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Abstract:

Treatment with™ the dopamine (DA) precursos3,4-dihydroxyphenylalanine LEDOPA)
providessymptomatic relief arising from DA denervation in Parkinson’s disddsenting
evidence that DAautooxidation toneurotoxic quinoness involved in Parkinson’s disease
pathogenesibas raised concembout potentiabn of oxidative stresdy L-DOPA. The rate
of DA quinone formationncreases ithe presence of excess reeiotiveiron (Fe), which is

a pathological hallmark dParkinson’s diseas€onversely-DOPA has pHdependent Fe
chelating. properties, and magt to ‘redox silenceFe andpartially allayDA autoxidation.
We examined: the effects of-DOPA in three murine models of parkinsonian
neurodegeneration: eafdiye Fe overexposurén wildtype (WT) mice transgenichuman
(h)AS53T mutant a-synuclein(a-syn) overexpressignand a combirge ‘multi-hit” model of
FeoverloadinshA53T mice. We found thatDOPA was neuroprotective and prevensgg
related Fe accumulationin the substantia nigra pars compacta (SNc), similar to the mild
affinity Fe chelator clioquinol (CQ)Chronic L-DOPA treament showed noevidence of
increased oxidative stregs WT midbrain and normalised motor performanesbgn excess

Fe was presengimilarly, L-DOPA also did not exacerbate protein oxidation lewelsA53T
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mice, with or withoutexcess nigraFe, andshowed evidence of neuroprotectidine effects

of L-DOPA in Fefed hA53T mice were somewhat muted, suggesting thahEkation alone

is insufficient to attenuate neuron loss in an animal matsd recapitulating altered DA
metabolismIn summary, w found no evidence in any of our model systems thRBOPA
treatment: aceentuatedeurodegenerationsuggesting DA replacement therapy does not

contribute/to oxidative stress in the Parkinson’s disease brain.

Keywords:

alphasynuclein, clioquinolhA53T; iron,L-DOPA.

Introduction

Parkinson’s_disease is a progressive neurodegenerative disorder affectimgsrend the
neural networks within the basal ganglitne most severe neuropatholagyseen withinthe
substantia_nigra pars compacta (SNc), whdgpamine (DA) producing neurons are Jost
resulting indenervation of nigrostriatal DA aneksulting motor dysfunction.Parkinson’s
disease affects-2 per 1,000 of thglobal population, and 1% of all over the age of 60 years
(Tysnes & Starstein 2017Thereis no diseasenodifying treatmenturrently in clinical use
While there are several candidate therapies in human trials, the diverdityowh risk
factors and resulting pathological targets highlight the difficulty in sigwarogression of a
disease for which there 0 exact underlying cause 80-85% of cases. In reality, these
idiopathic | Parkinson’s disease cases likely include a range of genetic association and
environmental factorssuch as air pollutiomeuroinflammation(Lee et al. 2016) and
neurotoxic, pesticide exposure (Di Monte 2008pulting in a spectrum of biochemical

triggers, anadonsequently, therapeutic targétang & Espay 2018).

L-3,4-dihydrexyphenylalanine, or levodopa-DOPA), is the primary precursor to DA tha
first showed' clinical efficacy in alleviating motor symptoms in the 19@ikmayer &
Hornykiewicz 1961, Birkmayer & Hornykiewicz 1962, Cotzetsal. 1967)and remains the
primary pharmacological treatment for Parkinson’s disease symptoms. WBD@PA
therapy has improved the quality of life of tens of thousands of Parkinson’s diséanéspa
(Mercuri & Bernardi 2005) it has a significant side effect profi{€oster & Hoffer 2004)

Although L-DOPA does provide some symptomatic relief in the period immediately
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following onset of motor symptoms, during the later disease stages a number-16f non
DOPA-responsive symptoms emerge that contribute to the rapid decline in quality of life
(Hely et al. 2005) A decade after diagnosis, symptom profiles - ®OPA and nortreated
Parkinson’s disease patients are indistinguishékédzenschlageet al. 2008) suggesting

that thertherapy does not accelerate the symptoms of the condition. The question a
whetherL-DOPA accelerates disease progression by potentiating neuron death is the subject
of much debate (Lipslat al. 2011, Parkkineet al.2011).

There are_seyeral featuremmmon acrossall sporadic forms of the disease thate
implicated'in the underlying biochemical mechanisndisEasahat may be influenced hy
DOPA treatment including i) oligomerisation, aggregation and deposition ofalpha-
synuclein (a-Syf) as Lewy pathologyhroughout the brain, including the SKi¢alia & Lang
2016} ii) increased levels of oxidative strg¢dganget al. 2016)in cells already maintaining a
high basal_oxidative loadand a SNespecific accumulation of iron (Fe) beyond that of
normal ageindWardet al. 2014, Ayton & Lei 2014)An emerging theory is that thmique
chemical envirohment of DAergic neurons the SNcis particularly susceptible to
neurotoxic.DA_quinones formed by featalysedDA oxidation (Zuccaet al. 2017, Hare &
Double 2016)which also implicates a-Synvia its proposed regulation by Fe levels and role

in vesicular transport of DA (Song & Xie 2018).

While it is acknowledged that no hard evidence directly liIrKEOPA toxicity to neuron loss

in Parkinson’s disease patients, the uncertainty around this issue is a majbutantoi the
cautious approach that recommends the lowest dose providing symptomatic relief & appli
(Olanow 2015) Clinical symptoms do not appear until 50% of SNc DAergic neurons have
been lost,"and up t80% depletion has occurredithin the first few years postiagnosis
(Kordoweret.al;2013) This explains the loss of efficacy 0fDOPA in later stages of
disease, thoughrwhether it contributes to the rate of neuron loss between diagnoss-and ne

total DA denervation remains unknown.

The proposed,.mechanism af-DOPA-potentiation of DA neurotoxicity is relatively
straightforwardFig. 1) therapeuti@dministratiorof a DA precursoto supplement depleted
DA levels could, in theory, be contributing to oxidative stress by increasingatladable
pool of DA to oxidise(Herreraet al. 2017) particularly in the presence of excess readtee
(Sunet al. 2016).1Iron has a high affinity to neuromelanin (NMBohic et al. 2008) the
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biopolymer formed by Fenduced DA oxidation, and Fis also a cofactor in several key
enzymes involved in DA biosynthesis, including the two aromatic amino acid hydroxylases
(phenylalanine <hydroxylase [PH] and tyrosine3-hydroxylase [TH]) that produce
endogenousL-DOPA from L-phenylalaninge and the haemontaining SNeexpressed
cytochrome"P450 2D6 (CYP2D6) enzyme that mediates the convergpetyraimine to DA
following decarboxylation of-tyrosine.Dopamine breakdown also relies on Fe catalysis;
monoamine oxidase (MAO; primarily as tH® enzyme) activity is modulated by Feu et

al. 2017) and is the enzyme used to deaminate DA tedddroxyphenylacetaldehyde
(DOPAL) and 2methoxytyramine(3-MT) to excretable homovanillic acid (HVA). Catechol
O-methyltransferase (COMT) is also central H&¥A production by degrading DOPAL
derived 3,4dihydroxyphenylacetic acid (DOPAC) to HVAnd DA to 3MT. While X-ray
crystallography studies of the COMT active site show no evidence-binBiang (Vidgren
1997),the mild-affinity Fe chelator 1 2limethyt3-hydroxpyridin4-one, or L1 was shown to
inhibit COMT (and TH)activity in rats(Waldmeieret al. 1993) L-DOPA can readily across
the blood".brain barrier (BBB) but must be delivered in combination with a DOPA
decarboxylase.inhibitdo preventformation of BBBimpermeable DAoutside the CNSThe

pH dependent Fehelating properties of-DOPA are well knownand itis advised that
patients receiving oral treatment avéid supplementthat reduce uptake in the duodenum
and jejunum_(€ampbell & Hasinoff 1989, Campletld. 1990).

Published reports of potentisdDOPA neurotoxicity in healthy DA neurons are conflicting;
studiesfrom the early 1980dailed to identify measurable damage to the nigrostriatal
pathway inhealthy rodent§Hefti et al. 1981, Perryet al. 1984) though numerous followp
studies, reviewed in detail byAsanumaet al (2003), suggest that chronic-DOPA
administration can, and does, promote DAdation andpotentiateneuronal losslt is
important.to.note, however, that almost all our knowledge of poteRB&PA neurotoxicity
has beenrobtained from experiments usied culture and loweorder specigsoften at
supratherapeuticoncentrations anchemicalconditions €.g.pH, dissolved Q, etc) thatdo
not reproduce the complex biochemistry of ttiseased human braifthe Earlier versus
Later Levodopa. Therapy in Parkinson Disease (ELLDOPA) trial, designedicgc to
investigateneurotoxicity ofL-DOPA in humans, was inconclusiyeahnet al. 2004) The
subsequentevodopa in EArly Parkinson’s disease (LEAP) st@dgrschuuret al. 2015)is
currently underway (EudraCT number 2600067872) and will add valuable new insight,

though until conclusive evidence thaDOPA is neurotoxic in humans is presented, it will
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remain a frordine treatment for Parkinson’s disea&etween thesén vitro studies and
clinical trials, murine models that recapitulate progressive iron accumulation, with
dysfunctional a-syn and impaired DA trafficking are the ideal testbed to test the hypothesis
thatL-DOPA accentuates DA neurotoxicity in a high environment

Our group(Billings et al.2016)and othergKaur et al. 2007, Jieet al. 2018)have shown that
increasing brairFe accumulationvia earlylife dietary overexposure is sufficient timduce
agerelatednigrostriatal damage and parkinsonjsas evidenced by a specific loss of -TH
positive neurons, increased markers of oxidative stress, and locomotor deficiisatesa
decreasén spontaneous motor activitiFurther, treatment witthe Fe chelatoclioquinol (-
chloro-7-iodo4quinolin-8-gl CQ) from five months of ag&vas able to preveriDAergic cell

loss inFeloaded animalgBillings et al. 2016) attenuate th&e-dependenheurotoxicity of
1-methyt4-phenyl-1,2,3,8etrahydropyridine (MPTP{Kaur et al. 2003, Hareet al. 2013a)

and suppress_the parkinsonian phenotype in mice overexpressing the human (h)A53T
mutation toSNCA(a-syn) (Finkelsteinet al. 2016). Clioquinolhas moderataffinity to Fe
(Bareggi &.Cornelli 2012pndby redoxsilencing labile Fe it is thought fwrevent excessive
reactive oxygen species (ROS) formati@ixon & Stockwell 2014) This has spawned a
number: of "'subsequent candidate compounds based on-hlgdrdkyquinoline (8-HQ)
scaffold as_pessible agents for targeting metediated neurodegeneratigBarnham &
Bush 2014) Neurotoxicity of thehA53T mutation itself is accentuated B (Ostrerova
Golts et al. 2000, Zhuet al. 2016) and we have previously hypothesised that permeable
vesicles produced by mutant a-syn‘leak DA into the cytosol (Lotharius & Brundin 2002a)
where it is free to react with labifee as it accumulatewith age(Hareet al. 2017a, Hareet

al. 2015).

Consideringthe substantial conflicts in the literature regarding whethBIOPA is either
neurotoxicror-protectiveand thatFe has multiple weHestablished roles in both normal DA
metabolism=and neurotoxaxidation,we examined the effects fDOPA administration in
three murine’ models of Parkinson’s diseaselydife Fe overexposure t@ccelerated age
related accumulationKaur et al. 2007) hA53T overexpressing mice, which display
disrupted DAmetabolism(Giassonet al. 2002) and a duahit model combining the two
experimentaparadigmgBillings et al. 2016)We examinedhe in vitro Fe-redox-silencing
properties ofL.-DOPA, spatial and totabrain Fe levels,neuronal cell numberand motor

function (all compared against CQ as a knowncRelator)to assess the specific effectsLef
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DOPA on DA neurons and disease phenotype, pnothe equivalent onset of clinical
symptoms. We found no compelling evidence that-DOPA potentiates DAergic
neurotoxicity when challenged with aberrant levels of Fe and dysfuncti&@sal mutant

humana-syn but instead shows a slight capacity to miéigdite effects of the oxidative

milieu ofsstressed neurons.

Materials and Methods

Animal ethics approval and experimental design

All experiments were in adherence to the National Health and Medical Research Council
code for the care and use of animfds scientific purposes and were approvaibr to
commencemeny the University of Melbourne Animal Ethics Commitige 08-023).A 2

x 4 factorial _study desigmwas used taletermine the influences of a result (quantitative
variable) based on two independent variables and appropriate animal num8BSS v16

(IBM, USA)=-An‘interaction is the effect of one independent variable on a test (dependent
variable) which/relies orthe value or the relationship of another independent variable.
Interactions between neonatal iron supplementation and the type of treatment wer

investigated and analysed further using ANOVA together with the p&ibhodest.

Experimental animalgequalratio male to femalejvere born from pregnantild type (WT)
C57BL/6 or homozygougt/+) hA35T mutant micg B6;C3Tg (PrnpSNCA*A53T)83Vle/J;
AS53T o-synuclein transgenic line M8RRID:IMSR_JAX:004479, Jackson Laboratories,
USA), who were housed at a constant temperature of 22 °C inhaut2light/dark cycle.
Mothers had access to water and standard rodent @Bl@nforrest Stockfeeders, Australia)
ad libitum.Experimental groupand dosing regimeare shown in Figre 2.Each animalvas
assigned a‘ralom identifierusing the random number generator function in Microsoft Excel
(Microsofts€orporation, USA) and experimenters were blinded to sample groupsfiamtil a

analysis,

Hydrogen peroxide assay

The ability of L-DOPA and CQ to inhibit Fenediatedproduction of hydrogen peroxide

(H20,) was measured using a modified indirect fluorescence detection (&asiegisteinet
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al. 2017, Opazeet al. 2002) Dichlorofluorescein diacetate (DCF; Molecular Probes, USA)
was dissolved in dimethyl sulfoxide (DMSO; Sigma Aldrich) to a concentrati@noM in

an argorpurged atmosphere. Sodium hydroxide (0.25 M) was added to deacetylate the DCF
for 30 min, after which the solution was f@djusted to 7.4 for a final DCF concentration of

0.1 mM."A 0:2-aM solution of horseradish peroxidase (HRP; Sigma Aldrich) was prepared in
0.1 M phosphate buffered saline (PBS) at pH 7.4. Reagents were addedviela®éte and

the reaction proceeded at 37 °C in a lijlee environment to prevent photodynamic
interference. All experiments used a constant Fe concentration (as ferric ammonium citrate;
Sigma Aldrich), of 400 nM and 10 uM ascorbate was included as a reducingimgéint
samples Fluorescence measurements were recoated Perkin Elmer LS5 fluorometer

with excitation and emission wavelengths of 485 nm and 530 nm, respectively.

Genotyping of hA53T mice

Mice tail biopsies were collected and homogenisednrextracton and preparatory buffer
(REDEXxtractN-AMP Tissue PCR kit, Sigma, USA)Genotypng was performedby
polymerase, ", chain  reaction (PCR) with a-syn primers (forward: 5’
TGTAGGCTCCAAACCCAAGG3’; reverse: 5TGTAGGCTCCAAACCCAAGGSZ;;
Sigma, USA)and run on a 1.5%garose ge{Fig. S1) Samples wereun in parallelwith a
+/+

confirmed
USA).

hAS53T transgenianousestandardand 100bp molecular weilgt marker (NEB,

Early-life iron exposure

Postnatal Fe feeding experiments were performed using the method previously described
(Billings et al..2016). Carbonyeis a common food additive and was selected over ferrous
saltsas it is*better tolerated while still providing a bioavailable soufdee¢Gordeuket al.

1986) Carbonyl iron was suspended in an 8% (w/v) sucsadation CAS ID 743989-6;
SigmaAldrich, Australia) Animals were delivered eithéte or vehicle solutionrally by
dispensing the,calculated dose from a syringe into the rodent’s mouthPfrfO+RL7 days of

age. Animals eceived a daily dose of 0.12 nkg™ Fe (or equivalent volume of vehicle),
calculated daily according to weight of the pup. Iron dose was based alevisedoy Kaur

et al. (2007)and previously used by us (Billings et al. 20 a mimetic of typical

commercial infant formula preparatiotietwe have previously commented on as a potential
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risk factor for brain iron accumulatiqiareet al. 2018)and Parkinson’s diseagdare et al.
2015, Hare et al. 2017&ups were housed with their mothers for the duratidredéeding.
At 3 months of age body weights of vehicle andféganimal from both WT and hA53T
strains 1 = 5 per group) were measured for seven dayde&ding has no effect on total
body weight«(Fig. S2).

Clioquinol'andt-DOPAadministration

Clioquinol (Fig.1, inset CAS ID 13026-7; SigmaAldrich) wasadministeredo animalsvia
supplemented rodent chow. Basedpoavious reports of efficacious CQ doses of ~30 mg/kg
for brain metal modulatiom mice (Kaur et al. 2003, Cherrgt al. 2001) we spikedGR2 rat
and mouse“pellets (Glenforrest Stockfeeders, Australia) with 25GghdCQ and mixed
thoroughly. Todeterminethe mean daily intake of CQy a 12weekold C57BL/6 wild type
mouse we _measured the difference in mass of pellets daily for 10addygslculated the
masscorrected intak@s37 mgkg™ of CQ per dayFig. S3). Mice were maintained on this
diet from 3.te.8.months, after which they were culled.

L-DOPA(CAS'ID 5992-7; SigmaAldrich) administration was adapted from the previously
published method biarishet al. (2002).L.-DOPA was delivered to mice in drinking water
with 0.2"% (w/v) asorbic acid andreplaced every second day to limitidation Drinking
water was, spiked witl20 mg L' of the aromaticL-amino acid decarboxylase (AADC)
inhibitor benserazide (Figl, inset CAS ID 1491977-8; Roche, Australia) to limit-DOPA

to DA conversion in the peripheral nervous syst@uose was calculated based on a 30 g
mouse consuming 3 mL of water per day, which was equivalenti&ily oral dose of 20 mg
kg' L-DOPA and 2 mg kg benserazideAnimals receivingcombinedCQ andL-DOPAwere
exposed.as.outlined aboueach treatment group were housed in separate enclogvinds.

we acknowledge that dose contna$ing food and drinking water is less precise theal
gavage, duestortherionth duration of chronic exposure it was decided that gavaging would
cause undue stress theanimals.L-DOPA dosing followed the same CQ treatment routine,
commencing at.3 months and continuing until culling at 8 months. Veheaeed animals

received drinking water with 0.2% (w/v) ascorbic acid only.

The rangesnd routes of administration farDOPA and benseraziddose vary across the

literatureand typically focus on single dose pharmacokingticsur study oral(p.o.)20 mg

This article is protected by copyright. All rights reserved



kg' L-DOPA with 2 mg kg' benserazidén drinking waterwas a suitablehronic dose
choice asit had minimal effect over an extendetdeatment paradigm with no apparent
adverse physical effecténtraperitoneal (i.p.) administration of benserazide is problematic
due to concerns that nigrostriatal AADC activity is also inhibited by high -BBiBneable
doses; a highisprdose obenserazidé50 mg kg'; 25 times the daily p.o. dose used here, in a
single injectionin rats has been previously reported itmrease AADC activity and
extracellular'striatal DAprior to administration of.-DOPA (25 mg kg i.p.) 30 minutes
later. Lowering the dose to 10 mg Kgdecreased striatal AADC activity though not DA
levels until after.-DOPA administratior{Jonkerset al. 2001).High benserazide (50 mg kg
i.p.) also increases levels of tB®OPAC metabolite, though not HVfe Silvaet al. 1997)

This raiseg'important questions aboffttarget effects of AADC inhibitors, or an expanded
role of the AADC enzyme in DA metabolism worthyfature study.The substantially lower
oral doseused herewith gastrointestinal bioavailability of 684% (Ashley & Dunleavy
2017),was unlikely to have an inhibitory effect on nigrostriatal AADC activity. @raes of
~15 mg kd'.(7.5 times that used here) have been shown to have no effect on midbrain AADC
activity (Pradaet al. 1987).To our knowledge, unlike acutministration ofparkinsonian
neurotoxins, like 8OHDA (Carvey et al. 2005) there is no evidence that-Beerload or
hA53T expression indusencreasedBB permeability andthus enserazideiptakeinto the
brain There_issevidence of BBB disruptionpost mortenParkinson’s disease human striatal
tissue(Gray & Woulfe 2015)yet whether this is a causm-effect of the disease cannot be
determined from endtage samples-Syn is BBBpermeable, although interactions between
the protein and BBB, reviewed in Bates and Zheng (2@b4hot appear to influence barrier
integrity. While a BBBdisrupting effect of benserazide cannot be discounted over the three
month course of treatment, the low dose and clinigallgvant oral route of administration

was chosen to minimise this potehttanfounding effect.

Tissue collection

At 8 month§ of age, animals werdeeply anesthettd with 100 mg kg sodium
pentoparbitoneGAS ID 7674-4; Lethobarb, Virbac, Australia) and had the thoracic cavity
opened to expose the heart. The right atrium was cut and 25 mL &?BSI@.1 M; pH 7.4)

with 0.5% (v/v) butylated hydroxytoluene to prevent additional oxidative changes tanprotei
carbonyls was @liveredvia a peristaltic pump and 2$auge needle inserted into the left

ventricle. Once perfusion was complete, brains were removed andrepap on dry ice,
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then stored at80 °C untilrequired All procedures were performed in accordance with the
National Health and Medical Research Courf2d08)and University of Melbourne Animal
Care & Use Standards.

Whole intaetbrain regions were dissattsinga chilledstainlesssteelmouse brain matrix
(Plastics One Inc., USA)Brains were aligned with the ventral side exposed and then
dissected ‘using the optic chiasm as a point of reference. Tissue from the caudate putamen
(CPu), cortex (CTX; encompassing the primary/secondary motor caaticksomatosensory
cortex),the_midlyain containing thesubstantia nigra pars compacta (SBlie)l pars reticulata

(SNr) and ‘cerebellum (CB) was immediately transferred to nietal 1.5 mL polypropylene

vials (Techno‘Plas, Australia) and stored at -80 °C.

Inductively coupled plasmatass spectrometry

The Fe concentration in excised tissue was determined using inductively coupled plasma
mass spectromeétry (ICMS). Samples were accurately weighed to obtain the wet tissue
weight and,then lyophged overnight in éSpeedVac freeze drier (Dyna \a#&ustralia).
Based on tissue weight, 1300 pL of 65% nitric acid HNOj3; Suprapur grade; Merk,
Australia) wassadded to the lyophilised sample, which was then heated at 90 °C on a heating
block for 20 min. When returned to room temperature, an equivalent volume ofi30%
(BDH, UK) was slowly added and left to digest for 30 minutes. Samples hema¢heated

to 70 °C for 15 min. Theeduced volume was accurately measured and three 40 uL aliquots
were diluted to 1 mL in 1% (v/MjINO3. Blanks of each solvent and digestion blanks were
collected at regular intervals, and suitable analytical recovery (+ 10% of certified value) was
measuredusing digested lyophilised bovine liver (SRM 1577b, National Institute of
Standards and. Technology, USA).

All samplesswere analysed using a Varian UltraMass 700 (Agilent Technologies, Astrali
externally.calibrated using a blank and 10, 50 and 100 hgadlutions prepared from a
certified multkelement ICPMS standard solution (CA2; Accustandard, USA) diluted in
1% HNOs3. A 100 ug L solution of yttrium in 1%HNO3 (IS-MIX1-1, Accustandard) was
introduced onlinevia a Teflon Fpiece and used as anantal standard for all measurements.

Results from the ICRS analysis of the triplicate samples were averaged and then corrected
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for both reduced volume and sample weight, with a final concentration reportedyatafig

wet weight tissue.
Tissuesectioning

Extracted (brains for cytometry were cryoprotectetdowing our previously published
methodgo"minimise loss of FéHareet al. 2013b) Briefly, brains were placed in a solution
of 4% (wifv) paraformaldehydePFA; Sigma Aldrich) in 0.2 M PBS (pH 7.4) and left
overnight to. fix.at 4 °C. Brains were thpassed through two changes of 30% (w/v) sucrose
solution in'0.2 M PBS (pH 7.4) before being frozen on dry ice and stor8@ &C prior to

sectionings

Brains were mounted in optimal cutting temperature compound (OTC; ProSciTech,
Australia) and sectionedt -20 °C on a Leica cryostat. Tissue was collected in a series of
three, with, 30 um thick sections mounted on gelatmeted slides from the anterior to
posterior of.the.SNc. Sections were stored at -80 °C prior to use.

Laser ablation-inductively coupled plasma-mass spectrometry imaging

Imaging spatial’ Fe distribution was performed using laser ablatthretively coupled
plasmamass spectrometryL A-ICP-MS); see (Hare et al. 201) for a visual tutorial.
Sections were retrieved fror80 °C and driedin a desiccator prior to analysis. A NewWave
Research| UP213 LA system (Kennelec Scientific, Austratiajipled to anAgilent
Technologies 7500s Series KBFS (Agilent Technologies, Australia) as used for all
experiments. Quantitative dateas obtained by representative ablation of prepared matrix
matched. tissue standarfidare et al. 2013c) and hydrogen was used as a reaction gas to
remove*’Art@finterferenceon *®Fe" (Learet al. 2012b).Laserparameters were selected to
obtain finakimages with a spatial resolution of 30 x 30 um (total pixel area = 9Cbpym
rastering.a=213 nm 20 Hz laser pulse with a diameter of 30 um across the sar@plgiat s

! (Learet al"2012a)Images were consicted using ENVI\5.3; Esri, AustraliajHareet al.
2009). Regions of interest were selected by freehand drawing with the aid of ouoysigvi
reported anatomical atlas of metal distribution in the C57BL/6 mouse (Haire et al.
2012).
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Detection of protein carbonyls

Protein carbonyls (C=0) are a product of oxidative damagecamde used as a marker of
oxidative stressby derivatising to dinitrophenylhydrazone (DMidrazone) with 24
dinitrophenylhydrazine (DNPH]Dalle-Donne et al. 2003) DNP-hydrazone can then be
detectedand quantifiedy immunoblotting, in this case widm OxyBlot™ Protein Oxidation
Detection "Kit (Millipore, Australia). Weighed aliquots of fresh frozen tissue in 1.5 mL
polypropylene tubesvere homogenisedsinga sonicator blade (Branson Sonifer 450, 1/8
inch microtip taper blade, Australia) for one to two pulses and one 30 s rest perimaffier
containing'calcium and magnesidinee Dulbecco’s PBS (Sigma Aldricland EDTA-free
protease inhibitor (Roche, Australidjive times the tissue weighe.§.0.2 g per mL of
buffer) was added to each sample, which was homogenised on Fawing
homogenisation,0.5 M butylated hydroxytoluene (BHT,; 2k6s(1,1ldimethylethyl}4-
methylphenol; Sigma Aldrich) in 1 mL acetonitrile (Scharlau, Spaia$ added to quench
further oxidation events. Samples were then centrifuged at IP@B® min at 4 °C and the
supernatant.femoved for further analysis. Total protein content was measured B€#g
assay and all'samples were diluted in duplicate in PBS to a standard 10 pgneentration
before deionised water was added to make a final voafrbguL. An equal volume of 12%
sodium dodeeyl sulfate (SDS) was then added. Per manufacturer’'s instructionk, df0 p
DNPH solution was added to one aliquot and 10 pHesfvatisation control solution to the
other. Samples were allowed to incubate atrdemperature for 15 minutes, after which 7.5

pL of the neutralising solution was added.

Neutralised_samples were then transferred to a nitrocellulose membrane -filottiog
(BioRad, Australia). The membrane was block&doom temperaturim 1% bovine senmn

album (BSA).in.PBS and Twee0 (PBST) for 1 h with gentle agitation, after which a
primary rabbitzantDNP antibody solution (1:15¢h BSA/PBST; RRID: AB_10850321;
Millipore) wassadde@nd incubated for a further 1 h. After rinsing twice and washing for 15
min with PBST, an HRP-conjugatedyoat antirabbit secondary antibody (1:300, BSA/RBS

T; RRID: AB"11212848; Millipore) was added and the membrane incubated again for 1 h at
room temperature. After final washing with RPBShe membrae was covered in sufficient
volume of supplied twaomponent chemiluminescent reagents (mixed in equal volumes
immediately prior to use) for 1 min and then transferred ftuorescence imaging system

(FujiFilm, Japan) for analysis.
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To determine the coeatration of protein carbonyls, 2.5 pL of an internal standard
containing proteins with one to three DNP residues (equivalent to 100 fmolesynvas r
parallel to each sample. Fluorescence from analysed samples was background corrected for
PBS and extrapated from the internal standard. Using the initial tissue mass, protein

carbonyls Were ¢alculated as fmojag" of total tissue.

Tyrosine hydroxylase immunohistochemistry

For the first_series of sections, slides were dried and brought to teroperature before
being fixedin'4% PFA for approximately 30 seconds. After being rinsed in &tplin tris
buffered saline"and Twee&20 (TBST) the sections were blocked for 15 minutes in a 3%
(v/v) normal goat serum (NGS) in TBB solution, then incubated at roorantperature
overnight with a 1:3000 dilution of polyclonal tyrosine hydroxyl&E) antibody AB152;
RRID: AB.390204;Millipore). Sections were rinsed again and incubated \&ithHRP-
conjugated.polyclonal goaintirabbit secondary antibodRRID: AB_11212848; Milliporg

for 1 hourtat'room temperatureyrbsine hydroxylase staining was visuatiswith cobak

and nickelenhanced diaminobenzidine (DAB; Sigma Aldrich), after which sections were

counterstainedwitheutralred, dehydrated, clezd and coverslipped.

Cytometry,

Counting of THpositive and THhegative neurons was performed using a stereological
fractionator design previously describ@dnkelsteinet al. 2000, Parish et al. 2002)jhe SNc
was observed at 10 magnification and THpositive neuronsvithin this brain region were
differentiated from TH-positive neurons in the adjacent ventral tegmental area (VTA)
according to'soma diametéfH-SNc = 16 um; THVTA = 13 pum).Both TH-positive and
TH-negativesneuron@.e. neutral reestained)within the SNc were scored. Using the optical
fractionator=rules(Gundersenet al. 1988) approximately 8 sections per animal were
randomly seleeted froran arbitrarystarting point. Cell counts were taken using an unbiased
counting frame measuring 35 x 45 pm (1,575 ah regular intervals on a sampling grid of
140 x 140 pum. Cell counts were estimated using the Stereo Investigator reoftwa
(Microbrightfield, USA) wih a ®@x 1.3 N.A. oil objective lens.
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Pole test

The pole test is commonly used to assess movement dysfunction arising from DA
denervation in mic€Matsuuraet al. 1997). Mice were positioned with their heads facing
upwards-atthetop end of a vertical rough surfaced 50 cm long, 1 cm diameter pole placed in
their home cage. Animals were habituated to the polbazds prior to testing and were
allowed five consecutive trials. Animals were assessed for the fastest time taken to
completely, turn towards the home cagetin) and the fastest total time needed to descend
down the pole (Fiotal) of the five trials. If the mouse had either failed to turn completely or
fell off the'pole,/default values were assignied. 60 s, and 120 s, respectively). Times were
recorded by analysing digital video of the task. The scoring of each trial was arfedysed

by frame (30 ms per frame) using Media Player Classic (Microsoft, USAhgure that the
animals’hind limbs had completely rotated their grip-t(irn) and touched the base of the
pole (T+otal).

Statistics

All statistical analyses were performed in Prism (v6; GraphPad, USA)s Tieed included
two-tailed Student’s-test forsingle variable comparisons, or oway ANOVA with Fisher’'s
least squares difference (LSP9st hodesting for multiple independent comparisons against
vehicle and Fded groupsOutliers were removed using the RObust regression and OUTlier
removal (ROUT method in PrismStatistical significance was set at a < 0.05.

Data reproduction statement

Aspects of'this study include the use of data previously published by our(gitngs et al.
2016) specifically, data from nen-DOPA-treatedanimals. All experiments usingDOPA
were performed parallel to other treatment groups. Data is reprodud¢egdesmission from
the American Chemical Societja an ACS AuthorChoice Usage Agreement.

Results

L-DOPA andCQ inhibit Fe-mediated production of #D; in vitro
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Intracellular HO, concentration is typically in the low uM range and varies depending on
cell type (Weinstainet al. 2014) with extracellular concentrations around-fb@ higher
(Kulagina & Michael 2003)Under physiological conditions;e catalyseslecomposition of
mitochondrialy-produced HO, to the superoxide radical (©). Iron is primarily redox
cycled between thet2 and +3 oxidation statesa the Fenton and Hab&Veiss reactions
(Papanikolaou & Pantopoulos 2008)lowing small amounts of labilE€Il] to continually
produceROS unless redossilencedby endogenous chaperonesg( ferritin (Jameset al.
2015) or ehelators like C@Kaur et al. 2003)Labile F¢ll] in aerobic conditiongan also
produce HO, independent of mitochondrial respirati@iaq. 1) which is accelerated in the
presence of DAy forming an unstable intermediary compl&q. 2) at pH 7.4Sunet al.
2018b, Sun‘et al. 2016):

Fdll] + Op + Ho0 — Fe[lll] + H 20, Eq.
1
Fe[ll] + DA + O, — Fe[llI] + Fe!" DA + 0, — Fel"!' DA + H,0, Eq. 2

As a structurally similar catecholamine, we used ithisitro measure to assess whether
DOPA similarly increased ROS production in the presence of Fe and a redueimgaad
Fe[ll/lll] chelating properties reported farDOPA (Rajan et al. 1978) attenuate KO,
production, compared against the nlffinity Fe chelator CQ.

Redoxsilencing byFe chelation inhibits HO, production anddecreasesneasuredDCF
fluorescence Estimated concentrations of,8, were calculated using linear regression
analysis of a threpoint calibration curve derived fromeasuredCF fluorescencén O (as
PBS), 1.0 and 2.5 uM 4D, standards (Fig. 3; Fig.4% 400 nM Fe produced ~1.5 pM,B>,
with both, 10, M and 20 uM (botn< 0.001)CQ decreasing KO, concentration by 39-46%.
10 uM L-DOPAhad noincreasinginfluenceon Femediated HO, production nor did it
reduce themamount of detectable®4 produced by spontaneous Fe oxidat{pr= 0.9). 20
UM L-DOPA" did, however, reduce )8, to levels equivalent of 10 and 20 uM CQR <
0.00%, Fig. 3

Evidence for.-DOPA modulation of nigrostriatal iron levels
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In both WT and hA53T transgenic mice edifg Fe exposure resulted in a specific increase
in midbrain(including both SNc and SNBe at 8 month§WT +18%; hA53T +48%; botip

< 0.05 Fig. 439 that wasamelioratedn both strains by chronic C( <0.001) and_-DOPA

(p < 0.05) administrationAlthough the magnitude ahidbrain Fe elevation was higher in
hA53T transgenics (13.60 + 0.5% 17.46 + 9.19 pg § wet tissue weight)midbrain Fe
levels did not significantly differ betweeagroups, which may be obscured by high variance in
the hA53T animals. In the CPu, which receipegjections from the SNearlylife exposure
did not significantly increase Fe levdfs= 0.5 Fig. 40, though CQ and-DOPA treatment

in the absence, of Heading reduced CPu Fe concentration-b$% and-17% vs control,
respectively (bottp < 0.01). Neither compound affected CPu Fe concentration in exposed
animals, theugh \Fe exposure combined with CQ afllDPA treatment reduced Fe H5%
compared to bBoth control and -Fel mice (bothp < 0.01). In hAS53T animalsCPu Fe
concentration was more variable, and -er@&y ANOVA revealed no significant difference

between treatmentp € 0.5).Iron levels in the CTX and CB were unchanged (Fig. S5

To examine:hoew eariife Fe exposure influencesreuranatomical distributiof Fe at the
mesoscaland, possible redistribution effects IIDOPA, we used LAICP-MS imaging to
visualise and quantifthe Fe content of the SN vehicle, Fefed andL-DOPA-treated WT
animals The SN¢ has an approximate volume of 800 x 1150 (Baquetet al. 2009)and
cannot be easily dissected, tmilbraintissuealso containedhe Ferich SNrand the VTA
which contains DA neurons with subtle biochemical differences compartéwde in the
SNc (Sulzer 2007), including markedly lower levels of fFare et al. 2014). While these
neurons degenerate in Parkinson’s disease, it occurg$sexr extent than the SK&lberico
et al. 2015)and at a later disease stg@irmeieret al. 2017). Additionalmidbrain nuclei
with lower Fe levelsnay therefore dilute or obscure regional accumulation of Fe following

earlylife exposure.

LA-ICP-MS=eonfirmed that the observed increase nmdbrain Fe was attributable to
accumulation in the SKFig. 5ac), with Fefed animals showing a 23% increase paned to
control p <'0.05). Treanent withL-DOPA lowered SN Fe levels by1%vs Fefed animals

(p <0.001), 27% lower than vehicle € 0.05; Fig. 5d).

L-DOPAattenuates iron-mediated oxidative stress in the substania nigra pars compacta
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Detection ofprotein carbonyls is a robust marker of oxidative stresslting from bothu-

syn and DA toxicity (Lotharius & Brundin 2002B)s expected from our previously reported
results(Billings et al. 2016)protein carbonyls were increased twofold in telbrainof Fe
loaded WT mice (+51%p < 0.00% Fig. 6a,b. Animals exposed to chronicDOPA in the
absenceokarlylife Fe exposure showed no evidence of increased protein carbpnyls (
0.8), suggesting supplementalDOPA at the dose given does not promdmvnstream
production of neurotoxic DA oxidation products at basal Fe levels.ldamted mice exposed

to chronicyCQ,L-DOPA and the combined dosing regimen showed protein carbonyl levels
equivalent to vehiclep(= 0.30.7). As control animals for both WT and hA53T groups had
substantially different baseline levels of protein carbonyls, comparisons betwesgpgen
are not possible. Protein carbonyl concentratiomshA53T mice were, as a whole,
approximatelyhalf that observed in WT animals, with a countduitive decrease in Fe
loaded hA53Tmice (p < 0.05) and higher variance in all measurements (FigVée)believe

this is astrain effect that may be attributable to the differential downstream expression of
multiple proteins in cellsransfected with hA53TPenningtonet al. 2010) though a larger
cohort would-be’needed to confirm this hypothesis.

Combined chronic co-administration 6fQ andL-DOPA may be neuroprotective

Cell counting studies were performed usifilgj as a DAergic marker andeutral red to
identify nanTH-positive neurons (Fig. Ap examine possible neuroprotective effects -of
DOPA and CQlron-loading in WT animalgesultedin a significant decreasi total SNc
neuronsat'8 monthg-26%,p < 0.001; Fig. 8a As previously reported, GQeated animals
showed no_significant neurodegeneration compared to control (Billings et al. 2016), nor did
both L-DORA and combined C® L-DOPA treated animalsBoth L-DOPA and CQtreated
hA53T animals.had comparable SNc neuron numbers topM¥10(3-0.4; Fig. 8b) Elevated

levels of midbrain Fe did not potentiate hA53T neurotoxicitp € 0.7), though neither
treatment ralonegecapitulated the effect observed in Aemexposed transgenic mice €
0.0690.1). HoweverFefed animals receivingoncurrent administration of-DOPA and CQ

retained nigrakneuronal populations comparable to 3d @.5).

As TH is the ratdimiting enzyme in DA synthesi¢Daubneret al. 2011) we used this
marke to stratify neurons in the SNc as Ipsitive {.e. DAergic) and THnegative.Doing

so revealed the varying effects IeGDOPA and CQ on DAspecific neuronal populations in
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hA53T mice.The high degree of variance in hA53T neuronal numbers could be tttkitou
TH-positive neurons onlySurprisingly Feloaded animals had 28% more DAergic neurons
than vehiclefed hA53T p < 0.05; Fig. 8c), while the SNc af-DOPA and CQreated
hAS53T animals with no Fe loading contained 56% (equivalent to WT coptrol).6) and
43% more “THpositive cells(-11% vs WT control, p < 0.05) than vehicletreatedhA53T,
respectively(bothp < 0.001) This effect was replicated in the Fa.4DOPA and combined
Fefed, L-DOPA and CQreated groups (+46% and +55%hA53T;p < 0.001).

L-DOPA and CQ attenuatgole test motor deficits iRe overloaded animalsut nothA53T

mice

Results from pole testing performedtat 3, 4 and 5 monthé = 4-6 animals per group)
showeda significant deterioration in motor function @@®e-to-turn) in Fefed WT animals

at 5 months€95%vsvehicle;p < 0.001; Fig. 9pthat was markedly attenuated bYDOPA
(+56% vs Fefed; p < 0.001) and combined -DOPA and CQ treatmerft51 vs Fe-fed; p <
0.01), and.te.a/lesser extent by CQ alone (+38%e-fed; p < 0.05). Interestingly, mice
treated withL-DOPA alone, or in combination with Fe (in presence or absence of CQ)
displayed a faster time to complete the taskot@l) than WT (3640% fasterp < 0.01).

In the hAS53T groups, variance was again high, and the only significant effecvebseas
in the timeto-turn in combined.-DOPA and CQtreated animals compared to the hA53T
vehicle group§ < 0.01; Fig. 9b), though again data should be interpreted with caution. No

obvious benefit of -DOPA or CQ administration in hA53T FRed animals was observed.

Discussion

Nigral Fe aceumulabn is an earlystage disease event in Parkinson's disdbleet al.
2015).Givensthat under healthy conditioB®\ergic neurons in the SNc maintaan elevated
basal Fe_level]sowing to their high metabolic output and multiple-deependent functions,
these cells'would logically bgsusceptibleo increased proxidant activityand accordingly
have greater transcriph levels of key antioxidant proteins (Hare et al. 20I#)ese
including superoxide dismutade (itself having impaired function in Parkinson’s disease
(Trist et al. 2017), DJ1 (Biosaet al. 2017) (also involved in 20$¢roteasome regulation
(Moscovitz et al. 2015), anda deficient glutathione systerfBianet al. 1994, Seibtet al.
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2018) There iscompellingevidence thaan oxidative cascade triggered by aberrant reactions
between Fe, DA, and a-syn is a possible pathogenic event occurring long before overt
neurodegeneration and manifestation of clinical symptoms, and Fe accumulation is
recognised in the research criteria for prodromal (asymptomatic) Parkinson’s dieasst

al. 2015):Overexpression of a-syn, as WTtype orhuman mutant variant&Giasson et al.
2002, Chesselet 2007, Flemimg d. 2004) and excess Fe levelSobotkaet al. 1996,
Fredrikssoret al. 1999, Kaur et al. 2007, Fredrikssenal. 2001)confers an associated risk

of both preclinical and neuropathologigadrkinsonismin mice models When combined,
previouslyreported neuroprotective effeaita mild Fechelator in each individual paradigm

is lost(Billings et al. 2016, Finkelstein et al. 2016).

The primary concern of Fenediatedoxidation of bothL-DOPA and DAis the production
H,0O,, which quickly degradeso damaging hydroxyl radicalfLai & Yu 1997) per the
Fenton and HabeéWNeiss processHowever,concurrentlyformed DA quinones are acutely
neurotoxic, having confirmed negative effects on mitochondrial function, a-syn fibrilisation,
proteasomal.and lysosomal function, and a direct contribution to oxadadtvess
(SeguraAguilar et al. 2014).L.-DOPA and DA were shown to supress lipid peroxidation
(LPO) eXivgh6th in the presence and absence &f,Feough when a reducing agent was
added LPO _products dramatically increagieidet al. 1995) suggestig an F§ll]-dependent
processand supporteth vitro studies demonstrating increased DA quinones production in a
Ferich reducing environmen(Sun et al. 2018a). Both Fe[ll] and Fe[lll] can directly
facilitate DA quinone productiowia their ability to fom d-orbital bridges between DA and
O, (Miller et al. 1990)in multiple reactions with DASun et al. 2018b).

L-DOPA is also capable of directly bindifg gastrointestinal absorption studies found that
increasing:pH reduced-DOPA absorption due to tHermation of a highlystableFdllI] :L-
DOPA complexwith 1:3 stoichiometrf{Campbell et al. 1990, Zaidi & Fatima 201%ithin
stressed neuronacidosis from mitochondrial dysfunction keeps cytosolic pH slightly acidic

(Balut et al..2007),which favoursthe more stable Fe[ll] and trmxidationprone[Fe(OH)g]

complex at“pH.> 5Morgan & Lahav 2007)xand promots oxidative stress in astrocyte
neuron cecultures(Ying et al. 1999).Assuming the intracellular pH of @Aergic neurorns
slightly acidic owing to acid loading typical of metabolicadlgtive cellsRuffin et al. 2014)
—the pH ofpost mortenParkinson’s disease and agatched control brain tissue has been
reported as 6.43 + 0.56 and 6.36 = 0.60, respecti@iynoudet al. 2017) —it is plausible
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that L-DOPA is capable ofthelating Fe[llland preventing it reacting with cytosolic DA
released from permeable vesicl®®hile L-DOPA can independently form neurotoxie
dopaquinone(which in turn is a constituent of NMpy way of a shortlived Felll]
intermediary, kinetics dictate that the reaction only goes to completigryatow pH, and
even in ieonditions reflective of severe acidosis of pH <6.4 observed rate cofetants
formation of the Fe[llll.-DOPA complexLinert et al. 1991).

Our findings showed no evidenceDOPA potentiated neurotoxicity in either individual or
the ‘twohitt combined Feoverload and hAS53T overexpression mouse models of
parkinsonian_neurodegeneration. Instead foumd evidence that-DOPA may bepartially
neuroprotectivewith the chronic treatment groups all showing normalised levels of midbrain
Fe, including & dramatic reduction in SNc Fe concentration, decreased levels of prote
carbonyls, and) prevention of neurodegeneration in individuabvedoad or hA53T
transgenicmodels. Asthe hA53T a-syn mutant has a known sensitivity ke (Zhu et al.
2016) the'likely route of this protective effect involves thenfation of stable Fe:DOPA

complexes.

The total Fe complement of a neuron is within the uM rafkgedler et al. 2007) It is
estimated that“the reactive labile iron pool (LIP) represents <5% of total cellular Fe in a
redoxactive and chelatable stafi€éakhlon & Cabantchik 2002). With such high affinity to
Fe, it is plausible that both CQ aneDOPA are capable of forming stable complexes in the
event of a pathological increase in the neuronal LiPvitro measurement of HeDOPA
affinity found ferrous andferric speciesform very stable 1:3 complexes (Hél] :L.-DOPA
Kstab = ~10°, pKsian = -9; Felll] :L.-DOPA Kgtap = ~10'%, pKstan= -3) at pH 6.87.2 (Rajan et

al. 1978) Te our knowledge, thK ., for our ‘control’ FechelatorCQ has not been reported,
though 8HQ, which binds Hal]/[ll]] via N and O electron donor sites withe samel:3
stoichiometry*(Prachayasittikelt al. 2013)forms even more stable complexes[(Fe8-HQ
Kstab = ~10°mBelll] :8-HQ Kgap = ~1C% (Zhou et al. 2012)) in a similar manner to
deferiprones(DFP]Devoset al. 2014) another high affinity Fe chelator (Fe[lll]:CRxtap =
~10%) that i*currently in Phase I trials for Parkinson’s disease (ClinicalTrials.gonifier:
NCT02728843)At concentrations similar to our4@, assay (50 uM CQ, 20 uM £& CQ
chelates 91.2% of available Fe (Zhextgl.2010).
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Untreated A53T miceshow noobservable increases in total Fe levels at 8 months of age
compared to WT, suggestimgpaired DA trafficking or the singlpoint mutation does not
itself trigger pathological Fe accumulatiowhile this a-syn mutant has provided valuable
information about synucleinopathy in movement disorders, no one genetic risk factor
captures=themultifaceted nature of idiopathic Parkinson’s disease. For the pafptises
study, where the hA53T mutation induces the formation vesicular membrane
permeabilising a-Syn protofibrils (Volles & Lansbury 2002and is directly associated
increasedycytosolic DA leveld.otharius & Brundin 2002a), the biochemical phenotype of
disrupted DA . metabolism and neurodegeneration is still suitable in the absénce
Parkinson’s diseadée Lewy pathology(Gispertet al. 2003). Wherchallenged with excess
Feduring arcritical window of neurodevelopmehf53T mice showed the expected increase
in nigral Fe'Interestingly, excess Fa#id notworsen or accelerate neuropatholoByergic
neuron loss was not exacerbated and levetsximfaive protein modificatios did not differ

from the control hAS53T group.

The 5-untranslated region of a-syn mRNA does contain@edictediron-responsive element
based on"Herritin sequencing(Friedlich et al. 2007), though there is no compelling
evidence the protein promotes-&ecumulation in Parkinson’s disease. The protein can act as
a ferrireductase, though no common mutation, including hA53T, dhersate of Fe[ll
reduction (Davies et al. 2011). hcreased a-syn expression in Parkinson’'s disease
(Chiba-Falek et al. 2006) may instead be a response tcelevated neuronal Feand we
confirmed our previous repofBillings et al. 2016hat hA53T overexpressing mice do not
abnormally accumulate Fe in the midbraihemical interactions betweensynand Feare
generally cheacterised as a potential underlying cause of a-Syn aggregatiorfLingor et al.
2017) though, as expected, we observed no Lewy pathology-iodéed hA53T midbrain.

In our casej regardless of whether excess nigral Fe is present with mutated hA53T a-syn, we

do not witnessexacerbated neuronal loss and increased oxidation protein modification.
Similar towmour=findings, Fe exposure Drosophila melanogastedid not indwed DA
neurodegeneration when hA53T mutant was pre@&ontilla-Ramirezet al. 2011) A recent
study inN27'neuronal cellgransfected witthA53T a-synandchallenged with Feshowed a
reduction in lipid peroxidation and reactive oxygen species (ROS) comparednsufed
nontransfected cell§Sanchez Campazt al. 2018).
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Clearly, the biochemical and motor deficits elicited byekposure during early life are more
severe in hA53T mice. NeitherDOPA nor CQ were able to abrogate oxidative damage and
neuron loss as they could in WT mice, providing more supporting evidence threddiated

DA oxidation by way ofu-syn dysfunction is an early pathochemical feature of parkinsonian
neurodegeneration. Aimilar combinedFe accumulation anA53T mode] in this case
where elevated dietary Reas introduced tassexuallymatureadult mice from two to four
months of‘agerecapitulatd several key preclinical symptoms that indicateCPetoxicity is

an earlystage event, including impaired gut motility and hyperactive motor coomiir(@ta

et al. 2018).This recent study independently verifies how acute dietary Fe exposung duri
critical window.of vulnerability (P14P17) predisposes elevated midbrain (and specifically
SNc) Fe levels with ageompared to chronic dietary Fe overexposure for three months in
mature animalSThis suggests that the Fe requirements during this s#aserperiod of
neurodevelopment is substantially greater than the rate of dietary Fe uptake adult
rodent braifChenet al. 2012)and has a larger impact on influx/efflux imbalance favouring
brain Fe retention with ag€henet al. 2014) Importantly,Jia et al. (2018jound that Fe
exposure during adulthoaelyoked a phenotype reflective of gastrointestinal distiices in
prodromal‘Parkinson’s disease (Goldman & Postuma 2018pth WT and hA53T mice,
andovert neurodegeneration and striatal DA loss occurred orll2-monthold Feexposed

mutant a-Syn.animals.

A limitation of this study is that there is no perfect animal model of Parkinson’s disease, and
the neurochemical environment of human DA neurons likaly nuancedifferencesfrom

those within the murine brain. It is debated as to whether ageing rodent DA neardmnsepr

NM (Kim et al. 2006, Dauer & Przedborski 2003, Sukharua et al. 2014) andif soit

would be at lower levels than those seethigherorder speciegFedorowet al. 2005) This

is still a remarkably small amount: assuming NM deposition is a cumulative process resulting
from a lifetimewof DA metabolism, the aged human Sh&ds only 5mg g* (wet tissue
weight) of theNM (Aime et al. 2000).Neuromelanin synthesis promoted by cytosolic DA
levels, andnhibited with Fe chelatorgSulzeret al. 2000), andproduces several neurotoxic
guinonegHare,& Double 2016)andif this pathway is relatively minor in th@dent brain a

key mechanism involved ihumanDAergic neuron loss cannot be appropriately modelled.
However, it should also be acknowledged that NM in the human brain has a moderate Fe
binding capacityBohic et al. 2008, Doublet al. 2008)with two specific sites with affinity

to Fe[lll] (Kswp = 10"% Double et al. (2003). Whether NM can buffer excess Fe, or
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conversely provide a source for the LIP if it becomes saturated, has not yetstaddished.

As a direct component of the hypothesised pathmgreaction causing oxidative stress in
DAergic neurons, DA levels themselves play a major role in possible neurotoXiig was
highlighted in a recent study that assessed-deAved «idative damage, lysosomal
dysfunction and a-syn oligomerisation in induced pluripotentreteellderived DA neurons
from human andmurine fibroblasts, including with confirmed single point mutations to
SNCA.Across all'measures, mouderived neurorcontained negligible levels of oxidised
DA and substantially lower measures of cell dysfunctioompared to humameurons
(Burbulla et.al,,2017) again emphasising how chemical differences between spewies ¢

result in anincomplete picture of the human condition.

In summary, the data presented here suggests tD&PA is able to mitigate oxidative
damage from excessive midbrain Fe to a degree similar to CQ. This effect was somewhat
muted in hA53T expressing mice, which are more susceptible to oxidative damagEer
exposurg(Penget al. 2010) Importantly, we show that-DOPA not potentiate oxidation of

DA in vivo.dn.econtrast to previousell culture studieBasmaet al. 1995, Pardet al. 1995).
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Figure SWPCR) confirmation of hA53T a-syn expression in #house bred”*hA53T
expressing mice.

Figure S2.Bodyweights at 3 months of age.

Figure S3.Mean and daily CQ intake.

Figure S4, Calibration curve and linear regression analysis for determinin®,H
concentration:

Figure S5.ke'concentrations in cortex and cerebellum.
Figure Legends:

Fig. 1: Metabolic pathway of DA degradation and NM biosynthesis. Enzymes with a-redox
active iron centre and/or conversion by Hmediated catalysis are marked in red, while
COMT is marked in dark blue to denote a suspected role in enzymatic activity. jdrgyma
of DA is excreted from the CNS as either epinephrine or homovanillic acid, witma mi
proportion“oxidising to neurotoxic DA quinones (blue), several of which are tautomeric a
cyclise to'the 54&lihydroxyindoles and 5;thdolequinone monomers that rgtitute the
neuromelanin=biopolymer. Insetstructures of CQ and DOPA decarboxylase inhibitor
benserazideand trisL-DOPA:Fe complex Abbreviations: AAAH, aromatic amino acid
hydroxylases; AADH, aromatic amine dehydrogenase; AADC, aromatenibo acid
decarboxylase;. ALDH, aldehyde dehydrogenase; COMT, cat€xinokthyltransferase;
CYP2D6, cytochrome P450 2D6; DBH, dopamine p-hydroxylase; DOPAC, 3;4
dihydroxyphenylacetic acid; DOPAL, 3dlhydroxyphenylacetaldehyde; MAO, monoamine

oxidases; PNMT, phenylethanolaminenmthyltransferase.
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Fig. 2: Pictorial representation of experimental design. Elements of this figeirenoduced

from the Allen Institute for Brain Science’s Brain Explorer 2 applicatiasin et al. 2007).

Fig. 3: CQ and LDOPA inhibits Femediated production of #D,. *** p < 0.001, one way
ANOVA with=Fisher's LSDpost hodest.n = 3 replicates per group.

Fig. 4: Fe ‘concentration in (a) midbrain (MB) and (b) CPu ofidaagled and CQ/DOPA-
treated mice. */**p < 0.05/0.01vs vehicle; #/##/###p < 0.05/0.01/0.00¥s Fe-exposed; one
way ANOVA with Fisher's LSDpost hodest.n = 4-6 animals per group.

Fig. 5: Representative photomicrographs, -I@P-MS Fe maps and overlaid parallel
sectioms. Sections stained for TH (left column) were used to identify the corresponding SNc
(black arrow;VTA, white arrow;SNr, grey arrow; scale bar = 500 pr) the serial section

imaged using LACP-MS (middle columip andare shown here overlaid (right columbj-

ICP-MS images are presented on the same colour scale representing a concentration range of
0 to >30 ug-g=The mean Fe concentration in the SN from (a) velficlemoved outliern

=7) (b) Fefed(n = 4) and ¢) Fefed andL-DOPA treated(n = 4) showed(d) a specific
elevation.in Feed animals (*vsvehicle,p < 0.05; one way ANOVA with Fisher's LSpost
hoctest), whieh'was significantly decreased by chrani@OPA treatment (###s Fefed, p

< 0.001).

Fig. 6: Protein carbonyls in the mouse midbrain. (a) Representative dot blots from the WT
experimental groups. (b) Protein carbonyls were increasedfi@dF@nimals (***vsvehicle;

p < 0.001; one way ANOVA with Fisher's LSpost hodest T removed outlier)Compared

to Fefed animals, protein carbonyls remained at baseline for all other treatroaps g###

vs Fefed;p.<.0:001). (c) In hA53T mice levels of protein carbonyls showed high variance,
limiting usefulness of statistical analysis. Protein carlomydre paradoxically decreased in
Fefed animals*(*vsvehicle,p < 0.05), though it should be noted that protein carbonyl levels
in all hAS3T animals was around half of those observed in WT animals, suggesting a

genotype effeetn, = 4-6 per group.

This article is protected by copyright. All rights reserved



Fig. 7: Representative photomicrographs of coronal sections passing through the Sic (whi
arrow, top left panel) were used to assess cell loss in (a) WT and (b) hA35T mice. Scale bar =
500 pm.

Fig. 8: (a) Fetal'neuron numbers were decreased in Wig&e@nmals (*** vsvehicle;p <
0.001; one way ANOVA with Fisher’'s LSPpost hoctest), withL.-DOPA and CQ treatment
apparently"preventing neuron loss (##&Fe-fed; p < 0.001). (b) Neuron loss from combined
Fe-overload and hA53T expression could only be prevented using concomDédRPA and
CQ administration. (#s Fefed; p < 0.05). (c) The specificity of DAergic neuron loss was
confirmed‘when neuron numbers were stratified according tepdditive and THhegative
cells. hA53T /mice showed varying responses to botlo&ding and subsequent treatment
with L-DOPA and CQ (*vsvehicle;p < 0.05; T, T and ftv¥sindicated comparisomp <
0.05, 0.01 and 0:001, respectivelyx 4-5 animals per group.

Fig. 9: Time-to-turn (T-turn) and time to complete task-{@tal) for pole testing of (a) WT
and (b) hAS3T.mice. Statistically significant effects were only observés rmbnths, and
only in WT,animals (***vs vehicle;p < 0.001; one way ANOVA with Fisher's LSpost
hoctest; #, ##, ###sFe-fed; p < 0.05, 0.01 and 0.001).= 4-6 animals per group.
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