aforementioned evidence, we carried out ex-
periments to study the activation of MAPKs and Akt and their
involvement in autophagy regulation after 6 h of Mn exposure.
First, we analysed the phosphorylation status of these kinases as a
measurement of their activity. Our results showed that Mn in-
duced a pronounced increase not only on ERK1/2 and JNK phos-
phorylation but also in JNK1 expression levels (Fig. 8A). Moreover,
we detected a decrease in Akt phosphorylation that was noticeable
after 6 h treatment in both incubation conditions (Fig. 8A). No
variations in p38 phosphorylation were observed (data not
shown).

To evaluate whether MAPKs were involved in autophagy acti-
vation, cells were preincubated with PD98059 (25 μM), SP600125
(20 μM) or SB203580 (10 μM) to inhibit ERK, JNK and p38 path-
ways, respectively. LC3-II expression levels (Fig. 8B) and NR re-
tention (Fig. 8C) were measured after 6 h of Mn exposure in SF
media. Both ERK and JNK inhibition completely prevented the
increase in LC3-II levels induced by Mn (Fig. 8B). On the other
hand, the increment in NR retention generated by Mn was totally
prevented only by PD98059 (Fig. 8C) whereas no effect was ex-
hibited by other inhibitors. These results suggest that both ERK
and JNK could be involved in Mn- induced autophagy.

3.7. Mn induces a lysosomal- mediated cell death pathway

LMP causes the release of cathepsins and other hydrolases from
the lysosomal lumen to the cytosol. The ectopic presence of these
proteases causes the digestion of vital proteins leading to cell
death. Particularly, cytosolic cathepsin B (CatB) and cathepsin D
(CatD) are capable to activate the apoptotic cascade by inducing
the cleavage of Bid [12]. Considering our results suggesting the
occurrence of LMP in our model (Fig. 2A) and the fact that ROS
generated by Mn ([17] and Fig. 3D) are able to induce LMP, we
performed experiments in order to determine whether lysosomal
cathepsins are involved in Mn- induced cell death. For this pur-
pose, cells were preincubated (1 h) with CatB inhibitor Ca-074 Me
(1 mM) or CatD inhibitor Pepstatin A (10 mM) and cell viability was
evaluated by MTT reduction. Both inhibitors completely prevented
Mn- induced cytotoxicity (Fig. 9A), suggesting a pivotal role for
these cathepsins in Mn toxicity. Moreover, we investigated the
effect of different concentrations of the vacuolar type ATPase (v-
ATPase) inhibitor Bafilomycin A1 (BafA1), which prevents lysoso-
mal acidification and function. We found that low- dose BafA1
(0.01- 0.5 nM) prevented Mn- induced cell death, whereas
concentrations 410 nM were cytotoxic per se (Fig. 9B). These re-
sults point to LMP as a clue target in Mn toxicity, involving both
CatB and CatD in the cell death signaling pathways.

3.8. Striatal Mn-injection alters astrocytes integrity and LC3 ex-
pression levels

In order to investigate the in vivo effects of Mn on astrocytes
integrity, we employed a model of striatal Mn- injection [16]. For
this purpose, 1 mmol of MnCl2 was injected into the left striatum
and saline into the right one (control). After 7 days of injection,
none of the animals showed signs of locomotive failure. The im-
munostaining of GFAP revealed that Mn induces injury demon-
strated by the apparent loss of astrocytic soma (Fig.10). In addition,
these cells exhibited a decrease in LC3 immunoreactivity probably
suggesting the occurrence of alterations in the autophagic process.



Fig. 9. The lysosomal death pathway is activated in Mn toxicity. Cells were preincubated with pepstatin A (10 μM), Ca-074 Me (1 μM) (A) or BafA1 (0.01- 100 nM) (B) for 1 h
and then Mn was added for 24 h in SF media. Cell viability was assessed by MTT reduction assay. Results are expressed as mean values7SEM. ***po0.001 vs. control;
#po0.05, ##po0.01, ###po0.001 vs. Mn.
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4. Discussion

Autophagy, a lysosomal- degradation process, is a central
component of the integrated stress response. Under a variety of
stress stimuli, the autophagic pathway maintains the damage be-
yond a certain threshold in an attempt to preserve cellular func-
tions and prevent cell death [40]. In the present report, we de-
monstrated the activation of the autophagic pathway as a cyto-
protective response in Mn- induced toxicity in astrocytoma C6
cells. In addition, we have proved that mitophagy is an operative
mechanism in our model that could contribute to safeguard cel-
lular integrity.

Previous findings of our group have demonstrated that 750 mM
Mn induces apoptosis in astrocytoma C6 cells after 24 h exposure
[16,17]. In the present work, we assessed Mn cytotoxicity as a
Fig. 10. Striatal Mn- injection in rat brain induces a decrease in LC3 immunostaining a
MnCl2 and into the right striatum with saline as control. Rats were sacrificed 7 days post
from the striatum were labeled with anti- LC3 (red) and anti- GFAP (green) antibodie
microscope (Alexa 488: λex: 488 nm, λem: 515-530 nm; Alexa 555: λex: 544 nm, λem:
function of incubation time employing the MTT reduction and the
NR retention assays. The MTT assay is a widely accepted method to
measure cell viability based on mitochondrial dehydrogenases
activity [20]. On the other hand, the NR assay depends on the cell’s
capacity to maintain pH gradients through the ATP production. At
physiological pH, this dye presents a net charge close to zero,
enabling it to cross the plasma membrane. Inside the healthy ly-
sosomes, the NR becomes charged and is retained [21,25]. Thus,
the MTT and NR assays give information about mitochondria and
lysosomes functionality respectively. We obtained similar results
employing both methodologies after 12 or 24 h of Mn exposure.
However, after 6 h treatment, a marked increase in the NR reten-
tion was observed whereas no cytotoxicity was measured by MTT
assay (Fig. 1A and B). A previous study made a good attempt to
clarify how NR uptake can be affected by alterations on lysosomal
nd damage in astrocytes. Animals were injected into the left striatum with 1 mmol
injection and brains were fixed with 4% paraformaldehyde. 50 mm coronal sections
s. Images were obtained employing a Nikon Eclipse E800 confocal scanning laser
570nm- LP). Scale bar: 20 μm.
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membranes [41]. In this work, Neuro-2a cells were exposed to 24
different metal compounds during 24 h and specific toxic effects
on lysosomes were investigated. The results indicated that several
metals induced an increase in the NR retention that could be a
consequence of changes in lysosomal function. However, no al-
terations were detected for MnCl2. These findings differ from ours
for two reasons: a) in [41], the NR uptake was measured only after
24 h of Mn exposure and b) neuron and astrocyte- like cells could
have different sensitivity towards Mn. Considering that autophagy
activation induces the formation of AVOs (where the NR is re-
tained) we inquired whether this pathway could be responsible for
the Mn- induced increase in dye retention in our model. In fact,
the results obtained employing the autophagy inhibitors 3-MA
and WM (Fig. 6B) showed that the alterations measured in the NR
assay were dependent on the autophagic pathway activation.
These findings highlight the relevance of employing different
methodologies for assessing cell viability.

In addition to the evidence inferred from the NR retention as-
say, we detected an increment in the number and total volume of
AVOs after 6 and 24 h of Mn- exposure respectively (Figs. 2 and
3A-C). Moreover, Mn induced the formation of abnormally large
vesicles (Fig. 3A-C). This feature has been reported in neurode-
generative diseases such as Alzheimer’s disease [42], Huntington’s
disease [43], frontotemporal dementia [44] and in lysosomal sto-
rage disorders characterized by the accumulation of waste pro-
ducts in lysosomes [45]. In turn, various neurodegenerative dis-
eases have been associated to the autophagy induction [46].

Previous findings of our laboratory have demonstrated that Mn
induces ROS generation and consequent apoptotic cell death in C6
cells after 24 h exposure [17]. Considering that the presence of
enlarged lysosomes has been shown to correlate with autophagy
induction [43] we carried out experiments to assess the role of
ROS in autophagy (Fig. 3D). We proved that Mn- induced enlarged
AVO’s generation is prevented by preincubation with antioxidants
MLT and GSH. These findings suggest that ROS could be implicated
in the triggering of this process.

Another possible event implicated in the AVO’s size increase is
the ROS- mediated lysosomal swelling. In this regard, H2O2 has
been reported to cause lysosomal swelling and LMP in chon-
drocytes [47]. Therefore, it is possible that in our model, Mn- in-
duced oxidative stress directly affects lysosomal membrane sta-
bility conducting to lysosomal enlargement and permeabilization.

The role and regulation of autophagy in Mn- exposed cells re-
main elusive. A recent report described the effect on the autop-
hagic pathway of a single intra- striatal injection of Mn [48].
Employing whole rat brain, the authors found that Mn induced
autophagy activation in short term (4-12 h pi) but inhibited au-
tophagy in long term (1-28 d pi). Pretreatment with WM led to a
decrease in the number of dopaminergic neurons in comparison
with total neurons (8 h pi). While most of the studies about the
autophagic pathway in the central nervous system have been
predominantly performed in neurons, other cell types have been
largely unexplored. As far as we know, there are no reports about
the role of autophagy in Mn toxicity in glia. Therefore, in order to
evaluate the in vivo effect of Mn on autophagy and astrocytes’
integrity, we employed an experimental model described by our
group [16]. Herein, we showed that a single unilateral injection of
MnCl2 into the striatum induces damage to astrocytes and de-
creases LC3 expression levels (Fig. 10). These results suggest that
autophagic pathways could be dysregulated in injured astrocytes.
Future experiments will shed light about the role of autophagy in
the astrocytes fate under in vivo conditions.

The present report employs different strategies to detect au-
tophagy including a) AVOs quantifying (Fig. 2B), b) conversion of
LC3-I to LC3-II as a function of time (Fig. 5A and B), c) detection of
MDC- labeled autophagic vacuoles (Fig. 4) or LC3-tagged
compartments (Fig. 5C), d) evaluation of Beclin 1 expression
(Fig. 5D), e) measurement of Beclin 1/ Bcl-2 and Beclin 1/ Bcl-XL

ratio (Fig. 5E), f) elucidation of signaling pathways related to au-
tophagy (Fig. 8). These approaches have provided strong evidence
for an autophagic process triggered upon 1- 6 and 24 h of Mn
exposure in both S and SF conditions.

Damaged mitochondria are particularly prone to activate the
apoptotic program, so their removal by mitophagy can increase
the threshold for apoptosis induction [10]. Previous findings of our
laboratory have demonstrated the involvement of the mitochon-
drial apoptotic pathway in C6 cells exposed to Mn in SF conditions
[17]. We also reported that Mn produces mitochondrial membrane
potential dissipation together with an increase in mitochondrial
fragmentation [16, 17]. In the present work we found not only that
autophagy is a protective mechanism activated in those conditions
(Fig. 6D-F), but also that mitochondria are targeted to degradation
through mitophagy (Fig. 7A-C). Moreover, we demonstrated that
inhibition of mitochondrial events such as fission and/ or MPTP
opening, completely prevented the increment in Beclin 1 expres-
sion levels (Fig. 7D). Altogether these findings suggest that mito-
phagy may be one of the main players of the autophagic ma-
chinery. On the other hand, no changes in mitochondrial targeting
for mitophagy after 6 h of Mn exposure were found. Accordingly,
we did not detect mitochondrial network fission nor membrane
potential dissipation in these conditions (data not shown).
Therefore, the autophagy activation at 6 h might be responding to
other cellular signals such as ROS generation.

Although the molecular components involved in autophagy
have been extensively investigated, there is rather limited in-
formation about the role of protein kinases in the regulation of this
process. While the PI3K/Akt/mTOR pathway primarily inhibits
autophagy, the effect of the MAPK pathway is dependent on the
cellular context and stimuli [49]. The activation of JNK and ERK
kinases by Mn exposure was demonstrated in rat neonatal primary
astrocytes [50–52]. On the other hand, at concentrations that do
not disrupt cell viability (10- 1,000 μM, 3 and 6 h) Mn induces ERK
and JNK phosphorylation in immature rat hippocampal and
striatal slices [53]. However, the role of MAPKs in Mn- induced
autophagy has not been investigated. In this report, we described
that 6 h of Mn exposure increased JNK and ERK phosphorylation,
whereas p- Akt was diminished in both S and SF conditions. ERK
and JNK inhibition prevented LC3-II generation (Fig. 8B), suggest-
ing that both pathways positively regulate autophagy. However,
only the inhibition of ERK pathway prevented the increase in NR
retention (Fig. 8C). These results support the fact that both kinases
are involved in different steps of the autophagic process. Autop-
hagic and apoptotic pathways share several proteins that are cri-
tical for their execution [10]. In this report, we demonstrated that
JNK protein levels are increased by 6 h of Mn exposure (Fig. 8A).
This event was described as part of the autophagy, triggered by Fas
[54]. Even though Fas is responsible for the activation of the ex-
trinsic apoptotic pathway in our model [55] we cannot discard its
role in the activation of autophagy.

Mitochondria has been classically proposed as the main target
of Mn cytotoxicity in brain [15–18,50,56,57]. Nevertheless, it was
demonstrated that Mn is increased to a greater extent in brain
lysosomes than in mitochondria after a single MnCl2 intra- peri-
toneal injection in mice [58]. Moreover, the number of lysosomes
and large dense bodies (secondary lysosomes) were increased in
both the corpus striatum and midbrain in Mn- treated mice. Thus,
it was suggested that brain lysosomes play an important role in
cellular metabolism and cytotoxicity of Mn. As mentioned above,
the results obtained by AO staining, showed that 24 h of Mn ex-
posure in SF conditions conducted to the partial diffusion of the
dye from AVOs (Fig. 2A). Besides, NR retention in lysosomes de-
creases after 12 h (Fig. 1B). At 6 h no changes in the lysosomal



Fig. 11. Proposed model describing the role of the autophagic- lysosomal pathway in Mn cytotoxicity. Mn exposure induces ROS generation. As a response to cellular injury,
C6 cells activate the autophagic process to recycle damaged proteins and organelles, including mitochondria. Nevertheless, whether Mn exposure is sustained, oxidative
stress leads to LMP and the release of lysosomal cathepsins to the cytosol. The ectopic presence of cathepsins represents a turning point in the life/ death decision. After this
event the apoptotic program overcomes autophagy- mediated protection.
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integrity measured by both assays were observed (Figs. 1B and 2A).
These results support the fact that LMP takes place after autop-
hagy activation (Fig. 5A). Probably, the enlarged AVOs are prone to
undergo LMP, favoring cell death [59] while the population of
healthy lysosomes would be able to complete the autophagic de-
gradation process.

The occurrence of Mn- induced LMP proposed in Fig. 2A was
supported by evidence demonstrating that lysosomal CatB and
CatD are involved in cell death. In this regard, both pepstatin A and
Ca-074 Me completely prevented Mn toxicity after 24 h exposure
in SF conditions (Fig. 9A) indicating that a lysosomal death path-
way is probably involved as an early component of the apoptotic
cascade. Surprisingly, BafA1 protection effect on cell viability oc-
curred at low concentrations (0.01- 0.5 nM; Fig. 9B) which were
incapable to prevent lysosomal acidification in our model (mea-
sured by Lysotracker Red DND-99 staining, data not shown). Ac-
cordingly, low- concentrations of BafA1 were effective to prevent
apoptosis in cellular models where stress is caused by agents that
disrupt lysosomal function [61, 62]. In contrast, 100 nM BafA1 in-
cubation was cytotoxic, as reported by others researchers [60–62].
In view of the results obtained, experiments are being conducted
in our laboratory to investigate the role of the lysosomal death
pathway in the context of Mn- induced apoptosis.

Increased autophagy offers a distinctive advantage in various
physiological and stress conditions. Based on our data, we hy-
pothesize that cells activate the autophagic process to counteract
Mn- induced cellular injury by recycling damaged organelles and
proteins. However, as exposure to Mn is sustained, oxidative
stress- induced apoptosis overcomes autophagy- mediated pro-
tection. Considering that autophagy completion depends on lyso-
somal integrity, the overall function of the autophagic- lysosomal
pathway acts in a “yin-yang” fashion to determine cellular fate
(Fig. 11).
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