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BACKGROUND AND PURPOSE

Huntington’s disease is a neurodegenerative process associated with mitochondrial alterations. Inhibitors of the electron—
transport channel complex I, such as 3-nitropropionic acid (3NP), are used to study the molecular and cellular pathways
involved in this disease. We studied the effect of 3NP on mitochondrial morphology and its involvement in macrophagy.

EXPERIMENTAL APPROACH

Pharmacological and biochemical methods were used to characterize the effects of 3NP on autophagy and mitochondrial
morphology. SH-SY5Y cells were transfected with GFP-LC3, GFP-Drp1 or GFP-Bax to ascertain their role and intracellular
localization after 3NP treatment using confocal microscopy.

KEY RESULTS

Untreated SH-SY5Y cells presented a long, tubular and filamentous net of mitochondria. After 3NP (5 mM) treatment,
mitochondria became shorter and rounder. 3NP induced formation of mitochondrial permeability transition pores, both in cell
cultures and in isolated liver mitochondria, and this process was inhibited by cyclosporin A. Participation of the mitochondrial
fission pathway was excluded because 3NP did not induce translocation of the dynamin-related protein 1 (Drp1) to the
mitochondria. The Drp1 inhibitor Mdivi-1 did not affect the observed changes in mitochondrial morphology. Finally,
scavengers of reactive oxygen species failed to prevent mitochondrial alterations, while cyclosporin A, but not Mdivi-1,
prevented the generation of ROS.

CONCLUSIONS AND IMPLICATIONS

There was a direct correlation between formation of mitochondrial permeability transition pores and autophagy induced by
3NP treatment. Activation of autophagy preceded the apoptotic process and was mediated, at least partly, by formation of
reactive oxygen species and mitochondrial permeability transition pores.
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Introduction

Macrophagy, here simply referred to as autophagy, is associ-
ated with cell death. The term autophagic (or type 2) cell
death is also used frequently. In some circumstances, apop-
tosis and autophagy seem to be, positively or negatively inter-
connected, referring to the ‘molecular switches’ between
them (Xue etal., 1999; Yu et al., 2006; Leber and Andrews,
2010). Undoubtedly, there are multiple connections between
apoptotic and autophagic processes, which jointly can deter-
mine the fate of cells (Leber and Andrews, 2010). Autophagy
plays a physiological role that is important for cellular home-
ostasis, and this requires a continuous turnover of non-
functional proteins and organelles (Cuervo, 2004).
Mitochondria are considered multifunctional organelles
of changing morphology. Cells continually adjust the rate of
mitochondrial fission and fusion in response to changing
energy demands and to facilitate the distribution of mitochon-
dria (Detmer and Chan, 2007). These events are especially
relevant within neurons where mitochondria need to be very
active to meet the high energy demands. Mitochondrial mal-
functioning has been observed in several neurodegenerative
disorders, and inhibitors of mitochondrial respiration are fre-
quently used to mimic neurodegenerative disorders (Browne
and Beal, 2002). For instance, the succinate dehydrogenase
inhibitor 3-nitropropionic acid (3NP) is commonly used to
develop experimental models of Huntington’s disease (Bove
etal., 2005) Extensive behavioural and neuropathological
evaluations have shown that a partial but prolonged energy
impairment induced by 3NP is sufficient to produce most of
the clinical and pathophysiological hallmarks of Huntington'’s
disease (Beal et al., 1993; Brouillet et al., 1999; Bove et al.,
2005). The molecular mechanisms involved in 3NP-induced
neurotoxicity remains unclear. Nevertheless, participation
of the intrinsic apoptosis pathway, which is critically depend-
ent on mitochondrial outer membrane permeabilization
(MOMP), and the consequent release of cell-death-mediating
mitochondrial intermembrane space proteins, such as cyto-
chrome c, has been described (Chipuk et al., 2008). Before
releasing apoptotic factors, mitochondria often display a dra-
matic morphological transformation, namely a thread-grain
transition, which is mediated by mitochondrial fission pro-
teins (Skulachev et al., 2004; Gomez-Lazaro et al., 2008a).
Swollen mitochondria have been observed in the context of
neurodegenerative diseases (Menzies et al., 2002; Ferreirinha
et al., 2004), and this has been related to the involvement of
the mitochondrial permeability transition pore (MPTP)
(Crompton, 1999). Under in vitro , pseudopathological, con-
ditions of oxidative stress, with relatively high levels of reac-
tive oxygen species (ROS), Ca* and low ATP, the complex
flickers into an open-pore state, allowing free diffusion of
solutes across the inner membrane (Crompton, 1999). On the
other hand, Bcl-2 family members, such as Bax, can form
ion-selective channels and larger diameter pores, resulting in
the release of pro-apoptotic proteins (Antignani and Youle,
2006). Recent studies have proposed that mitochondrial
fission is an additional or alternative mechanism in the
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mitochondrial pathway of apoptosis (Frank et al., 2001; Bossy-
Wetzel et al., 2003; James et al., 2003; Karbowski and Youle,
2003; Lee et al., 2004; Gomez-Lazaro et al., 2008a).

The knowledge of upstream modulators of mitochondrial
dynamics is still not complete. Mitochondrial fission is a
highly regulated process mediated by a defined set of protein
factors (Otsuga et al., 1998; Mozdy et al., 2000; Cerveny et al.,
2001; Karbowski efal., 2004). One of these proteins,
dynamin-related protein 1 (Drpl) in mammals, is a member
of the dynamin family of large GTPases and mediates the
scission of mitochondrial membranes through GTP hydroly-
sis. Drpl is predominantly a cytoplasmic protein that associ-
ates with mitochondrial fission sites upon oligomerization
(Labrousse et al., 1999; Legesse-Miller et al., 2003). In addi-
tion, Drpl and the pro-apoptotic Bax protein have been
co-localized to scission sites on mitochondria, suggesting that
the mitochondrial fission machinery cooperates with the cell
death machinery (Karbowski et al., 2002).

Consistent with this, autophagy contributes to mitochon-
drial dysfunction-induced neurodegeneration (Puyal et al.,
2011) and in vivo administration of 3NP activates autophagy
(Zhang et al., 2009). How 3NP regulates autophagy, and how
this is related to mitochondrial morphology is an important
question. Therefore, in the present study, we investigated the
contribution of the mitochondrial morphology pathway to
autophagy activation as induced by 3NP. Our data show that
5 mM 3NP induced autophagy and resulted in mitochondrial
changes. The mitochondrial morphology changed from elon-
gated, tubular, interconnected structures to disintegrated
punctate structures, due to an irreversible mitochondrial
swelling. The 3NP effect was inhibited by the MPTP inhibitor
cyclosporin A (CsA) but was independent of the molecular
fission machinery, as revealed by the use of the Drp1 inhibi-
tor, Mdivi-1. The participation of the Bax protein and ROS
was also addressed.

Methods

Cell culture and drug treatment procedures
SH-SYSY cell lines were obtained from the American Type
Culture Collection (ATCC), and mouse embryonic fibroblasts
(MEFs) (WT, Bax™”") were kindly provided by Dr M Serrano,
(CNIO, Spain). Cell cultures were grown as described previ-
ously (Jordan et al., 2004) in DMEM-F12 supplemented with
2mM L-glutamine, 20 units-mL™" penicillin-streptomycin,
5 mg-mL™ gentamicin and 15% (v/v) FBS. Cells were grown
in a humidified cell incubator at 37°C under a 5% CO, atmos-
phere. Cells were plated 24 h before transfection at a density
of 5.3 x 10* cells cm™, on 35 mm p-dish (Ibidi GmbH,
Munich, Germany). 3NP was added to culture medium at a
final concentration of 5 mM. Duration of pretreatment with
TEMPOL (0.2 uM) and MnTBAP (10 nM) was 30 min.

Transfections
Twenty-four hours before transfection, cells were plated at a
density of 5.3 x 10* cells cm™ on poly-L-lysine-coated glass



slides. Transfection was achieved using Lipofectamine 2000
reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Cells were transfected with the fol-
lowing plasmids encoding pDsRed2, Drp1-GFP and Bax-GFP.
After 4h of incubation, the transfection mixture was
removed and replaced with fresh complete medium. The
experiments were performed 24 h after transfection to allow
protein expression.

Cell fixation, chromatin state and

cell viability

Cells were fixed with 4% paraformaldehyde in PBS and 5%
glucose-sucrose in PBS for 20 min at 37°C and washed three
times with PBS. For assessment of chromatin state, the
SH-SYSY cells were plated on poly-L-lysine-coated glass slides.
Nuclei were stained with Hoechst 33342 (0.5 mg-mL™") at RT
for 5 min. Uniformly stained nuclei were scored as healthy,
viable cells. Condensed or fragmented nuclei were scored as
apoptotic. Cell viability after 3NP addition was assessed by
measurement of LDH activity according to the protocol pro-
vided by the manufacturer (Promega, Madison, WI, USA).
Briefly, the reaction mixture was added to conditioned media
and removed from 24-well plates after centrifugation at 250x
g for 10 min. After 30 min of incubation at room tempera-
ture, absorbance of samples at 490 nm was measured in a
microplate reader (Bio-Rad, Hercules, CA, USA).

Image acquisition and processing

Micrographs were processed with Huygens Deconvolution
Software (Scientific Volume Imaging, Hilversum, The Nether-
lands) and Adobe Photoshop. For quantitative analysis of
mitochondrial morphology, the three patterns of mitochon-
drial morphology (filamentous, punctuate or intermediate)
were recorded in at least 100 cells per coverslip observed on
adjacent fields at magnification 63x. We assessed the robust-
ness of this classification by comparing the proportions
obtained with separate coverslips from the same experiment
and from successive passages, as well as the proportions
obtained by two independent examiners on three different
cultures. The proportions observed were similar in all these
experiments demonstrating that mitochondrial morphology
could be reliably analysed and did not vary within and
between experiments under basal culture conditions. Mor-
phology was assessed by an examiner, unaware of the treat-
ment administered.

Mitochondrial isolation

All animal care and experimental procedures complied with
the Guiding Principles for Research Involving Animals and
Human Beings of the American Physiological Society, the
Guidelines of the European Union Council (86/609/CEE) and
the Spanish regulations (BOE 67/8509-12, 1988) for the use of
laboratory animals, and were approved by the Scientific Com-
mittee of the University of Castilla-La Mancha. All studies
involving animals are reported in accordance with the ARRIVE
guidelines for reporting experiments involving animals
(McGrath et al., 2010). A total of 4 rats were used in the
experiments described here. All animals were housed at 22°C
with 12 h light/12 h dark cycles and with full access to water
and food. Liver mitochondria were isolated from adult male
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Wistar rats (300-350 g). Rat livers were homogenized with an
automatic homogenizer (Heidolph®, Heidolph Instruments
GmbH & Co., Schwabach, Germany). in a buffer containing
210 mM mannitol, 70 mM sucrose, 1.0 mM EGTA, 0,1% BSA
and 5 mM HEPES, pH 7.40, using 4 mL of medium per gram of
tissue. Subsequently, differential centrifugation was applied.
Briefly, the homogenate was centrifuged at 1000x g for 10 min
and the supernatant at 10 000 x g for 10 min to precipitate
mitochondria that were washed under the same conditions.
The mitochondrial suspensions thus obtained (about 40 mg
protein mL™) were used immediately after isolation.

Permeability transition pore activity in
isolated mitochondria

Permeability transition pore opening was assayed spectro-
photometrically as previously described (Galindo etal.,
2003). Specifically, mitochondria were suspended in 200 mL
of solution containing 125 mM KCl, 20 mM HEPES, 2 mM
KH,PO,4, 1 mM EGTA, 1 mM MgCl,, 5 mM malate and 5 mM
glutamate with the pH adjusted to 7.08 with KOH to yield a
final protein concentration of 1 mg-mL™. Changes in absorb-
ance at 540 nm (As4), indicating mitochondrial swelling as a
result of MPTP opening, were determined after addition of
different compounds using a microtitre plate reader (Bio-Rad,
Hercules, CA, USA). Minor differences in the loading of the
wells were normalized by presenting the values measured at a
given time as the fraction of the initial As4 absorbance (~0.8).

Detection of mitochondrial permeability
transition pore (MPTP) using

calcein fluorescence

To demonstrate induction of the MPTPs, calcein fluorescence
studies were carried out following the method of Petronilli
et al. (1999). This method allows the direct visualization of
permeability changes in mitochondria in situ (Perez-Alvarez
et al., 2010). Calcein/acetoxymethyl ester enters the cells and
becomes fluorescent upon de-esterification. Co-loading of
cells with cobalt chloride quenches the fluorescence in the
cell, except in mitochondria, because mitochondrial mem-
branes are impermeable to cobalt. However, during induction
of the MPTPs, cobalt enters mitochondria and is able to
quench the mitochondrial calcein fluorescence. Cultures
were washed in Krebs-HEPES (K-H) buffer with the following
ionic composition (in mol-L™): NaCl 140, KCI 5.9, MgCl, 1.2,
HEPES 15, glucose 10 and CaCl, 2.5, pH 7.4, and incubated in
fresh K-H containing calcein/acetoxymethyl ester (1 uM) and
cobalt chloride (1 mM) for 30 min at 22-25°C. Following
cobalt quenching, cultures were washed with K-H buffer, and
images were collected with a confocal microscope within
5 min. This method was validated in cultured SH-SYSY cells
by the addition of 500 umol-L™" CaCl, along with the calcium
ionophore A23187 (3 umol-L™"), which was pre-loaded with
calcein and Co*. The addition of calcium caused a significant
decrease in the mitochondrial calcein fluorescence in a time-
dependent manner.

Mitochondrial potential

The effects of 3NP treatment on the mitochondrial potential
(A¥) in intact SH-SYSY cells were determined in cells that
were loaded with the A¥-sensitive probe tetramethylrhodam-
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ine methyl ester (TMRM). Briefly, SH-SY5Y cells were loaded
with 10 nM TMRM for 10 min, washed with a standard exter-
nal medium and challenged with 5 mM 3NP. Images were
collected with a confocal microscope each 15 min during
180 min. Further details have been reported previously
(Garcia-Martinez et al., 2010).

Preparation of cytosolic and

mitochondrial fractions

Cells were washed with ice-cold PBS, left on ice for 10 min and
then re-suspended in isotonic homogenization buffer
(250 mM sucrose, 10 mM KCI, 1.5 mM MgCl,, 1 mM sodium-
EDTA, 1 mM sodium-EGTA, 1 mM dithiothreitol, 0.1 mM
PMSF and 10 mM Tris-HCI, pH 7.4) containing a proteinase
inhibitor mixture (Roche, Basel, Switzerland). After 40 strokes
in a Dounce homogenizer, the unbroken cells were spun down
at 30x ¢ for 5 min. The mitochondria fractions were fraction-
ated at 750 g for 10 min and 14 000x g for 20 min, respectively,
and separated from the supernatant (cytosolic fraction).

Western blotting

The protein concentration from each condition was quanti-
fied spectrophotometrically (Micro BCA Protein Reagent Kit,
Pierce), and an equal amount of protein (30 pug) was loaded
onto 10% SDS-PAGE gels. After electrophoresis, proteins were
transferred to PVDF membranes (Immobilon; Millipore Cor-
poration, Billerica, MA, USA). Non-specific protein binding
was blocked with Blotto [4% w/v nonfat dried milk, 4% BSA
(Sigma), and 0.1% Tween 20 (Sigma)] in PBS for 1 h. The
membranes were incubated with a 1:1000 dilution of rabbit
polyclonal anti-Bax antiserum (Cell Signalling, Beverly, MA,
USA), anti-cytochrome C oxidase subunit IV (COX-IV; BD
Biosciences, San José, CA, USA) or a 1:1000 dilution of a
mouse anti-Drpl monoclonal antibody (BD Biosciences)
overnight at 4°C. After washing with Blotto, the membranes
were incubated with peroxidase-labelled anti-mouse or anti-
rabbit secondary antibodies (Promega) in Blotto. The signal
was detected using an enhanced chemiluminescence detec-
tion kit (GE Healthcare, Little Chalfont, Buckinghamshire,
UK). Immunoblots were developed by exposure to X-ray film
(Eastman Kodak, Rochester, NY, USA). Band intensity was
estimated densitometrically on a GS-800 calibrated densito-
meter (Bio-Rad Quantity One, Hercules, CA, USA).

Intracellular generation of ROS

The oxidation-sensitive fluorescent dye 2,7'-
dichlorodihydrofluorescein diacetate (DCFH-DA) was used to
measure the production of ROS, mainly hydrogen peroxide
and hydroxyl radicals, as previously described (Fernandez-
Gomez et al., 2005). This non-fluorescent ester is converted by
ROS into DCF, which can easily be visualized by strong fluo-
rescence at 530 nm when excited at 485 nm. Cells seeded in
96-well culture plates were incubated with DCFH-DA
(10 ug-mL™) for 15 min, before adding either 3NP or vehicle
and 30 min later fluorescence intensity was measured in a
Spectra Max Gemini XS (Molecular Devices, Sunnyvale, CA,
USA). The average relative percentage of ROS production in
four wells from at least three separate cultures was determined.

Statistics
Data shown are means = SEM, unless otherwise stated. Statis-
tical significance of differences between groups was deter-
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mined by ANOVA followed by a Newman-Keul’s post hoc
analysis. The level of statistical significance was set at P <0.05.

Materials

DMEM-F12, penicillin-streptomycin, gentamicin and FBS
were purchased from Gibco-Invitrogen (Carlsbad, CA, USA).
The LDH kit (Citotox 96) is from Promega (Madison, WI,
USA); poly-l-lysine, 3NP, Mdivi-1, Hoechst 33342 were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Mn(lI-
Dtetrakis (4-benzoic acid)porphyrin chloride (MnTBAP) and
4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPOL)
were purchased from Calbiochem (Darmstadt, Germany); the
BCA protein assay kit from Pierce (Rockford, IL, USA). The
pDsRed2-mito vector was provided by Clontech (Mountain
View, CA, USA), Drp1-GFP was provided by T Wilson and Dr
S Strack (Department Pharmacology, University of Iowa
Carver College of Medicine), and GFP-Bax was a gift from Dr
JHM Prehn (Department of Physiology and RCSI Neuro-
science Research Centre, Royal College of Surgeons, Ireland).
The stock solutions of 3NP (5 M in PBS), TEMPOL (0.2 uM in
DMSO) and MnTBAP (10 nM in DMSO) were stored at —20°C.

Results

3NP induces autophagy in SH-SY5Y cells

The protein LC3 has been used as a specific marker for the
quantification of autophagosomes. Overexpression of GFP-
LC3is a well-accepted, straightforward and specific assessment
of autophagosome formation. SH-SYS5Y cells were transfected
with GFP-LC3 and kept for 24 h before treatment with 3NP.
When these cells are cultured in regular DMEM medium
supplemented with 10% FBS, only a small number of GFP-LC3
dots were detected (4 = 0.2 per cell) (Figure 1A, C), and the
chimeric protein was homogeneously distributed within the
cytosol. The number of these LC3-GFP dots increased to 17 =
1.2 per cell after 3 h treatment with 5 mM 3NP (Figure 1B, C).
Cells with more than five autophagosomes were counted as
autophagic cells. The number of autophagic cells in untreated
conditions was about 16%, whereas in the presence of 3NP,
this number increased to 85 % (Figure 1D).

3NP disrupts mitochondrial morphology
To study the mitochondrial morphology, SH-SYSY cells were
transfected with pDsRed2-mito plasmid to express the mito-
chondrial DsRed2 protein. After 24 h of transfection,
untreated cultures present mitochondria with a long and
tubular morphology (Figure 2A), which became dramatically
shorter and rounder in response to 3 h of treatment with
5 mM 3NP (Figure 2B). Cell counting of the different mito-
chondrial morphologies (filamentous, mixed and fragmented)
indicated that 3NP induced mitochondrial fragmentation and
the formation of swollen, ball-shaped mitochondria in about
40% of the cells (Figure 2C). These changes in shape took place
during the first hour of treatment because, when we examined
the effect of a short-term (1 h) exposure to 3NP by replacing
the culture medium with fresh medium lacking inhibitor and
then examining the mitochondrial morphology, the morpho-
logical changes were not reversed (Figure 2D).

To examine if a collapse of the mitochondrial transmem-
brane potential accompanies mitochondrial fragmentation,
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3NP induces autophagy. (A-B) Confocal images of SH-SY5Y cells 24 h after transfection with the LC3-GFP vector. Representative non-treated cells
(control, A) or incubated for 3 h in 5 mM 3NP (B). Scale bar, 10 pm. (C) Number of cytosolic LC3-GFP vacuoles per cell were determined in at
least six different cultures under basal conditions (control) and after 3 h treatment with 5 mM 3NP. (D) Proportions of autophagic cells in cell
cultures challenged or not with 5 mM 3NP cells for 3 h. Data represent mean = SEM of four independent experiments (***P < 0.001, significantly
different from Control, t-test. (E) Left representative Western blot showing LC3-1 and II; p62 and tubulin protein bands from total cellular extracts
of SH-SY5Y cells challenged or not with 5 mM 3NP for 3 h. Histograms: Quantitative analysis of the ratio of LC3Il to LC3I (n=4) and (lower graph)
of p62 levels normalized to tubulin (n = 4). Results are expressed as mean = SEM (n = 5). ***P < 0.001, significantly different from Control, t-test.

SH-SYSY cells were incubated with TMRM, a fluorescent dye
that accumulates rapidly and selectively within mitochon-
dria. Uptake of TMRM depends on and is directly propor-
tional to the membrane potential. Statistical analysis of the
TMRM fluorescence intensity showed differences between
controls and cells treated with 5 mM 3NP, after 45 min of
treatment (36 * 2.3% of TMRM fluorescence level of controls,
P<0.01, n=3).

Furthermore, these events took place before the appear-
ance of any marker of cell death. After 3 h, cells kept the
capacity to retain LDH intracellularly (Figure 2E, 3 h of total
treatment time). But, consistent with the well-known toxicity
of this inhibitor and the fact that we were using toxic con-
centrations, cell cultures lost viability when they were cul-
tured for an additional 21 h (Figure 2E; 24 h of total
treatment time).
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3NP disrupts mitochondrial morphology. (A-B) Confocal images of SH-SY5Y cells 24 h after transfection with the pDsRed2-mito vector.
Representative mitochondrial morphology in non-treated cells (control, A) or incubated for 3 hin 5 mM 3NP (B). Scale bar, 10 um. (C) Proportions
of cells with filamentous, mixed or fragmented mitochondrial patterns were determined in at least six different cultures under basal conditions
(untreated) and after 3 h treatment with 5 mM 3NP (*P < 0.05, significant effects of 3NP, t-test. (D) 3NP does not induce reversible morphological
changes. Proportions of cells with fragmented mitochondrial patterns were determined after 3 h (untreated), or 1 h and 2 h after removal of the
inhibitor from cell cultures challenged for 1 h with 3NP. (E) Cell viability studies of cell cultures that were exposed for 3 or 24 h to 5 mM 3NP. Data
represent mean = SEM of four independent experiments *P < 0.05, significantly different as indicated, t-test.

Mitochondrial permeability transition pore
(MPTP) formation due to 3NP

Under certain conditions, mitochondria respond to cytotoxic
stimuli by forming MPTPs. This results in the swelling of the
organelle (Crompton, 1999). First, we used the calcein
staining/Co?*-quenching technique to image the formation
of MPTPs. Confocal microscopy analysis revealed that as early
as 30 min after 5 mM 3NP addition, a decrease in mitochon-
drial calcein fluorescence was evident (Figure 3A-E). To elu-
cidate if this phenomenon was due to a direct effect on
mitochondria, we isolated mitochondria from rat livers and
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measured changes in absorbance at 540 mm, which is an
indicator of organelle swelling. 3NP induced a significant
decrease in the Asy (Figure 3F), indicating that exposure to
3NP induced mitochondrial swelling. The role of MPTP for-
mation on 3NP-induced autophagy was then assessed. Cell
cultures were pre-treated for 30 min with the MPTP inhibitor
CsA (1 uM) and then challenged with 5 mM 3NP. The inhi-
bition of MPTP blocked 3NP-induced autophagy (24.6 *
2.4% autophagic cells in the presence of CsA vs. 84.6 = 5.4%
in the absence of CsA; P < 0.001, n =5 independent cultures).
Furthermore, CsA prevented the mitochondrial changes
induced by 3NP (Figure 4D).
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Figure 3

MPTP participation in 3NP-induced mitochondrial alteration. (A-D) Changes in mitochondrial fluorescence of calcein. SH-SY5Y cells loaded with
calcein/Co?" were treated with 5 mM 3NP. Representative confocal images of calcein fluorescence in SH-SY5Y cells, before (left) or 30 min after
(right) treatment. (E) Fluorescence intensity normalized to the initial value. Data represent mean = SEM of four independent experiments. (F) 3NP
induces mitochondrial swelling. Mitochondrial suspensions were exposed to 5 mM 3NP, and Ass was recorded. Ca?* (75 uM) was used as a
positive control for mitochondrial swelling. Data represent mean = SEM of four independent experiments. ***P< 0.001 significantly different from
vehicle, t-test.
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Drp1 displays cytosolic localization after 3NP treatment. (A) Confocal imaging of SH-SY5Y cells transfected with Drp1-GFP and treated with 5 mM
3NP. Drp1-GFP demonstrated primarily diffuse staining in control (left) and after 3 h treatment with 3NP (right). Images shown are representative
of four separate experiments, each performed in triplicate. (B) Number of cells with punctuate Drp1-GFP distribution were counted and expressed
as percentage of the total number of cells expressing Drp1-GFP. Data shown are the mean * SEM. of at least three experiments, each performed
in triplicate. (C) Levels of Drp1 were determined in mitochondrial fraction (M) and soluble extracts (S) from SH-SY5Y control cells and cells treated
with 5 mM 3NP. COX-IV protein levels (lower panel) were used as an index of mitochondrial contamination. Equal amounts of protein
(30 pg/lane) were loaded onto the gels. The immunoblots shown are representative of three independent experiments. Fold variation of Drp1
levels normalized to COX are shown at the bottom of each line. Data shown are mean = SEM (n = 5). (D) Effects of Mdivi-1 and CsA on
3NP-induced changes in mitochondrial morphology. SH-SY5Y cells transfected with pDsRed2-mito vector were co-treated with either 10 uM
Mdivi-1 or CsA and 5 mM 3NP. Proportions of cells with filamentous, mixed or fragmented mitochondrial patterns were determined in at least
six different cultures under basal conditions (control) and after 3 h treatment with 5 mM 3NP. **P < 0.01, significantly different as indicated,
one-way ANOVA with Tukey’s post hoc test. (E)Mdivi-1 effects on 3NP-induced autophagy. SH-SY5Y cells transfected with LC3-GFP vector and
co-treated with 10 uM Mdivi-1 and 5 mM 3NP. Proportions of autophagic cells in cell cultures challenged or not with 5 mM 3NP cells for 3 h. Data
shown are the mean * SEM of four independent experiments.

3NP did not activate mitochondrial Drp1
translocation

Translocation of the cytosolic protein Drp1 to the mitochon-
dria has been associated with mitochondrial fission. To evalu-
ate the effects of 3NP on Drpl cellular localization, cell
cultures overexpressing Drpl-GFP were used. In untreated
cultures, Drpl1-GFP distribution was cytosolic (Figure 4A).
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Treatment of the cells with 3NP (5 mM, 3 h) did not induce
changes in Drpl-GFP distribution (Figure 4B). We also
assayed the localization of this protein using immunoblot-
ting of cellular subfractions isolated from cell cultures. Con-
sistent with the above results, 3NP did not induce the
translocation of Drpl from the cytosol to the mitochondria
(Figure 4C).



To evaluate the role of Drpl in 3NP-induced autophagy,
the mitochondrial division inhibitor Mdivi-1 was used
(Cassidy-Stone et al., 2008; Tanaka and Youle, 2008). Cell
cultures were pre-treated for 30 min with Mdivi-1 (10 uM)
before being challenged with 5 mM 3NP. Furthermore,
Mdivi-1 (10 uM) treatment resulted in extensive budding and
elongation of the mitochondrial network, but did not inhibit
the mitochondrial fragmentation caused by 3NP (Figure 4D).
Furthermore, the inhibition of Drpl did not block 3NP-
induced autophagy (Figure 4E).

Bax translocates to the mitochondria after
3NP addition

Bax is a pro-apoptotic protein that participates in cell death
and mitochondrial fission. To study whether the 3NP treat-
ment induced Bax translocation, we analysed cells overex-
pressing GFP-Bax and performed immunoblotting of cellular
subfractions isolated from cell cultures. As shown in Figure 5,
both approaches revealed translocation of Bax to the mito-
chondria in cell cultures challenged with 5 mM 3NP. 3NP
induced an increase in the number of cells with a punctuate
distribution of Bax-GFP (Figure SA-C), and immunoblotting
revealed an increase of the levels of the protein in the cytosol
(S, Figure SC) as well as in mitochondrial subfractions (M,
Figure 5C).

To investigate if inhibition of Drpl modulated the trans-
location of Bax to the mitochondria, SH-SYS5Y cells transfected
Bax-GFP were co-treated with Mdivi-1 and 3NP. After 3 h, the
number of cells with Bax-GFP punctuated distribution was
determined. As shown in Figure 5D, 10 pM Mdivi-1 failed to
affect 3NP-induced Bax-GFP translocation to mitochondria.

Next, we aimed to elucidate the role of Bax protein in
3NP-induced mitochondrial morphology alterations. To this
end, we used embryonic fibroblasts from Bax”~ mice. Lack of
Bax protein expression neither prevented 3NP-induced MPTP
formation, evaluated after 45 min of 3NP treatment using a
confocal microscopy calcein technique (Figure SE), nor did it
affect the alterations in mitochondrial morphology, meas-
ured 3 h later (Figure SF).

Role of ROS

To further delineate the physiological consequences of 3NP
addition, we also considered the role of ROS. In this study, we
used DCFH-DA, a redox-sensitive probe, to demonstrate if
3NP increased intracellular levels of ROS. After 3 h of treat-
ment, we found that cells challenged with 3NP displayed a
significant increase in DFA fluorescence emission intensity
(Figure 6A, vehicle). Next, we determined the effect of ROS
scavenger drugs on 3NP-induced effects. Cells were pre-
incubated with the antioxidants TEMPOL (0.2 uM) or
MnTBAP (10 nM) 30 min before 3NP treatments. Confocal
microscopy analysis of cell cultures overexpressing LC3-GFP
protein revealed that both scavengers failed to inhibit the
formation of autophagic cells by 3NP (Figure 6B). Further-
more, both these drugs failed to prevent 3NP-induced
changes in mitochondrial morphology (Figure 6C).

Finally, we assessed the relationship between changes in
mitochondrial morphology and 3NP-induced ROS by pre-
treating cell cultures with either Mdivi-1 or CsA and measur-
ing ROS production 3 h after 3NP addition. As shown in

3NP and mitochondrial morphology

Figure 6A, only 1 uM CsA, but not Mdivi-1, was able to block
3NP-induced ROS production.

Discussion

In this study, SH-SYSY cells were used to investigate the effect
of 3NP on autophagy and its relationship with alterations
in mitochondrial morphology. We demonstrated that 3NP
provoked autophagy through irreversible mitochondrial
changes. This involved organelle swelling by the formation of
MPTPs rather than activation of the fission program.

Autophagy is emerging as a pathway relevant to physiol-
ogy and alterations in this process contribute to several dis-
eases (Kroemer and Levine, 2008). At 3 h after addition of
5mM 3NP, SY-SYSY cell cultures presented an increased
number of autophagosomes, which is characteristic of
autophagy. Consistent with this observation, morphological
and biochemical analyses of rat striatum treated with 3NP by
stereotaxic injection showed activation of autophagy in stri-
atal cells (Zhang et al., 2009). By this time point, cell cultures
exposed to 3NP showed clear changes in mitochondrial mor-
phology, but not clear signs of cell death. The organelles
presented a markedly shorter and rounder morphology, com-
pared with those from untreated cultures. To observe this we
used a fluorescent protein, pDsRed2-mito, targeted to the
mitochondria. pDsRed2-mito is efficiently localized to both
wild-type and respiratory-deficient mitochondria, allowing
studies of mitochondrial morphology in compromised condi-
tions such as the addition of 3NP, well-known to inhibit
complex II. Although we mostly evaluated morphological
alterations at 3 h after 3NP addition, mitochondrial altera-
tions take place during the early stages of treatment. In pre-
liminary studies, we were able to detect mitochondria with
altered morphology as early as 1 h after 3NP addition. Moreo-
ver, if we treated cells only for 1 h and analysed the mitochon-
drial morphology 3 h later, the effects on mitochondrial
morphology were similar to those seen after 3h exposure to
3NP. However, these effects could be a consequence of non-
reversible inhibition of complex II by 3NP. On the other hand,
supporting our hypothesis are the data from the analysis of
MPTP formation both in vivo and in isolated mitochondria.

The influence of mitochondrial dynamics on cellular
functioning is perhaps best appreciated in neurons, as these
cells have a high energy requirement to support distantly
located and metabolically demanding synaptic terminals.
Strong evidence has been presented, indicating that mito-
chondrial malfunction plays a crucial part in the pathogen-
esis of Huntington’s disease. Mitochondria isolated from
lymphocytes of Huntington’s disease patients have decreased
Ca*-buffering capacity Moreover, possibly due to a direct
interaction between the poly-glutamine stretch in mutant
huntingtin and the mitochondria, their mitochondrial mem-
brane potential depolarizes earlier at lower Ca®" concentra-
tions (Panov et al., 2002).

We observed depletion in calcein fluorescence during the
first 30 min after 3NP addition. In isolated mitochondria,
3NP induced mitochondrial swelling by CsA-sensitive classic
MPTP formation. Consistent with This observation was
consistent with that of Nishimura et al. (2008) who described
how 3NP-induced functional changes of mitochondria were
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Figure 5

3NP induces Bax translocation to the mitochondria but does not mediate alterations in mitochondrial morphology. (A) Confocal imaging of
SH-SY5Y cells that were transfected with Bax-GFP, incubated for 24 h to allow sufficient Bax-GFP expression and treated with 5 mM 3NP. After 3 h
exposure the cells were fixed in 4% paraformaldehyde, and confocal images were captured using a 63x oil immersion lens. Bax-GFP demonstrated
primarily diffuse staining in control (left), whereas 3 h after 3NP treatment a punctuate pattern is evident. Images shown are representative of four
separate experiments, each performed in triplicate. (B) The numbers of cells with punctuate Bax-GFP distribution were counted and expressed as
percentage of the total number of cells. Data shown are the mean = SEM of at least three experiments, each performed in triplicate. *P < 0.05,
significantly different from control, t-test. (C) Levels of Bax were determined in mitochondrial fraction (M) and soluble extracts (S) from SH-SY5Y
cells treated with or without 5 mM 3NP. COX-IV protein levels (lower panel) were used as an index of mitochondrial contamination. Equal
amounts of protein (30 pug/lane) were loaded onto the gels. An immunoblot from SH-SY5Y cell cultures, representative of five independent
experiments, is shown. Fold variation of Bax levels (mean = SEM; n = 5) normalized to control, are shown at the top of each line. . (D) Drp1
inhibition does not modify Bax-GFP translocation. SH-SY5Y cells transfected with Bax-GFP plasmid were co-treated with 10 uM Mdivi-1 and with
5 mM 3NP. After 3 h of treatment, proportions of cells with diffuse or punctuate GFP-distribution patterns were determined in at least six different
cultures. Data represent mean = SEM of four independent experiments. (E) Confocal calcein fluorescence intensity in MEF from Bax™~ mice 45 min
after 5 mM 3NP treatments. Values were normalized to the initial value. Data represent mean = SEM of four independent experiments. (F) MEF
from Bax™~ mice were transfected with pDsRed2-mito vector and treated with 5 mM 3NP. Proportions of cells with fragmented mitochondrial
patterns were determined in at least six different cultures under basal conditions (control) and after 3 h treatment with 5 mM 3NP (3NP, n/s
P>0.05; **P < 0.01, significantly different as indicated; one-way ANOVA with Tukey’s post hoc test.
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ROS do not function as second messengers in 3NP-induced mitochondrial fragmentation. (A) 3NP induces the production of peroxides. Cell
cultures were pre-treated with 10 uM Mdivi-1, T uM CsA or vehicle for 30 min before the addition of 5 mM 3NP, and production of peroxide-like
ROS was measured 3 h after 3NP addition. Data were normalized to vehicle-treated cells, and values shown are the mean = SEM of five
independent experiments performed in quadruplicate. *P < 0.05, **P < 0.001, significantly different as indicated, one-way ANOVA with Tukey’s post
hoc test; ns, P> 0.05). (B) TEMPOL (0.2 uM) or MnTBAP(10 nM) effects on 3NP-induced autophagy. SH-SY5Y cells were transfected with LC3-GFP
vector and pre-incubated with 0.2 uM TEMPOL or 10 nM MnTBAP for 30 min prior to treatment with 5 mM 3NP. Proportions of autophagic cells
in cell cultures that were challenged or not with 5 mM 3NP cells for 3 h. Data represent mean *= SEM of four independent experiments. (C)
Confocal microscopy analysis of mitochondrial morphology of cell cultures overexpressing pDsRed2-mito protein and pre-incubated with 0.2 uM
TEMPOL or 10 nM MnTBAP 30 min before treatment with 5 mM 3NP. Proportions of cells with filamentous, mixed or fragmented mitochondrial
patterns were determined in at least six different cultures under basal conditions (control) and after 3 h of treatment with inhibitors. Data represent

mean * SEM of four independent experiments.

caused by the CsA-sensitive classic MPTP. Furthermore, Lev-
enthal et al. (2000) showed that the neuroprotective proper-
ties of CsA are mediated by its ability to prevent MPTP
opening during exposure to high levels of calcium or oxida-
tive stress in 3NP-lesioned rats.

Our data support the notion that mitochondrial fission
did not actively participate in the 3NP-induced morphologi-
cal changes we observed. Mitochondrial fission requires
Drpl, a large GTPase of the dynamin family. Drp1 is cytosolic
but a subpool of the protein concentrates in discrete spots on
mitochondria at sites of future fission (Labrousse et al., 1999;
Legesse-Miller et al., 2003) and assembles into rings around
mitochondria and constricts their membranes, breaking
down the organelles in a GTP hydrolysis-dependent mecha-
nism (Ingerman et al., 2005). In our study, 3NP did not recruit
Drp1 to mitochondria. We reach this conclusion from several
kinds of experiments that included assaying the levels of
Drp1 protein in cytosolic and mitochondrial subcellular frac-
tions, which failed to detect increases in either fraction. In
addition, confocal microscopy of cell cultures overexpressing

Drp1-GFP revealed that addition of 3NP did not modify the
cytosolic and diffuse distribution of Drpl. A similar conclu-
sion was reached when we analysed the capacity of 3NP to
induce mitochondrial morphological alterations in cell cul-
tures where Drp1 was inhibited using Mdivi-1. Mdivi-1 selec-
tively inhibits the activity of mitochondrial division
dynamin-related proteins by binding to an allosteric site that
does not exclusively act through the GTPase domain
(Cassidy-Stone et al., 2008). The concentration of Mdivi-1
used in our study (10 uM) was sufficient to inhibit Drpl as
was shown by extensive budding and elongation of the mito-
chondrial network in the SH-SYS5Y cell cultures.

After 3NP addition, Bax translocated to the mitochondria
in SH-SYSY cells. The participation of Bax in mitochondrial
fission is controversial (Antignani and Youle, 2006). Bax was
found to co-localize with Drpl and Mfn2 at mitochondrial
fission sites in apoptotic cells (Karbowski et al., 2002) and has
been suggested to participate directly in apoptotic mitochon-
drial fission. Consistent with this, Drp1 or Fis1 knockdown
resulted in a reduced accumulation of Bax in mitochondria
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(Lee et al., 2004). However, in SH-SYSY cells, Bax transloca-
tion occurred in a non-concatenate process of mitochondrial
fission after 3NP treatment. Indeed, by the time that mito-
chondria were already fragmented (1-3 h), Bax had not yet
translocated to the mitochondria. Moreover, and in support
of a different activation route, 3NP-induced Bax translocation
was not inhibited by Mdivi-1. Our observations were In agree-
ment withealier studies in which Drpl knockdown or a
mutant DrplK38A exhibited no effect on Bax dynamics
(Frank et al., 2001; Lee et al., 2004). We have already shown,
in a different neurodegenerative model using MEF cell cul-
tures from mice lacking Bax, that this protein is not required
for 6-OHDA-induced mitochondrial fragmentation (Gomez-
Lazaro et al.,, 2008a). Thus, the function of Bax might be
related to MOMP in 3NP-treated cells. Consistent with this
hypothesis, mitochondrial energization associated with
apoptosis promotes Bax translocation to mitochondria
(Smaili et al., 2001; Gomez-Lazaro et al., 2008b; Perez-Alvarez
et al., 2009), and we and others have found that Bax actively
participates in neurodegenerative process (Gomez-Lazaro
et al., 2008b; Perez-Alvarez et al., 2009). Indeed, 3NP, in stri-
atal neurons, produced distribution of pro-apoptotic proteins
including Bad and Bax (Galas et al., 2004).

We also addressed the function of ROS in 3NP-activated
pathways. Our data indicate that, although 3NP increased
intracellular ROS, the ROS did not appear to be a significant
signalling link between 3NP and the mitochondrial fragmen-
tation machinery. When ROS were scavenged, a slight, non-
significant, inhibition of autophagy and mitochondrial
alteration was observed. However, ROS induction was
blocked when we inhibited mitochondrial swelling using
CsA. Again, and consistent with the notion that mitochon-
drial fission does not play a role in our model, Mdivi-1 did
not modulate 3NP-induced ROS production. An explanation
for this observation can be found in the results of Liot et al.
(2009) who placed mitochondrial fragmentation upstream of
ROS production. These authors observed that 3NP induced an
initial wave of ROS formation, which was not related to
mitochondrial fragmentation or cell death.

Our data show a direct correlation between MPTP forma-
tion and autophagy induced by 3NP treatment. Activation of
autophagy preceded the apoptotic process and was mediated,
at least partly, by ROS and MPTP formation. Further elucida-
tion of beneficial and detrimental roles of autophagy in
neurodegenerative diseases will shed new light on the patho-
genesis of neurodegenerative diseases that involve mitochon-
drial dysfunction.
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