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Abstract

Mitochondrial impairment is one of the most impatthallmarks of Parkinson’s disease (PD)
pathogenesis. In this work, we wanted to verifyriecular basis of altered mitochondrial
dynamics and disposal in Substantia nigra specimmkesgoradic PD patients, by the
comparison with two cellular models of PD. IndeSH-SY5Y cells were treated with either
dopamine or 1-methyl-4-phenylpyridinium (MBRn order to highlight the effect of altered
dopamine homeostasis and of complex | inhibitiespectively. As a result, we found that
fusion impairment of the inner mitochondrial memi@as a common feature of both PD
human samples and cellular models. However, tleetsfiof dopamine and MPReatments
resulted to be different in terms of the mitochaealdlamage induced. Opposite changes in the
levels of two mitochondrial protein markers (vokadependent anion channels (VDACS) and
cytochromec oxidase subunitfb(COX53)) were observed. In this case, dopamine treatment
better recapitulated the molecular picture of pasiesamples. Moreover, the accumulation of
PTEN-induced putative kinase 1 (PINK1), a mitophawrker, was not observed in both PD
patients samples and cellular models. Eventuallyransmission electron microscopy images,
small electron dense deposits were observed irchotadria of PD subjects, which are
uniquely reproduced in dopamine-treated cellsoimctusion, our study suggests that the
mitochondrial molecular landscape of Substantiagangpecimens of PD patients can be
mirrored by the impaired dopamine homeostasis legllnodel, thus supporting the hypothesis

that alterations in this process could be a crym#thogenetic event in PD.

Keywords: Parkinson’s disease; Substantia nigra; mitochontitkP"; dopamine.



1. Introduction

Parkinson’s disease (PD) is a common movementaBsowith increasing prevalence in the
aging population. Indeed, this pathology affectsertban 1% of 65-year-old individuals and
up to 5% of those over 85 years of age (Shuletah, 2011). Several biological pathways
have been implicated in neuronal cell death: awdgpland mitophagy impairment, increased
production of reactive oxygen species (ROS) antepraggregation (Abdulla¢t al., 2015;
Subramaniam and Chesselet, 2013). The discovesix oésponsible geneBARK1, PARK2,
PARK6, PARK7, PARK13 andPARK15) that cause early-onset Parkinsonism highlighted t
importance of mitochondrial dysfunction in PD pajbpesis (Burchelt al., 2013; Saiket al.,
2012). Altered dopamine homeostasis may be ano#ilelar pathogenetic mechanism
involved in neurodegeneration in PD (Hastings, 2008e oxidation of dopamine at neutral
pH causes the formation of endogenous toxins, wtachribute to mitochondrial dysfunction
and oxidative damage (Hastings, 2009; Segura-Agetila., 2014). It is also well known that
complex | deficiency is associated to PD pathoger(®apa and De Rasmo, 2013; Schagiira
al., 1989). For this reason, the 1-methyl-4-pheng2l3,6-tetrahydropyridine (MPTP) toxin and
its metabolite 1-methyl-4-phenylpyridinium (MPRare widely used to reproduce parkinsonian
symptoms and mechanisms in animal and cellular faprespectively (Gaki and
Papavassiliou, 2014; Subramaniam and Chessele3).201

Mitochondria are very dynamic organelles, organinea network constantly
remodeled by fusion and fission processes (CherCéuadh, 2009; Otera and Mihara, 2011).
Mitofusin 1 (MFN1) controls the fusion of the outaitochondrial membrane (OMM), while
optic atrophy 1 (OPA1) is responsible for fusiortleé inner mitochondrial membrane (IMM)
(Gallowayet al., 2012; Haroon and Vermulst, 2016; Wai and Lang@etg6). Instead, fission is
mainly triggered by the cytosolic dynamin-relatedtpin 1 (DRP1) (Gallowasgt al., 2012;
Haroon and Vermulst, 2016; Wai and Langer, 20I6pHysiological conditions, in order to
properly maintain the functional integrity of thetachondrial network, a correct equilibrium
between fusion and fission processes is establi€biean, 2012; Gottlieb and Bernstein, 2016)
and mitochondria that are damaged are normallyiedited by a specific macroautophagic
process called mitophagy (Narenétal., 2010a). When mitochondrial membrane potential is
compromised, PTEN-induced putative kinagPINK1), which is usually cleaved by proteases
in the IMM and subsequently degraded by the proteas accumulates in the OMM, thus
recruiting Parkin (Narendr al., 2010a). Parkin ubiquitinates MFN1, MFN2 and otG&M
proteins (e.g., voltage-dependent anion channel3ASA), tagging mitochondria for
degradation (Gegg al., 2010; Jin and Youle, 2012). At the same time,thtochondrial



fusion is inhibited by OMA1 (Head al., 2009) and the mitochondrial fragmentation is
triggered by DRP1 (Cereghegtial., 2008). These events anticipate the selectiveirdition
of damaged mitochondria by the recruitment of thiphagosome (Dupuis, 2014). In this
autophagic context, VDACSs are Parkin targets antheasame time, important for Parkin
recruitment to defective mitochondria (Geisteal., 2010; Narendret al., 2010b; Suret al.,
2012). Moreover, in the presence of pro-apoptdimidi, VDAC1 and VDAC2 are
overexpressed (Naghdi and Hajnéczky, 2016; ShoBlaamatzet al., 2008).

In the present work, we focused on the role of amntmdrial impairment in PD
pathogenesis. The cellular model commonly usedirpeevious works, based on altered
dopamine homeostasis in neuroblastoma SH-SY5Y, aelfsported the hypothesis of the
accumulation of dysfunctional mitochondria in cetlse to the lack of proper disposal. Thus,
the permanence of depolarized mitochondria in dllencay be a leading event in PD
pathogenesis (Alberiet al., 2014a; Bondet al., 2016). For this reason, we investigated the
main molecular factors involved in mitochondriahdynics in other models to molecularly and
mechanistically clarify the role of mitophagy impaent in PD. First, we used Substantia nigra
specimens from PD patients to directly explore ofittndrial state in the tissue affected.
Indeed, previous studies on autoptic brain tissfieporadic PD patients suggested that
mitochondrial impairment is clearly detectablehisttype of model (Schapiehal., 1990;
Jenner, 2003; Benderal., 2006; Jiret al., 2006; Chuet al., 2014). Second, we compared
results with our standard cellular model (neurdiolas SH-SY5Y cells treated with
dopamine) and with a commonly used PD cellular hd@P" treatment). Cells exposed to
carbonyl cyanide 3-chlorophenylhydrazone (CCCPeveensidered as the reference cellular
model for mitophagy induction.

2. Material and Methods

2.1. Caell cultures and treatments

The human neuroblastoma SH-SY5Y cell line was abthifrom the European collection of
cell cultures (ECACC, Cat No. 94030304, Lot No. 016). Cells were maintained at 37°C
under humidified conditions and 5% €@ high glucose Dulbecco’s modified Eagle’s
medium (DMEM) (Euroclone) supplemented with 10%afétovine serum (FBS) (Euroclone),
100 U/mL penicillin (Euroclone), 100 g/mL streptoony (Euroclone) and 2 mM L-glutamine
(Euroclone). Cells have been used at passage nuavarthan 15 and were seeded at a
density of 6x10per T75 flask for 24 hours before treatments.Ogkre treated with 25eM
dopamine in DMEM. 700 U/ml catalase (Sigma-Aldriglgs added to DMEM in order to



eliminate HO; arising from extracellular dopamine auto-oxidatidhe activity of complex |
was inhibited using MPRSigma-Aldrich) at a concentration equal to 2.5 imMDMEM
supplemented with 700 U/ml catalase. Control cgéise grown in DMEM supplemented with
700 U/ml catalase.

For CCCP (Sigma-Aldrich) treatments, cells wereaseal to this protonophore at a
concentration of 2QM or an equal volume of its vehiclieg., dimethyl sulfoxide (DMSO)
(Sigma-Aldrich). All treatments lasted for 24 haurs

The concentrations of MPRind dopamine were chosen to obtain a compara@edécell
survival (60%) (Albericet al., 2014b). CCCP concentration was chosen to obtaisdame cell
mortality after 24 hours of treatment (data notvehp

2.2. Human brain specimens

Mesencephalic tissues from six sporadic PD pati@mtissix age-matched controls (PD
patients: 4 males, 2 females; mean age 73+£15. Ql@gubjects: 3 males, 3 females; mean age
72+13) were obtained from the Netherlands BrainkBBB), Netherlands Institute for
Neuroscience, Amsterdam (Table 1). A summary ottimecal phenotypes, neuropathological
informations, and levo-dopa treatments for all Rifignts is provided in the Supplementary
material (Suppl. Table 1). All material has beelteoted from donors in the presence of a
written informed consent for a brain autopsy areluke of the material and clinical
information for research purposes.

This study was carried out in accordance with gs@mmendations of NBB with written
informed consent from all subjects. All subjectsgaritten informed consent in accordance
with the Declaration of Helsinki.

2.3.  Western Blot Analysis
Cells were lysed in RIPA buffer (50 mM Tris-HCI pH6, 150 mM NaCl, 1% sodium
deoxycholate, 1% NP-40, 0.1% SDS, 1x phosphatdsiiiors (Roche), 1x protease inhibitor
cocktail (Sigma-Aldrich)), incubated for 30 minu@s ice and then sonicated . Cellular lysates
were then centrifuged at 15000xg for 30 minute®’@t

Human brain samples were lysed by using a spdsBae lysis buffer (50 mM Tris-
HCIl pH 7.4, 150 mM NaCl, 1% Triton, 2 mM EDTA, 1 mDITT, 1x phosphatase inhibitors
(Roche), 1x PMSF, 1x protease inhibitor cocktaidj(@a-Aldrich)). The tissue specimens
(approximately 12 mg) were put in a Potter homogemniogether with 500l of lysis buffer
and then manually processed. After this procedheesamples were incubated on ice for 30

minutes and then sonicated; the lysates were d&ged at 18000xg for 15 minutes at 4°C.
5



Total protein concentration of both cellular argbtie lysates was quantified using the
BCA method (Thermo Fisher Scientific). Equal amsuitproteins were resolved in 10% or
16% SDS-PAGE gels. Then, proteins were transfeod/DF membranes at 1.0 mA/eior
1.5 hours (TE77pwr; Hoefer). Membranes were satdrair 2 hours at room temperature in
tris-buffered saline with 0.05% TWEEN 20 (TBST)dgtated with 5% skimmed milk powder
and then incubated with primary antibody overnigi¥°C: OPA1 (HPA036927, 1:250;
Sigma-Aldrich), MFN1 (sc-50330, 1:1000; Santa CBiatechnology), MFN2 (HPA030554,
1:2500; Sigma-Aldrich), VDAC1 (ab15895, 1:1000; Abt), VDAC2 (HPA043475, 1:250;
Sigma-Aldrich), COXB (#C4498, 1:1000; Sigma-Aldrich), PINK1 (#6946,000; Cell
Signaling) of3-actin (GTX23280, 1 : 3000; GeneTex) in 5% milk-TB3ncubation with
proper peroxidase-conjugated secondary antibodytiveasperformed: anti-rabbit (#AP132P,
1:1500; Millipore Corporation) and anti-mouse (#3409, 1:3000; Millipore Corporation) in
5% milk-TBST. Enhanced chemiluminescence subs(Miiépore Corporation) was used in
order to visualize the peroxidase signals: ima@édit grayscale) were acquired using the
G:BOXChemi XT4 (Syngene, Cambridge, UK) system andlyzed using the ImageJ
software (Schneidest al., 2012) (https://imagej.nih.gov/ij/). In orderdoantify signal
intensities of human brain lysates, the two gelseevexecuted and transferred to PVDF
simultaneously. Furthermore, the sample CTRL 99/249 loaded in both gels to normalize
signal intensities. Afterwards, signal intensitiésre normalized to those pfactin for loading
correction. For PINK1 detection in brain samplegja amounts of proteins were resolved in
10% SDS-PAGE (SDS,TGX Stain-Free FastCast Acrylarkid, 10%, BioRad) and the
fluorescent stain activated by UV light, followinganufacturer’s instructions. Then, proteins
were transferred to PVDF membranes and the fluergsignal acquired (GelDoc-Ite Imaging
System; UVP). The total protein amount has beersared based on the total fluorescent

signal in each lane with the ImageJ software.

2.4. Indirect immunofluorescence

Cells were seeded at a density of 5xér well onto 18 mm glass coverslips in 12 multiwe
plates. After 24 hours, cells were treated with MR®pamine or CCCP, as described above.
At the end of these treatments, cells were wash#dRBS and fixed with paraformaldehyde
4% (wi/v) for 15 minutes. SH-SY5Y cells were themmeabilized with Triton X-100 (0.2% in
PBS) for 5 minutes and blocked with 5% FBS in PBS2fhours at RT. Incubation with
primary antibody was performed overnight at 4°C:H1Rsc-32898, 1:100; Santa Cruz
Biotechnology) and ATP SynthaBgA9728, 1:400; Sigma-Aldrich) in 5% FBS diluted in

PBS. Cells were incubated with the proper AlexaoFHB8 anti-rabbit and 647 anti-mouse
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secondary antibodies (1:1000; Thermo Fisher Séienin 5% FBS in PBS. Coverslips were
mounted with ProLong Gold Antifade mounting medi(ithermo Fisher Scientific). Images
were taken with a laser-scanning confocal microed@icS SP5, Leica) through a 63X/1.40
NA oil-immersion objective (HCX PL APO lambda bludjl images were processed and
analyzed with the ImageJ software.

The amount of DRP1 was quantified in the mitoch@ldwurface by choosing the most
representative slices of ATP synthfise-stack signals; the mitochondrial area was then
selected and transposed on the correspondingeefliDRP1 signal in order to measure its
intensity normalized on mitochondrial area. To e the degree of co-localization of ATP
synthasgy and DRP1 proteins, images were transformed iritt #3rmat in order to measure
the Manders’ Overlap Coefficient (Mandetsal., 1992), which expresses the amount of DRP1
signal overlapping to ATP synthaBewith the JaCoP plugin (Bolte and Cordelieres,&00

2.5. Light and transmission electron microscopy

Mesencephalic tissues from two PD patients (07&r192/080) and from two age-matched
controls (09/001 and 94/325) were analysed at hglt transmission electron microscopes. A
section obtained from each paraffin-embedded tissasestained with hematoxylin and eosin
and examined to select the best suitable areddotren microscopy. Small fragments of
paraffin-embedded brain tissues were then incabatt chloroform for 30 minutes to
remove paraffin. After that, tissues were rehydtated post-fixed with 2% Karnovsky fixative
(2% paraformaldehyde and 2% glutaraldehyde in M@acodylate buffer, pH 7.3) for two
hours at 4°C, rinsed with cacodylate buffer, anengwally incubated with osmium tetroxide
for one hour at room temperature. Brain tissuegw®ezn dehydrated and embedded in resin
made by a mixture of araldyte, epon 812, dodecenglsic anhydride (DDSA) and
dimethylphthalate (DMP), whose polymerization wagied out at 60°C for 48 hours.

After treatments, SH-SY5Y cells were detached,rdeiged, washed in PBS, fixed for
two hours at 4°C with 2% Karnovsky fixative, washpdst-fixed with 1% osmium tetroxide,
dehydrated and embedded as previously described.

Ultrathin sections were stained with 5% uranyl ateeind Reynold’s lead citrate, and

observed with a Morgagni Philips/FEI transmissitat&on microscope.

2.6. Statistical analysis.
For the analysis of Substantia nigra samples,itrakof each protein was normalized to that
of the sample CTRL 99/249, loaded in both gels, thed to that op-actin. Data were

analyzed by two-tailed, unpaired Student’s t-tgstdmparison of Parkinson’s disease patients
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and control subjects. p < 0.05 was considered faignt.

Data obtained from control, dopamine and M@Rated SH-SY5Y cells were analyzed by one
way ANOVA with Dunnett’s post hoc test. Conversalgia obtained from DMSO- and
CCCP-treated cells were analyzed by two-tailedaired Student’s t-test. In both cases, p <
0.05 was considered significant.

For the immunofluorescence analysis, six coversii® independent experiments
were prepared for each treatment and four to fiveges randomly chosen were captured. The
analysis of coverslips was blinded. A code numbes assigned to each coverslip and the
identity of the sample has been evaluated only #itesoftware analysis of the acquired
images. DRP1 and COX5Signal intensities were measured using Imagedrerdanalyzed
by two-tailed, unpaired Student’s t-test.

For the analysis of TEM images, we considered s¢vietds of view (FOVs) of the
same ultra-thin section for each sample (Tabled2Table 3). For human samples, we counted
the number of total and healthy (with normal moiplgg) mitochondria in each cell.

Moreover, we analyzed the mitochondrial damage bgsuring the mitochondria with
electron-dense deposits (Table 2). For SH-SY5Ylred| we counted the number of total and
healthy mitochondria (with normal morphology) (Tel3l). Moreover, we counted and
characterized the different mitochondrial damagpeeach cell. Data obtained from control,
dopamine and MPPtreated SH-SY5Y cells were analyzed by one-way AM@ollowed by
Dunnett’s post hoc test. Conversely, data obtaired DMSO- and CCCP-treated cells and
by human brain samples were analyzed by two-tailegaired Student’s t-test. In both cases,
p < 0.05 was considered significant. Data are prtesieas relative numbers, setting the value
of controls (control, for dopamine and MPfReatments; DMSO, for CCCP treatment; CTRL

subjects, for PD patients) to 1, by dividing eaalue with the mean of the control group.

3. Results

3.1. Mitochondrial alterations in the Substantia ngra of PD patients

In order to investigate molecular mitochondria€edtions occurring in the sporadic form of
PD, we measured the levels of several proteindwedon mitochondrial dynamics in
Substantia nigra samples obtained from five sporB@ patients. First of all, we investigated
the abundance of the two main proteins involveghitochondrial fusioni.e., MFN1 and
OPAL. As a result, we found that MFN1 did not steowy difference between patients and
controls (Fig. 1A). Conversely, the short form d?&L (OPAL1-S) resulted to be decreased in



sporadic PD patients, although also the long forthis protein (OPA1-L) showed the same
tendency without reaching the statistical signiica (Fig. 1B).

In order to better clarify the molecular changest ticcur at the mitochondrial level, we
decided to measure the expression levels of VDAGIL\EDAC?2, two proteins of the OMM,
and of cytochrome oxidase subunitfb(COX5B), a protein of the IMM. Protein levels of
VDAC1 and VDAC2 were reduced by one half in Subganigra of PD patients compared to
controls (Fig. 1C). On the contrary, we observediifierence in COXP protein levels (Fig.
1D).

Eventually, in order to verify if these mitochoralralterations could trigger the accumulation
of PINK1 protein, the first step necessary for dleévation of the PINK1/Parkin mediated-
mitophagy pathway, we measured the expression ¢é\hls protein. As a result, we did not
observe any PINK1 accumulation in the Substangeanirom PD patients (Fig. 1E, Suppl.
Fig. 1). CCCP-treated SH-SY5Y cells were used agtipe control for PINK1 accumulation.

3.2.  Mitochondrial alterations in dopamine and MPP-treated SH-SY5Y cells

In order to clarify the pathological mechanismd tivaderlie mitochondrial dysfunction in
sporadic PD patients, we decided to assess thks lef/the same mitochondrial proteins in two
different cellular models of PD.e., a model of altered dopamine homeostasis (dopamine
treatment) and a model of respiratory chain complaRibition (MPP treatment) in SH-

SY5Y cells. Moreover, cells exposed to CCCP weresiiered as the reference cellular model
for mitophagy induction.

As a result, we found that MFN1 levels were nagraitl in dopamine and MP#reated cells,
whereas they were reduced following CCCP treatnanéxpected (Fig. 2A). Moreover,
OPAL1 protein resulted to be decreased in dopanmdeViPP-treated cells in both OPA1-L
and OPA1-S forms (Fig. 2B). On the other hand, C@€&ment caused the complete
disappearance of OPA1-L and the accumulation optbdission OPAL1-S, as expected (Fig.
2B).

We than measured the levels of VDAC1, VDAC2 and G@Xroteins. Protein levels
of both VDACs were significantly reduced in dopasiineated cells, as well as after CCCP
treatment. Conversely, MPReatment induced an increase of approximately 60%oth
VDAC1 and VDAC2 proteins (Fig. 2C). On the othentiadopamine treatment did not cause
any alteration in COXf protein levels. MPPand CCCP treatments, instead, significantly
decreased the levels of COXprotein in SH-SY5Y cells (Fig. 2D).

Since the molecular landscape of dopamine- and'MiRBted cells did not resemble the one

obtained following CCCP treatment (i.e. decreasedlt of all mitochondrial proteins



described above), we decided to verify the accunomaf PINK1 protein in these cellular
models. As a result, we did not observe any PIN&umulation in dopamine and MRP
treated cells, while it was clearly visible onlyiéaving CCCP treatment, used as positive
control (Fig. 2E).

In order to evaluate whether the fission process azdivated following dopamine and MPP
treatments in SH-SY5Y cells, we assessed the teweat of DRP1 to mitochondria. To this
end, both quantification and co-localization of ASyhthasgd and DRP1 protein signals were
performed by immunofluorescence staining (Fig. 39.significant recruitment of DRP1
protein to mitochondria was observed in dopamieated cells. The same outcome was
observed in SH-SY5Y cells treated with MPBy contrast, as expected, DRP1 was recruited
to mitochondria following CCCP treatment, as deni@ted by both DRP1 signal
guantification in the mitochondrial area (Fig. 38)d correlation between immunofluorescence

probes using the Manders’ coefficient (Fig. 3C).

3.3. Morphological analysis of mitochondrial damagén human samples and PD

cellular models

To get a clearer vision of the differences obsemdtie experimental models analyzed, a
morphological analysis of mitochondria was caroed by light and transmission electron
microscopy. Substantia nigra sections of contrdl BB subjects were stained with
hematoxylin and eosin and observed with a lightrasicope, in order to have a generic tissue
characterization (Fig. 4A). An higher number of reeucells with cytoplasmic pigments was
observed in Substantia nigra sections of controjezis with respect to PD specimens, where
neurons were less numerous, smaller, less pigmesmeldalso characterized by the presence of
Lewy bodies, as expected (inset in Fig. 4A). Iniaold, TEM analysis demonstrated that PD
neurons showed irregular nuclei and a very low nemolb melanin bodies (MB), if compared
to control neurons (Fig. 4B). Moreover, mitochoadappeared more swollen and irregular in
PD neurons, and cristae appeared to be derangedEiand Suppl. Fig. 2). Indeed, based on
their morphology, only 17% of total mitochondrigpaared to be healthy in PD patients, while
the remaining 60% showed electron-dense deposis, iEthe number of mitochondria per
cell was not different between PD and control stiigjéFig. 4D and Table 2).

On the other hand, dopamine- and MRRated SH-SY5Y cells showed abundant rough
endoplasmic reticulum and Golgi cysternae, numenoitischondria, nuclei with dispersed
chromatin and nucleoli. CCCP treatment causedandstiee enlargement of endoplasmic
reticulum cisternae and extended vacuolization. (&#9. At higher magnification (Fig. 5B), it

was clear that each treatment caused a peculiachaibdrial damage. In dopamine-treated

10



cells, more than 90% of mitochondria showed fusibaristae and 70% of them displayed
electron-dense deposits. In MPiReated cells, 90% of mitochondria appeared encjpig to a
marked disruption of cristae (Fig. 5C and Tablejikingly, we never observed any evident
fusion between mitochondria and phagosomes in toplamine and MPPtreated cells, while
a number of mitochondria in CCCP-treated cells apgmkbto be fused with phagosomes (Fig.
5D and Table 3).

4. Discussion

The impairment of the mitochondrial quality contptdhys a central role in PD pathogenesis
(Dupuis, 2014). Moreover, complex | dysfunction bagn indicated as a key player in the
development of this pathology (Papa and De Rasfi3;2Schapira&t al., 1989). More in
general, mitochondrial dysfunction seems to beaditey event in PD (Bose and Beal 2016),
although it is still unclear whether mitochondugfects are the primary cause or a detrimental
consequence of the neurodegenerative process (Bayw McMurray, 2017). In this work,
we wanted to clarify the pathological mechanismeutyihg the mitochondrial impairment in
PD. To this purpose, we investigated mitochondiitrations in Substantia nigra specimens
from PD patients, in comparison with three différegllular models of mitochondrial
impairment in human neuroblastoma SH-SY5Y cellsaioled by: i) MPP treatment
(Langstonret al., 1984); ii) dopamine treatment, deeply descritwedur group (Albericet al.,
2014a, 2014b, 2010a, 2010b; Bordal., 2016); and iii) CCCP treatment, which is known t
inhibit oxidative phosphorylation and trigger thiNR1/Parkin mitophagic pathway (Narendra
et al., 2010a). A comprehensive outline of the resglishown in Table 4.

First, we focused our attention on mitochondrigidn and fission defects. Noticeably,
mitochondrial fusion is typically hindered followgmmitochondrial damage, while the fission
process is promoted, so to maintain a proper mitodhal network assembly. Indeed, MFN1
is expected to be ubiquitinated and consequentiyadied upon mitochondrial depolarization
and mitophagy induction, as observed after CCCRrtrent (Bondet al., 2016; Geggt al.,
2010; Karbowski and Youle, 2011; Rakowtal., 2011). Nonetheless, Substantia nigra of PD
patients and SH-SY5Y cells treated with MRIP dopamine did not show significant
alterations in MFNL1 protein levels, thus suggestirag fusion of the OMM was not blocked.
Also an impairment of the IMM fusion seemed to acéwllowing the induction of the
mitophagic proces®@., after CCCP treatment), what is expected to happtre zinc

metalloprotease OMAL1 activation and the consegaetimulation of the short form of OPA1,
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which prevents the fusion of the inner mitochondnambranes (Heagt al., 2009). However,
both long and short forms of OPAL were surprisirgdggreased in PD patients specimens, as
well as after both MPPand dopamine treatment in SH-SY5Y cells. This maler event has
been already related to the loss of the mitochahdrembrane integrity and in turn to the
release of cytochromeand apoptotic cell death (Olichenal., 2003; Ramonedt al., 2013).

As a matter of common knowledge, also oxidativeamelites of dopamines(., dopamine
guinone) have been reported to inhibit complexelgiBa-Aguilaret al., 2014). Thus, the
impairment of the IMM fusion is a common event wiemplex | is inhibitedi.e., in PD

tissue specimens, in a cellular model of impairegasnine homeostasis and in a cellular
model of direct complex | inhibition (MPRreatment).

DRP1 also plays a fundamental role in mitophagyiaride apoptotic process (Bossy-
Wetzel et al., 2003; Palikaras and Tavernaraki$420Ne decided, therefore, to investigate
the behavior of this protein in SH-SY5Y cells teghtvith MPP, dopamine and CCCP. DRP1
co-localized with mitochondria only after CCCP treant, thus suggesting that complex |
inhibition or dopamine homeostasis perturbationrditicause the activation of the fission
machinery. Unfortunately, this event is difficultbe verified in human tissues, where the co-
localization analysis cannot be performed on thelevheuron and subcellular fractionation is
hampered by the frozen nature of specimens.

We then decided to measure the levels of C@X5protein of the IMM normally used
as mitochondrial marker, to have an estimate ofitltlechondrial content. As mitophagy
positive control, we again used the CCCP treatnvelm;h is known to drastically reduce the
number of mitochondria (Wang and Klionsky, 20113.&pected, all mitochondrial proteins
analyzedice.,, MFN1, COX$, VDAC1 and VDAC?2) were reduced by CCCP, as a
consequence of mitochondrial elimination by mitaphal he transmission electron
microscope images confirmed this view, showingptesence of many vacuoles and
mitochondria fused with phagosomes. On the contraeydid not observe any difference in
mitochondrial content between PD patients and obstrbjects, as well as in MPBNnd
dopamine-treated cells with respect to controldina with this observation, we did not detect
any difference in COX5 protein levels between PD patients and controjesid and the same
result was obtained in SH-SY5Y cells treated witpa@mine, as we previously demonstrated
(Bondiet al., 2016). On the other hand, COXprotein level was significantly reduced after
MPP" treatment, possibly reflecting the marked cristiseuption, observed by TEM.

We analyzed also the levels of the OMM VDACSs prnageindeed, besides their role in
energetic metabolism, VDACSs are also involved mrdgulation of calcium homeostasis and
in the mitochondria-mediated apoptosis (Naghdildaphdczky, 2016; Shoshan-Barmatz
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al., 2008). Moreover, it has been proposed that VDpI@g an essential role in recruiting
Parkin to defective mitochondria, in order to ehaie them through mitophagy (Geisteal .,
2010; Suret al., 2012), even if their actual role in triggerifngst process seems to be
controversial (Narendret al., 2010b). Our results showed that both VDAC1 aAZ2
protein levels were drastically decreased in subjetth PD. VDACSs were also down-
regulated at the protein level after dopamine ineat (Alberioet al., 2014a), probably
degraded by mitochondrial proteases, as alreadyested (Albericet al., 2014Db; Di Pierret
al., 2016). By contrast, MPRreatment caused an increase of VDAC1 and VDA®2es.
Interestingly, the scenario observed in Substamdjea specimens resembles more strictly
neuroblastoma cells treated with dopamine rattean thith MPP.

Even though mitochondria are damaged, Substargra of PD patients and both
dopamine and MPPRreated SH-SY5Ycells did not show any PINK1 acclation (observed
after CCCP treatment), thus suggesting that theadicin of the PINK1/Parkin mitophagic
pathway is impaired in both PD patients and PDutailmodels. Studies conducted on the
MPP" model demonstrated that the specific inhibitiomaplex | induced mitophagy
dysfunction through a specific pathway, linked fdIB3L degradation, decreased protein
ubiquitination and p62 inactivation (Gabal., 2015; Navarro-Yepex al., 2016). Eventually,
Bondi and colleagues demonstrated that dopamiagment in SH-SY5Y cells caused an
impairment of the PINK1/Parkin pathway, thus caggime accumulation of damaged
mitochondria (Bondet al., 2016). Recently it has been demonstrated tleamitochondrial
mass and the expression of electron transport gitateins were not affected in the
dopaminergic synapses of human PD samples. Moreaxens of human PD Substantia nigra
showed an increase in mitochondrial volumes, priybedused by an impairment in the
mitophagic pathway, that may lead to an accumulatfodefective mitochondria (Reeeeal .,
2018).

In order to better understand the molecular disonejes observed in our models, we
resorted to transmission electron microscopy (2ira., 2012) . In the MPPtreatment, we
observed that 90% of mitochondria were swollenemgty. Moreover, we never observed
mitochondria fused with phagosomes. This resulietioer with the lack of PINK1
accumulation, the unaltered number of mitochonania the fact that the levels of OMM
proteins did not decrease as happens in the CCCleInsuggests a likely impairment of
mitophagy. This may lead to the accumulation oede¥e mitochondria, as previously
demonstrated for dopamine treatment (Albetial., 2014a). On the other hand, the treatment
with dopamine determined the fusion of cristae@ff mitochondria. This data is in line

with the reduced levels of OPAL, responsible adtee maintenance (Ramometl., 2013).
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Moreover, some electron-dense deposits are vigiblde 70% of mitochondria, representing
melanized organelles, due to the entry of dopamintkethe following action of dopamine-
derived reactive species leading to their covaeldition to mitochondrial proteins (Alberab
al, 2010b; Brenner-Laviet al., 2008; Van Laaet al., 2009). Moreover, also in this case, we
observed neither mitochondria fused with phagosamesny PINK1 accumulation, with the
number of mitochondria unchanged when comparedntral cells. Interestingly, also in
neurons of PD subjects, mitochondria contained Isetedtron-dense deposits. Again, what
observed in Substantia nigra specimens resembles stractly neuroblastoma cells treated
with dopamine rather than with MPRHowever, TEM images from autoptic samples should
be considered with caution, because of the samgenat specimens and the possible influence
of fixation and conservation on their quality. Mover, their number is often limited and they
may mirror the very end of the pathogenetic proceéBss, it is not possible to establish
whether mitochondria morphological alterations obse are a primary cause or just a
consequence of the ongoing neurodegenerative @otherefore, further investigation on
mitophagy impairment is required.

The present study suggests that undifferentiate®$56lY cells treated with dopamine
represent a suitabia vitro model to reproduce the specific mitochondrial dgenmund in
sporadic PD and to study neuro-protectors agannstype of mitochondrial alterations.
Indeed, SH-SY5Y cell line is characterized by adyaotivity of the dopamine transporter
(DAT) and, at the same time, by a low activity loé tvesicular monoamine transporter type 2
(VMAT2), thus allowing to reproduce impaired dopamhomeostasis (Albere al., 2012;
Krishnaet al., 2014). Defects in VMAT2 were also observed itoatic brain tissues of PD
patients (Piflet al., 2014). The importance of this vesicular trasgoirt PD pathology was also
demonstrated in VMAT2 deficient mice that showeg@alninergic and noradrenergic
neurodegeneration (Lolet al., 2017). Eventually, the accumulationceynuclein
protofibrils, a typical hallmark of sporadic PD us&d the alteration of dopamine homeostasis
because of its action on DAT and VMAT2 (Bridi andtH, 2018).

5. Conclusions

To sum up, we collected several evidences thatesighat the cellular model of
altered dopamine homeostasis better recapitulagesiitochondrial alterations that occur in
PD patient specimens. Indeed, the molecular lap#scPD patients was similar to the one of
dopamine-treated cells and also TEM images showaiths electron-dense deposits inside

mitochondria. On the contrary, MRReated cells were characterized by a peculiar

14



mitochondrial damage.e., empty organelles, with disrupted cristae, whiahrot explain the
complexity of mitochondrial damage occurring in Sgstantia nigra of PD patients.
Therefore, our study suggests that the acute itndmbof complex | only partially reproduces
molecular mechanisms related to mitochondrial dyinaiim PD, whereas dopamine-associated
changes support once more the fundamental rolapdired dopamine homeostasis in PD

pathogenesis.
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Captions to the Figures

Fig. 1.

Fig. 2.

Fig. 3.

Proteins involved in mitochondrial dynamics ie tBubstantia nigra of PD patients.
Representative Western blot images (left) in thiesBantia nigra of PD patients
(PD) and control subjects (CTRL) and relative pirotevel, expressed as mean +
SEM (n =5 control subjects and 5 PD patients tecBnical replicates).A()

MFN1 protein level B) OPAL long (OPA1-L) and short (OPA1-S) forms le{@)
VDAC1 and VDAC2 protein leveldY) COX53 protein level E) PINK1
representative Western blot. CCCP-treated SH-SYdll¢ are used as control.
Normalization was performed on total protein logdiSuppl. Fig. 1).

Data were analyzed by two-tailed, unpaired Studdrtgst by comparison of PD
patients and CTRL subjects. * p < 0.05

Proteins involved in mitochondrial dynamics irpdmine, MPP-and CCCP-
treated SH-SY5Y cells. Representative Westerniblages (left) and relative
protein levels (right), expressed as mean + SEM 8o 5 biological replicates).
(A) MFNL1 protein level B) OPAL long (OPA1-L) and short (OPA1-S) forms level
(C) VDAC1 and VDAC?2 protein leveld)) COX5B protein level E) PINK1
representative Western blot.

Data obtained from control, dopamine and NHeRated cells were analyzed by
one way ANOVA with Dunnett’s post hoc test. # p.8®; ## p < 0.01; ### p <
0.001

Data were analyzed by two-tailed, unpaired Studdrtest in the comparison of
CCCP and DMSO-treated cells. * p < 0.05 ; ** p 1).*** p < 0.001

DRP1 is not recruited to mitochondria after dopaor MPP treatment. &)
Representative immunofluorescence images of ATEhageB (used as
mitochondrial marker), DRP1 and their overlap (sdzsr: 2Qum). (B) DRP1

signal quantification in the mitochondrial are@) Correlation between
immunofluorescence probes using the Manders’ aoeffi. Data are expressed as
mean £ SEM (n = 6 biological replicates).

Data obtained from control, dopamine and M@®Rated cells were analyzed by
one way ANOVA with Dunnett’s post hoc test.

Data of DMSO and CCCP treated cells were analyydd/b-tailed, unpaired
Student’s t-test. *** p < 0.001
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Fig. 4.

Fig. 5.

Mitochondrial alterations in Substantia nigréP@ patients.A) Representative
light microscopy images of Substantia nigra of oaetrol subject and one PD
patient stained with hematoxylin and eosin (magatfon: 40X and inset 200XA
Lewy body is visible in the cytoplasm of a neur@0@X, arrow). B)
Representative transmission electron microscopgéesaf Substantia nigra
neurons of one control subject and one PD patgati€ bar: fum). N: nuclei;

MB: melanin bodies.q) Representative transmission electron microscomages
of the same Substantia nigra neurons taken at highgnification (scale bar: 1
pm). Arrows indicate mitochondriaD Relative number of mitochondria, relative
number of healthy mitochondria and mitochondrighveitectron-dense deposits.
Analysis of TEM images was performed on 2 PD p&si€d7/121 and 92/080) and
on 2 CTRL subjects (09/001 and 94/ 325). Data, esged as mean + SEM, were
analyzed by two-tailed, unpaired Student’s t-tgstiamparison of PD patients and
CTRL subjects. *p < 0.05 ; * p < 0.01

Dopamine and MPPtreatments cause different morphological changésea
mitochondrial level. &) Representative transmission electron microscomages
of dopamine-, MPR and CCCP- treated SH-SY5Y cells. Scale bar: 2 {@Bn.
Representative transmission electron microscopgésaf dopamine-,MPPand
CCCP- treated SH-SY5Y cells. Scale bar: 0.5 pmows indicate mitochondria.
In CCCP-treated cells a mitochondrion is fused witfthagosome (P).

R: rough endoplasmic reticulum; G: Golgi apparaNisnuclei; V: vacuole.)
Relative number of mitochondria, healthy mitochaa@nd damaged mitochondria
dopamine- and MPPtreated SH-SY5Y cells (mitochondria considered as
damaged: dopamine, mitochondria with fused criataewith electron-dense
deposits; MPP, empty mitochondria. In the control cells, mitondda with partial
derangement of cristae were considered as damdgeaid). expressed as mean +
SEM, were analysed by one way ANOVA with Dunnepiisst hoc test## p <
0.001. D) Relative number of mitochondria, healthy mitoctioa and damaged
mitochondria (swollen, with derangement of crisiaef CCP-treated SH-SY5Y
cells. Data, expressed as mean = SEM, were anahystudo-tailed, unpaired
Student’s t-test. ** p < 0.01; *** p < 0.001

23



ACCEPTED MANUSCRIPT

24



Table 10utline of Substantia nigra specimens from Parkifssdisease patients and control subjects.

NBB*? Autopsy Sample type Braak Braak Pmd’ Brain ApoE® Diagnosis
number number Stage Stage LB | (hr:min) Weight

(Tau/amyloid) ° (9)
2007-013 07/055 Frozen 10 - 07:35 1696 32 "PD
2007-029 07/121 Paraffin/Frozen 10 6 04:55 1217 32 PD
2006-062 06/191 Frozen 1B 5 03:40 1155 32 PD
2009-045 09/146 Frozen 1A 4 09:35 1440 - PD
2009-078 09/254 Frozen - 6 04:15 1130 - PD
1992-035 92/080 Paraffin 0B 5 04:15 1194 43 PD
2009-003 09/007 Frozen 10 0 07:20 1520 - RDC
1999-116 99/249 Frozen 00 - 04:20 1300 33 NDC
2009-001 09/001 Paraffin/Frozen 2A - 04:43 1418 - NDC
2001-004 01/016 Frozen 0B - 08:35 1159 42 NDC
1999-111 99/232 Frozen 3B - 05:40 1034 33 NDC
1994-119 94/325 Paraffin - - 07:40 1131 33 NDC

Notes: ®NBB: Netherlands Brain BanKBraak stage (Tau/amyloid): this is a scale for &inter’s pathology (Braak and Braak, 1991; Tétadl.,
2000);°Braak stage LB: this is a scale for Parkinson’satie (Braakt al., 2006);"Pmd: postmortem dela§ApoE: ApoE genotype (Tudoraclee

al., 2017);'PD: Parkinson’s diseas®yDC: non-demented control.
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Table 2Morphological analysis of mitochondria in Substantigra samples from control subjects (CTRL) andkiRaon’s disease patients (PD).

Mitochondria Counts

tot | per cell healthy with electron dense deposit

U

CTRL (*n=13) | 107| 8.23 | 64 (59.81%) 39 out of 107 (36.45%)

PD (*n=16) | 143| 8.94 | 25 (17.48%) 83 out of 143 (58.04%)

Notes: *n: number of cells analyzed (one cell per eaeldfof view)
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Table 3Morphological analysis of mitochondria in contraidedopamine, MPPor CCCP-treated SH-SY5Y cells.

Mitochondria Counts

tot | per cell healthy empty with deranged cristae| with electron dense deposit$ phagosome-fuseq
Control (*n=6) |62 | 10.34 | 57 (91.94% NA 5 (8.06%) NA NA
Dopamine (*n=8)| 73| 9.13 | 7 (9.59%) NA 66 (90.41%) 49 (67.12%) NA
MPP*(*n=7) [59| 8.43 | 6(10.17%)| 53 (89.83%) NA NA NA
DMSO (*n=6) | 66| 11 | 62(93.94% NA 4 (6.06%) NA NA
CCCP (*n=8) | 52| 6.5 4 (7.69%) NA 48 (92.31%) NA 1019.23%)

Notes: *n: number of cells analyzed (one cell per eaeldfof view)
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Table 4Results Outline

PD SH-SY5Y
Substantia
_ Dopamine MPP”* CCCP
nigra
MFN1 =° = = 1°
OPAl-L (1) ! ! !
OPA1-S ! ! ! 1¢
wWB PINK1 No accumulation | No accumulation| No accumulation| Accumulation
VDAC1 | | 1 |
VDAC2 | | 1 !
COX58 = = l |
IE DRP1 (intensity) Not measured = = 1
DRP1 (relocalization to mitochondria)| Not measured = = 1

Notes: ® = : protein levels are unchanged when comparetdiv respective controls (CTRL, for PD patientgin@ol, for dopamine and MPP
treated cells; DMSO, for CCCP treatmefit){ : protein levels are reducedf | ) : protein levels seems to be reduced withouthieacstatistical

significance? 1 : protein levels are increased. WB: Western BIBt; Indirect ImmunoFluorescence.
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Highlights
> Theinhibition of complex | by MPP" only partially reproduces PD mechanisms.
» Dopamine treatment better recapitulates mitochondrial impairment of PD.
» PINK1 does not accumulate in both sporadic PD patients and cellular models.

» Electron-dense deposits are present in mitochondria of PD patients.



