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Contributiors of damaged mitochondria to neuropathologiesehatimulated interest in ophagy We
investigatedtriggers of neuronal mitophagyy tdisruption of mitochondrial energy metabolism primary
neuronsMitophagy was examined itultured murinecerebellar granule cells aftehibition of mitochondrial
respiratory chain by drugsotenone 3-nitropropionic acid, antimycin A angotassiumcyanide targeting
complexes 1, I, Il and 1V respectively Inhibitor concentrations producing slow cellular demise were
determinedfromanalyses of cellular viability, morphology ofritieldamage, plasma membrane permeability
and oxidative phosphorylation. Live cell imagingdi$sipationof mitochondrial membie potential (A,

by drugs targeting -mitochondrial complexe&s referenced to complete depolarization GZCP. While
inhibition“of'‘complexes I, Il and IVeffectedrapid dissipation ofA¥,, inhibition of complex Ilusing 3
nitropropioniciacided to minimal depolarization of mitochondriblonetheless, all respiratory chain inhibitors
triggered mitophagys indicated byincreasedaggregdabn of mitochondrially localizedPINK1. Mitophagy
was further analyzedisng a dual fluorescentprotein biosenso reporing mitochondrial relocation to acidic
lysosomal envirognment Significant acidification of mitochondriavas observed in neuronsreated with
rotenoneor 3-nitropropionic acid revealing mitophagy at distal procesdésurons treated i antimycin A

or cyanide failed™ta"show mitochondrial acidificatioMinor dissipationof A¥,, by 3-nitropropionic acid
coupled with.vigorous triggering of mitophaguggestediepolarizationof mitochondriais not a necessary
conditionto triggermitophagy.Moreover weak elicitation of mitophagy by antimycin Aubsequent tmss of
AY ., suggesd that mitochondri depolarizationis not a sufficient condition for triggering robust neuronal
mitophagy Our._findings provide new insight int@omplexiies of mitophagic clearance of neuronal

mitochondria.
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Abbreviations

3-NP 3-hitropropionic acid

AA Antimycin A

CCCP Carbonyl cyanide rthlorophenyl hydrazone
CGCs Cerebellar granuleells

DMSO Dimethyl sulfoxide

ECAR Extracellular acidification rate

FCCP Carbonyl cyanide 4trifluoromethoxy)phenylhydrazone
IMM IAner mitochondrial membrane

KCN Potassium cyanide

MEM Minimum essential medium

MPT Mitochondrial permeability trans@n
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MTT 3{4,5dimethylthiazoi2-yl)-2,5-diphenyltetrazolium bromide

OCR Oxygen consumption rate

OMM Outer mitochondrial membrane

OXPHOS Oxidative phosphorylation

PBS Phosphate buffered saline

Pl Propidium iodide

Rot Rotenone

RRID Research Resourtdentifiers

SDHA Succinate dehydrogenase compExpyunit A
TMRM Tetramethylrhodamine methyl ester

XF Extracelluar Flux

Introduction

Neurons are metabolically active cells that have high energy defoarspecial functions. These ceflsly
strongly on mitechondrial oxidative phosphorylation to meet their AdqRiirements, which aressentiafor
synaptic functionyminvolving release and reuptake of neurotransmitinagellular transport, angeneration
of action 'petentials.” Dysfuricin of mitochondria has been widely recognized &esybiochemical featuref
neurodegenerative diseagBgal 2005, Chaturvedi & Beal 2013, Golpiethal. 2017)and he failure to clear
damaged miteabndria contribute to neurodegenerative proces¢Bskeret al. 2014, Chen & Chan 2009)
The intracellular roles of mitochondria are not only to picd ATP but also to regulate ionic distribution,
particularly thaiof C&* (Kann & Kovacs 2007)and to act aa trigger for cell death mechanisrt8mithet al.
2008) Therefore,, quality control of mitochondria, through selective removal ofadad or dysfunctional
organelles is essential for overall neuronal functioditophagy is a majomitochondrial quality control
process(Lemasters 2005, Youle & Narendra 2011, Ashrafi & Schwarz 2088)which dysfunctional
mitochondria are specifically triggered for destruction throughgtneral autophagic machinery leading to
their degradation in lysosom@akeret al. 2014)

At the outset,.depolarization of mitochondria wasognized as a trigger of mitopha@arendraet al. 2008)
Therefore, in manytudies on the biochemical mechanisms of mitophagy in culturaehmalian cells, the
uncoupling agentcarbonyl cyanide rechlorophenyl hydrazone (CCCP) has been used to dissipate the
electricalgmembrane potential'{',,) across the inner mitochondrial membraiM@N\{). Such dissipation of the
AY,, arrests themmitochondrial import déill length PINK1 leading to its accumulation at the outer
mitochondrial membrane (OMMGeisleret al. 2010, Matsudat al. 2010, Narendrat al. 2010, VivesBauza

et al. 2010)on which PINK1lundergoeglimerization activation and autophosphorylati@idondapalliet al.

2012, Okatsuet al. 2012, Okatsuet al. 2013) Activated PINK1 initiates mitophagy byphosphorylating
ubiquitinand recruitment othe E3 ubiquitin ligase Parkin on the OMINarendraet al. 2010, Jinet al. 2010,
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Kane et al. 2014) Parkin causesubiquitin chainsto polymerize on OMM proteins (Sarrafet al. 2013)
triggering a feed-forward mechanisf@rdureauet al. 2014) The multimericphospheubiquitin chainson
mitochondriarecruit autophagy receptors toitiate autophagosome formation and trigger delivery of the
damagedmitochondria to the acidified lysosomes via the autophagic patfiveenarouet al. 2015, Bingol &
Sheng 2016, Sekine & Youle 2018)

Mitophagy has,been obsed in a range of cellulasystens, including yeast and cultured mammalian cells.
Factors that are considered as potential triggers of mitoplia@gdition to depolarization of mitochondyia
include starvation, oxidative stress, reduced glutathione levatgnéntation of mitochondriand the onset of

the mitochondrial permeability transitigMPT) (Elmoreet al. 2001, RodrigueEnriquezet al. 2004, Priault

et al. 2005, Kimet al. 2007, Kanki & Klionsky 2008, Twigt al. 2008, Van Laagt al. 2015) Since each of
these factors could themselves engender depolarization of mitochowdiconsidered that a more focused
study of the disrupbin of mitochondrial energy metabolism in the elicitation of mitophagyladvbeincisive

Such insightsvould beespeciallyusefulin the context of the specialized roles of neurons and their reliance on
mitochondriain light of abundant evidence that mitochondrial dysfunction contributes to var@auslogical
conditions(Beal 2005, Chaturvedi & Beal 2013, Golpigtral. 2017)

Accordingly, wescarried out a systeti@disruption of the mitochondrial respiratory chain in cultured primary
neurons (mutine cerebellar granule cells (CGCs)grploying a set of pharmacological agents eachiath
inhibits a specific_respiratory enzyme complgScheffler 2011)rotenone(Rot), complex | 3-nitropropionic
acid (3NP), complexil; antimycin A(AA), complexlll; potassiumcyanide(KCN), complexIV. We also
employedCCCPthat chemically depolarizes mitochondria, to eliminate A¥,. Mitophagy was studied both by
localization ofsRINK1 to mitochondria, and by use of a biosebsged on fluorescent proteiechnology,
which reportsstherelocationof mitochondriato anacidic environmentriamely, that of the lysosomeye
found that while elicitation ofvigorousmitophagyoccurredunder the inhibition of complex by 3-NP, this
agent failed to stronglyapolariz mitochondria.Depolarization of mitochondria ihereforenot a necessary
condition for=mitephagyn theseneuronsOn the other hand, the strongtochondrial depolarizatioaffected
by the other agents,used hdid not always triggeby vigorous mitophagyindicating that depolarization may

not even be ‘a,sufficient condition for eliciting mitophagy

M aterials and metheds
Materials

Neurobasdl® medium (Cat# 21103049), €a Mg**-free Hanls Balanced Salt Solution (Cat# 14170112), B
27 supplement, (Cat# 17504044);glutamine (Cat# 25030081), penicillin/streptomycin (Cat# 15140122),
qualified fetal®bovine serumtiEPES buffered salt solution (Cat# 15630080), Lipofectamine 2000 (Cat#
11668019),0pti-MEM | (reduced serum medium; Cat#31985070), minimal essengédium (MEM; Cat#
11095080), MEM without phenol red (Cat#¥ 51200038), sterile NUNC cell culturdespla
tetramethylrhodamine methyl ester perchlorate (TMRM; Cat# Ta@8gchst 33342 (Cat#3570) were
purchased from Thermo Fisher Scientific (Melbourne, Australia). Rotaghloride (KCI; Cat# P5405), poly
D-lysine (Cat# P0899), MgSOrH,O (Cat# M2773), Trypsin from porcine pancreas (Cat# T4799),
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deoxyribonuclease | from bovine pancreas (B&#& Cat# D5025), sodium pyruvate (Cat# S8636), bovine
serum albumin lyophilized powder (Cat# A9418), aphidicolin (Cat# A0781), dimatligksle (DMSO; Cat#
D8418), 3(4,5dimethylthiazol2-yl)-2,5diphenyltetrazolium bromide (MTT; Cat# M5655), propidium iodide
(PI; Cat# P4170), paraformaldehyde (Cat# P6148), carbonyl cyarddm®i@phenylhydrazone (CCCP; Cat#
C2759), rotenone (Rot; Cat# R8875}ni&opropionic acid (NP; Cat# N5636), antimycin A (AA; Cat#
A8674) and potassium cyanide (KCN; Cat# 601%8re purchased from Sigrfddrich (Sydney, Australia).
Mouse monoclonal\ primary antibpdhgainst succinate dehydrogenase complex, subunit A-SDiHA;
Abcam Cat# abi4715; RRID:AB_301433), goat -amiuse IgG H& (Alexa Fluor® 488) (Abcam Cat#
ab150113] RRID'AB_2576208) and goat amtibit IgG H&L (Alexa Fluor® 488) (Abcam Cat# ab150077,
RRID:AB_2630356) secondary antibodies were purchased from Abcam (UWBA)the measurement of
mitochondrial’respiration usingeahorse XF24 analyzer, Seahorse XF24 Mito Stress Assay (Cat# 1@8)15
and XF24 V7,CellCulture Microplates (24 wells) were purchased Beahorse Bioscience (North Billerica,
MA). Carbonyl cyanide 4trifluoromethoxy)phenylhydrazone (FCCP; Cat# C2928j oligomycin (Cat#
75351) werespurghased from Sigildrich (Sydney, Australia). Swiss White mi¢¢GIl Cat# 5306408,
RRID:MGI:5306408), were purchased from Animal Resourcestr€erCanning Vale, WA, Australia;

pregnant females.were shipped at 13 ggs-coitus.
Cell culture

Animal handling was carried out according to the guidelines of the Nétldealth and Medical Research
Council (NHMRC, Australia) and received institutional ethical appr{#&3-084) from the Florey Institute of
Neuroscience and Mental HealBrimary cltures of murine cerebellar granular cells (CGCs) were established
from the cerebella dBwiss Whitemice (postnatal day-8, mouse pups of both se}es previously described
(Giardinaet_al«=1998, Diwakarlaet al. 2009) Mouse pups were decapitated, and their brains were placed in
petri dishes containinge-cold isolatingbuffer (Hanks' Balanced Salt SolutigpH 7.4 containing 3 mg/ml
BSA, 1.16 mM MgSQ, 1 mM sodium pyruvate, 10 mM HEPES, 7.6 mMIDcose)in which cerebella were
dissected.Meningesfrom isolated cerebella were carefully removaad cerebellavere chemically and
mechanically dissociated in the presence of 0.2 % trypsin, 80 pg/ml DNase and centrifuged. Cells were
resuspendedhin growth mediutdgurobasal’ medium B-27 supplement (2 % v/v), 25 mM KCI, 500 pM L-
glutamine, 100:U/ml penicillistreptomycin) containing 1% fetal bovine serum. Cells were plated in multi
well plates precoated with polyD-lysine (50 pg/mL) and were maintained in a humidified incubator with
reduced oxygen atmosphere (5% £/8.5% Q with balance of gases in,N37°C). CGCs were exposed to 10%
fetal calf serum for the first 24ih vitro (Cheunget al. 1998)and ful medium change was performed at 1 day
in vitro with growth) medium containing aphidicolin (1 pg/ml) to restrain non-neuronal cell proliferation
(Diwakarlaet al. 2009, Giardinaet al. 1998) Half medium changes were conducted afegsin vitro and all
experimentswere performed atdaysin vitro. These cultures were routinely found to contain > 95% of
neurons thataresimmunopositive for neuronal marker, microtubagsociated protei® characteristic of
neuronal phenotype, with a minimum number of sneaironal cells (data not show(Gheunget al. 1998,
Moldrich et al. 2001)

Drug treatment
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CGCs were treated with thellowing drugs, all obtained from Sigma Aldrich (Sydney, AustjalRot, 3NP,
AA, KCN and CCCP Stock solutions okach ofRot, AA and CCCP were prepared in dimethyl sulfoxide
(DMSO), while KCN was dissolved in purifiesterile water. Stocks of -BNP were made by dissolving in a
sufficient volume of 100 mM NaOH to yield a neutral solutioonfirmedto be pH 7)All drugs were freshly
prepared for each experime&erial dilutions of stock solutions of drugs were madeninimum essential
medum (MEM) containing 25 mM KCl, and drugs were equilibrated for 1 h at@7n a humidified incubator
with reduced oxygeasabove The final concentrations @MSO in the treatment media wereept to 0.03
0.2% (Merceret:ale2005) On the dayof experiment at 7 dayis vitro (i.e. 6 days after transfer to serdrae
medium) Fgrewth®medim in which CGCshad been culturedas replaced by MEM (25 mM KCBnd &l
drugs wereaddedto, the CGCsat the desired concentratio@ontrol cells not exposed to drugs were also
subjected tasSimilar complete medim change, including appropriate amounts of the DMSO vehicle, where

relevant.
Assessment of viability and cellular integrity

Cell viabilityrassays were carried out using thét3-dimethylthiazoi2-yl)-2,5-diphenyltetrazoliumbromide
(MTT) reduction_assay for overathetabolic functionas previously describe@Cheunget al. 1998) CGCs
were grown in:96éwell plates at a density of 0.12 x®i¢ells/well Cells wereexposed to drugir 24 hin an
arbitrary pattern on a plate avoid possible regional bias effedTT (0.5 mg/m) was directly added tthe
original culture_medium athe time of cessation of drug treatme@etlls were incubated in the humidified
37°Cincubdor for 30 min.The culture medium was completely aspirated BMSO was added to dissolve
formazancrystals The absorbance was measured at 570 nm. lRaW data werestandardized against cells
incubated in"0:1% T>L00 (100% cell death) and expressed as percentage of vatnttel valuesdefined as
0% cell death)=Assays were performed with n4r@plicatesn 3-4 independent experimentells were also
testedfor uptakeof propidium iodide (PI) as a measure of integrity of the plasma memtaam@geviously
described(Beartet al. 2007, Diwakarlaet al. 2009, Higginset al. 2009) Cultures were grown in 4®ell
plates (0.2 x-2G«cells/well) and exposed to drugs for 1, 4, 8 and 24Atier drug treatment, cells were
incubated with™PT (10 pg/ml) and Hoechst 33342 (5 pg/ml) for 10 min. Cells were washed with prgarmed
phosphate buffered salin®BS 137 mM NacCl, 50mM Na,HPO,, 50 mM NaHPO,, pH 7.4) to remove
unbound dyesandsimmediately fixed with PBS containing 4 % paraformaldehyde4pfbr 10 min at room
temperaturelmages fromarbitrarily selected fields (205 images, total number of cells 2500) were taken
using anOlympus I1X71 inverted fluorescence microscof®35/617 nm for PI350461 nm for Hoechst)
connected tan Olympus ¢5050 digital cameraCells stained with Pl and Hoechst were counted thed
proportion of dead)cells waasxpressed athe percentage of Pdtained cells over the total humber of cells

stained by Hoechst.
Immunocytechemistry for PINK 1 visualization

All procedures for immunocythemistry were as previously descrilfedn et al. 2007, Diwakarlat al. 2009,
Merceret al. 2017) Briefly, CGCs were cultured on 13 mraundglass coverslips preoated with polyD-
lysine (50 ug/ml)in 24 well plates@.35 x 16 cells/wel). Cells were fixed with 4% paraformaldehyde for 10

min at roomtemperature subsequent to dtugatment. Aftersamplepermeabilization(0.3% Triton %100),
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coverslipswere treatedwith PBS containingl% bovine serum albumirand incubated with the relevant
primary antibodyovernight at 4°Cfollowed by incubation withfluorescently labelledecondary antibody.
PBS was used for all washing ste@ells were incubated witm#-rabbit PINK1 antibody3 pg/ml) (gift from

Dr JanettaCulvenor Department of Pathologyniversity of Melbourng (Georgeet al. 2010) followed by
secondary antibodyncubation (goat antiabbit antibody conjugated to Alexa 488:200 dilutior). Hoechst
33342 stain5 ng/ml) was used to counterstain cell nuclei. Images feohitrarily selectedields were taken

with an OlympusiX71 inverted fluorescence microscope, connectedn®lympus G5050 digital camera.

For quantitativesanalyses, patterns of PINK1 immunolabelling s@&weed across arbitrarily selected fields of
photomicrographs®which were taken before the hypothesis of two patiiéifase and aggregated) of PINK1
labelling wasypostulateghost hoc by an independent observer. Neurons were assigned to three distinct
populations:cells‘showing diffuse distribution of PINK1, cells nestihg aggregating labelling, and dying
cells exhibiting. very weak PINK1 labellingAnalyses were performed on raw otal which were then
expressed as'a percentage of the total population of cells cpiypiedlly, 250-500 cells were scored in each

of duplicate wells per experimahtondition.Data represent the mean £ SEM of two independent experiments.
Two-way ANOVAWas carried outfollowed by Bonferroni'post hoc test A P value < 0.05 was considered

statistically significant.

Double immunolabelling was performed to detect complex Il and PINK1. Foothef,ant-SDHA mouse
monoclonal ‘antibody1:100 dilutior) was usedo detectmitochondrial complex |lapplyingthe secondary
antibody goat artmouse Alexa 4881:200 dilution) PINK1 primary antibody was used as ab¢¥eig/ml),
applyingthe 'secondary antibody goat arabbit Alexa 568(1:200 dilutior). Hoechst33342 stain(5 pg/ml)

was used to counterstain cell nucl@amples were imaged by fluorescence laser scanning confocal

microscopy using.an Olympus FluoView 1000 inverted confocal microscopmpQ$) Japan).
Live confocal imaging for mitochondrial polarization

Mitochondrial polarization was monitored using tetramethylrhodammethyl este{TMRM) as previously
described (Bearet al. 2007) CGCsculturedon 6well plates(2 x 1& cells/wel) were initially washed twice
with MEM without phenol redcontaining KCI (25 mM) Prior to drug treatment, cells weleaded with
TMRM (150 nM)“for 15 min at 37°C and edium in each well was replaced bgesh medim containing
drugssupplemented witifMRM (50 nM). Live cell imaging was carried out ovgpecified timeperiods with
parallel vehicleTo“induce complete depolarization of mitochondria, gihetonophoreCCCP (10 uM) was
added to cell§Minamikawaet al. 1999, Limet al. 2001) Cells were kept at 37°C in dark at all tinthging
treatment with- TMRM TMRM-labeled live neurons weranalyzedusing an inverted confocal microscope
(Zeiss LSMgb104Pascal, Carl Zeiss, Oberkochen, Germany) fitted with, 3% CO, humidified stage
incubabr; images®were capturegt 543 nm with a 40x lensThe mean fluorescence intensities across
populations,of vehicle control and treated neurons were obtainedrigyL8M 5 Image Browser provided by
Zeiss. Three fields of the well weaebitrarilyimagedby a blinded observeand the fluorescence intensitf
each image was divided by the total number of neuronemrés the imaging field. Each treatment group
involved the imaging of at least 120 neurons in each of duplicate Wallses were expressed as the mean +

SEM and are from n=3 independent expents.
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M easurement of mitochondrial respiration with Seahor se XF24 analyzer

Measurements of the oxygen consumptiate (OCR) and etracellularacidification rate(ECAR) in adherent
intact primary neuronal cultures were performed usirfgeahorseExtracelluar Flux (XF)XF24 Analyzer
(Seahorse Bioscience, North Billerica, MARyall 2017) XF24 V7 Cell Culture Microplates (24 wells)
(Seahorse Bioscience) were qmaated with polyD-lysine (50 pg/ml) onto whichwere plated neurons at
density of 100,000/well. Cells wemaintained under standardlttming conditiors and experiments were
performed at 7 daysn vitro. Neurons were exposed to MEMith 25 mM KCI) (control) or MEM (with 25

mM KCI) containing Rot, NP, AA or KCN, with full medum changes with unbuffered sertfnree Seahorse
assay medim (Seahorse Bioscience) containing K5 mM), after 4 h and 24 h incubation. The plates were
transferred tdhe Seahorse XF24 analyzer for subsequent analyses of OCR and ECAR. On ltedodaythe
planned experiment; XF24 Sensor Cartridges were left to hydrate owamif24 Calibrant pH 7.4 $ation
(Seahorse Biosciencaj 37°C without CQ@. The instrument was left on overnight to stabilize at 37°C. On the
day of experimentells were rinsed by adding 1 ml of warm unbuffered Seahorse assaynmeadi the plate
was left in a 37°C incubator witlut CO, for 60 min asa de-gassing procedure befobeingloaded in the
XF24 instrument for, OCR/ECAR measuremeriifie OCR and ECAR were measured basally and after the
sequential ~ addition of four metabolic reagents, oligomycin, carbonyl cyanide 4
(trifluoromethoxy)phenylhydrazone (FCCP), Rot and A#ich wee loaded into four ports of the sensor
cartridge and injected sequentially into the cells. All Seahorse experimergsperformed oncas a blinded
experiment réspiration and acidification tes are presented as the mean + SEM (F5=wills per treatment
group). Statistically significant differences between treatmentpgravere identified using ongay ANOVA

with Bonferroniposthoc test.

M onitoring mitophagy using the mt-Rosella biosensor

mt-Rosella is a chimeric protein containing a-ptdble red fluorescent protein (DsRed).Tinked to a pH
sensitive green fluorescent protépHIourin), the fusion protein being targdt to the mitochondrial matrix
(Rosadoet al. 2008, Mijaljicaet al. 2011) At 6 daysin vitro, CGCs(24 well plates; 0.35 x facells/well
were transfected with nRRosella plasmid using Lipofectamine 200@ansfection Reagent (ThermoFisher
Scientific, Melbourng according to the manufacturer’s instructidiollowing transfection, cells were kept in
reduced oxygen incubator for 24 Drug treament with appropriate vehicle controls was carriedasuabove
Subsequent'to drug treatmedirect fluorescence images of transfected neurons were edptith Olympus
IX71 invertedfluerescence microscopennected tanOlympus G5050 digitalcameraFluorescence images

werecaptured ab08 nm and 587 nm, to obtain green and red fluorescence, respectively.

The integrated intensity of greeand red fluorescencefrom selected field corresponding to individual
neurons was’quantified usingmageJ software (http://rsb.info.nih.gov.ij)hd@ images were converted inte 8
bit pictures and appropriate threshold was appliedsistentlyin all fields under analysisRaw values of
integrated intensity of greeand red fluorescence from }43 neuros (same number of fieldsper

experimenal condition were aggregatedver 4 replicate wells The pooled data wereormalized to the

green/red integrated intensity ratios for parallel control untreated Selth normalized atawere expressed
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as mean = SEM from two independent experiments in quadruplicate wells in @@chmext. P < 0.05 was

considered statistically significant based on unpditegt.
Data Analysis

Data are given as a mearSEM of the numbers of independent eximens asindicated Comparative data
sets were analyzed using eway ANOVA (intragroup) or two-way ANOVA (comparing different
populations)followed by Bonferroni'gpost hoc test Sample sizes for the studies were not predetermined by
statistical methodsStatistical analysesiormality of data (D'Agostino & Pearson normality test) and outlier
testwere undertaken using GraphPad Pnis@.0(San Diego, CA, USA).

Results
Deter mination of bioener getic impair ment induced by respiratory complex inhibitors

To determinetheappropriateconcentrationsf drugs todisrupt mitochondrial energy nabivlism CGCs were
exposedor 24 hto varying concentrations a@fhibitorsto eachof the respiratory complexes I, II, Ill and IV
(Rot, 3NP, AA.and,KCN, respectivelylConcentrations chosen were based upon analyses of multiple indices
of neuronal integrity, and took account of observations of-drdgced (i) damage to neuritic networks and its
temporal dependenge, (i) cell viability employing the MTT assay, and &items of Pl labelling. The MTT
assay allowed |determination of the potencies of the respiratory comgiéitdrs and the inhibitory
concentration of each drug at 50% potencys{JQvas obtained from cell viability curve€GGs displayed
concentratiordependent decreases in cell viabilitith all respiratory complex inhibitoSupplementary Fig.

1). Here, like the®two other strategies employed, there was some-day variability, and notably with KCN.

In conjunction with the morpholagal observationsisingphase contrast microscopy (data not showhjch
focused upon progressive thinning of neuritic networks and cedlafarkage, a suitable pair of concentrations,
defined as “low”.and “high” (Table 1)was selected to take account of the differential observations arising
from the threeindices of neuronal integritghibitor concentrations could therefore be chosen producing
significant impairment of cellular function with slow cellular demisetimiis from necroticlike injury, as
judged byrelatively.low extents oplasma membrane permeabilization based on uptake (&upplementary

Fig. 2).

To characterizesthe impairment in bioenergetics caused by edhb téspiratory complex inhibitor§&GCs
were exposéd toilownd high concentrations of drugs foh4nd 24 h at each timéhe OCR wasassessed
using a Seahorse XF24 Extracellular Flux Analyzer (Supplementary ¥)igOverall, both basal oxygen
consumption andsFCCirduced maximatespiratory capacity were reduced in CGCs exposed to low and high
concentrations of Rair 3-NP after4 h and24 h (Supplementary Fi@b-e). Exposure to high concentraten

of AA (Supplementary Fig3f, g) and KCN(Supplementary Fig3d, €) also resulted in significant reduction in
basal oxygen consumpti@and FCCRinduced maximal respiratory capacityhereas the loar concentration

in each caseaused minimal disruption to bioenergetidices(Supplementary Fig).

In order tocompare thévioenergetic status of neurons in all conditiohs, relative basal OCR values were co
plotted withthe ECAR to generateXF PhenoGram (Fig. 1). In the theoretical case (Fi@),larbitrary lines
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were drawn todepict each of four possibldasal bioenergetic statef CGCs glycolytic, oxidative, high
metabolism and low metabolismepresented as one of four quadrants, respectiRsigll 2017) In general,
drug treatment resulted in decreases in OCR levels, indidagagf respiratory functions B@GCs In some
cases, a slight increase in ECAR was obsetilegly in compensation for impaired oxidative phosphorylation
(OXPHOS (Fig. 1b-€). CGCs exposed to a prolonged treatment with low concentrations of (R8tN#R fell
into the low metabolism quadraffig. 1d), while cells treated with low concentrations of AA and KCN
remained irthe oxidative quadranfFig. 1bandd). The highconcentrations of all drugs effectively shifted the
metabolic statesof cells towardse low metabolismstateafter 4 h treatmeniFig. 1c), which becamemore

pronouncedifter24 hexposurgFig. 16.
Mitochondrial depolarization accompanying inhibition of the mitochondrial respiratory complexes

The loss ofAY,, indneurons under treatment kspiratory complexnhibitors was examined using live cell
confocal imagingby. monitoring the retention of TMRM fluorescence within mitochémdControl neuros
showedbright,red IMRM fluorescencewith threads of mitochondria clearly visible in neuritic netwoirks
each cell particulaly in the cytoplasm around the nuclgthat was manifested as a clear void (Fia (top
row)). TMRM fluorescence was rapidBnd substantiallyeduced following treatment with CCCP (FRg as
expected for.complete depolarization of mitochondFige fluorescence intensity values from CG@Pated
neurons were_taken as background intendiy cells treated with other drugthe adjusted values were
expressed as_a percentage of corrected control that was designbd€bgEig. 20). TMRM fluorescence in
CGCs treated with Raind KCNdisplayeda rapid decrease in fluorescence as early as 0.5 h arbdrinto
less than 10% of control levels (P < 0.00Q&)g. 2a, b),while depolarization induced by AA was slower,
becomingsignificantly reducedfter 1 h(P < 0.05) (Fig. B). However treatment with NP resulted irbarely
discerniblereduction in TMRM fluorescencoaver thefirst hourof drug treatmenand, while reducedfter 4 h
was notsignificantly depressedFig. 2a, b). Overall,these results indicate thRbt andKCN caused the most
significant depolarizatiomf mitochondria, with AA leseffective. By contrast3-NP hadonly a mild effect

over the timecoursesof treatmentvithout significant change in AY .

Distribution patterns of PINK1 reflecting mitophagy in CGCs under mitochondrial respiratory complex
inhibition

PINK1 is a“primary initiator of mitophagy in mammaliarcells becomingstabilized on the OMM of
mitochondriaupon depolarization of theitochondrialmembrangNarendraet al. 2008, Matsud&t al. 2010,
Narendraet al. 2010) To analyzePINK1 retentionon mitochondria subsequent bdenergetic impairment
CGCs were treated with respiratory complex inhibitors for 4 htlaahtracellulardistribution of PINK1was
monitoredusing immunocytochemical stainingith a PINK1-specific antibody The majority ofuntreated
control neuronglisplay diffuse stainingf PINK1 across the whole cell bodincluding the nuclear region)
(Fig. 33 Untreatedcontrol pane] yellow arrow$. The enlarged images in Fig. 8lpper row) indicatea cell
with the“diffusé’ morphology (Di).However, a smalbroportion of cells showed concentrated localizatibn
PINK1 mainly in the cytosol, leaving the nualeareaqstained with Hoechst 3334%€) as a clear void (Fig
3a Untreated ontrol panel white arrowy; this pattern of labelinds termed “aggregated” staining of PINK1
The enlarged images in Fig. 8bwer row) indicates cells with the “aggregated” morphology (Ay)CGCs
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exposed to respiratory complex inhibitors, dugregategattern of PINK1 stainingpecamemore praninent
guantitatively such thata relatively higher proportion of PINK1 immustaining was in the aggregated
morphology (Fig. 38 white arrow$. This cytoplasmicaggregationof PINK1 surrounding nuclein drug
treated cells corresposdb its localization to mitochondrighe immunofluoresaee of PINK1 ceocalizes

substantially with that of mitochondrial respiratagmplex Il (see examples in Supplementary g)g

Compared to_coentrol, CGCsetted with Rotor 3-NP showedan increased proportion of cells showing
aggregated PINK1 staining (control, 40% of population as opposed to Rot, 56%N&b3%; P < 0.0001 in
each casewhile a significantly reduced proportion of CGCs disglddiffuse PINK1 staining(Fig. 3c). This
redistributiony although smaller in magnitudeas also seen in CGCs exposed to B/AKCN wherethe
proportion & cells showing aggregateBINK1 stainingsignificantly increasedcontrol, 31% as opposed to
AA, 40% andKCN, 46%; P < 0.0001 in each cag€&)jg. ). Likewise, there was a mild but significant
reduction in the proportion of cells showing diffusélR1 staining (Fig. &8). Overall, exposure tmhibitors

of respiratory compless HV induced PINK1localizationto mitochondria in CGCs.

Deter mination=ofiimitophagy with fluorescent mt-Rosella biosensor to monitor acidification of

mitochondria

In order tomonitor the later stageof mitophagy during whichmitochondriaare relocatedo an acidic
environment‘'CGCs"were transiently transfectadth mt-Rosellaand exposed to the respiratory complex
inhibitors Transfection with mRosellaenable the red fluorescence of its DsRed.domponent to report the
intracellular distribution ofmitochondria The quenching of green fluorescencetle# pHluorincomponent
repors delivery“ofthose mitochondria into lowpH lysosomegRosadoet al. 2008, Mijaljicaet al. 2011,
Sargsyaret al. 2015)

Untreated ontrol CGCs transfected with rRosella exhibitedduatlabelled red (DsRed.®) and green
(pHluorin) fluorescencethroughout the cell, indicative ofa wide distribution of mitochondria irall
compartmentsyof.a;neuron, including the cell body, dendritic and axaedgses (Fig.at Control panels).
After exposure“toyrespiratory complex inhibitors for 24 tiorgy red fluorescence from nARosellawas
displayed throughout the cdlFig. 43. In general, theoverall cell morphology revealed some retraction of
cellular processeéFig. 4a). Treatment with Rot or -BIP resulted in a notableverall reductionof green
fluorescenceln the neuronal processebtreated cells, increasgadinctate distribution of both red and residual
green fluorescenceas observed, relative to untreated control neutdog/ever,regionswithin the cell body
retained brighgreen fluorescencafter cellular exposure to Rot ofNP (Fig. 4a).By contrast;n cells treated
with AA, KCN or CCCP,the green anded fluorescence of miRosella generally remaineélatively bright
throughout the cell§Fig. 4a). In these cases, there was a tendendysfay punctate fluorescence in the distal

regions relative to untreated control neurons

Fluorescenceintensities within individual neurons expressed as the green/red fluorescerat®, were
quantified using ImageJ softwai@ecausalrugtreatedneuronsretainedstrongred and green fluorescence in
the cell body areésee above), thiguantitative analysis focused tre distal ends of neuronal procesdasy
changes in green fluorescence in areas of the neuronal arbor assildetlquantified athe ratio of green

fluorescence with respect to the intensity of red fluorescence (BigTHe green/redratio from eachdrug
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treatedneuronal populatiois presented as percentages of the ratio measurashinol CGCg(designated as
100%) By this analysis neurois exposed to R@&nd 3NP showed gnificantreductiors in green/redatio of
mt-Rosellain neuronalprocessesomparedo control Rot, 72% P < 0.05; NP, 68% of control, P < 0.01,
respectively, indicative ofacidification of mitochondrian the distal parts of neuroifsig. 4b). On the other
hand CGCs treated with AA and KCN did not show significant reductiogré@en fluorescence compared to
control. Strikingly after treatment of CGCs with CCC#e greenfluorescencein mt-Rosella transfected
neuronsactuallyincreasedFig. 4b). This phenomenois due tothe generalized collapse of proton gradients
across intracellularsmembranesfected by CCCPrepresenhg lack of acidification of lysosomes (even
though mitophagy“may have indeed directed mitochondria to that locakioa)nullification of intracellular
locational reperting, by dual fluorescent protein biosensors of the tgpresented by rRosella in cells
treated with €CCPihas been previouslinged out(Padmaret al. 2013)

Discussion

In this work we have set out to systematically study potential triggehe ahitophagic pathway imeurons by
focusing on the respiratory electron transport chain. We have specifidaligssed the question of the role of
depolarization of mitochondria in activation of mitophagjje technical approaches we brought to bear on
these issues are“based di): assessment of mitochondrial respiration using Seahorse techindgidg
determiration’ of the polarization of mitochondria in live neurons using the reporteRMMwhose
accumulationwintes/mitochondria is voltagependent; (iii) recruitment of PINK1 tthe earlier phase of
mitophagic cascade by immunocytochemistry; and gsgessmentf the transfer of mitochondria into the
acidic lysosomal environment during later phases of mitophagy by meanuoirescent intramitochondrial

molecularfeporter.

By targeting mitochondria with a series of agents affecting particularagspyi enzyme complexes, we have
been able to establish two key findings. First, the loss of A¥,, as such, is not a necessary condition for the
triggering of sneurenal mitophagy. Thu3;NP failed to depolarize mitochondria extensively but was an
efficient trigger of/mitophagy. Second, even where almost completechmoitdrial depolarization can be
effected, the subsequent progress of mitophagy may occur sluggistayatrall. Evidencéhat depolarization
may not be“sufficient in itself to trigger mitophagy was obtained leyaisAA or KCN, each of which
depolarized ymitochendria effectivelglthough with weakened PINK1 recruitment to mitochondbiat no
evidence of acidification of nachondria. By contrasthe cellular response tRot appeared tsupport
previous findinggNarendraet al. 2010) in that ths agent caused effective depolarization of mitochondria in
neurons followed by a robust mitoplyagrhe differential effects of focused respiratory chain disruption

provide newrinsights into the complexity of how mitophagy may be triggareeurons.

Much of the current thinking on PINK&nd Parkirdependent mitophagy is influenced by the viewpoint that
mitochondria that have somehow become inefficient in bioenergetic pescesanifested by loss af¥ ., are
rendered as suitable targets for mitophatgstruction within the cell. Thus, in experimental mimicking of this
concept, especially inam-neuronal oimmortalized cell lines, mitochondria subjected to abrupt depolarization
by sccalled uncoupling agents such as CCCP or FCCP respond by the &tmmmuaf PINK1 on the OMM,
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thereby initiating mitophagy via a Parkilependent mechanis(harendraet al. 2008, Matsudaet al. 2010)
Our present results using cultured neurons suggest that the prepuaches applied to perhajess
specializedcell types may have obscured some of the more subtle aspects of mitopldagtion, although
having revealed the basic molecular machinery of mitophdgwever, the mechanistic differences leading to

differential depolarization of mitocimalria by Rot and AA (Fig. 2) are not clear.

Assuming that.neurons do retain the basic molecular machinery oflPiid Parkirdependent mitophagy,
our observations can be melded into this framewasrfollows. We postulate that the overall metabolic state of
a cell, perhaps overdden by metabolic disturbances effected by certain inhibitoes; provide potent
influences on the induction of mitophagy. Neurons are differentiaédld with an exquite reliance on
OXPHOS for bioenergetic requiremenBy contrast, the ean-neuronal orimmortalized cell lines used in
many previous studies on mitophagyy much more on glycolytic metabolistinan neuronsindeed, a close
link between bioenergetics ofltseand mitophagy was demonstrated in a previous study involving Héka ce
These cells usually display robust mitophagy upon depolarization of A¥,, under normal culture conditions
(Narendreet al. 2008, Narendrat al. 2010, Dinget al. 2010, Van Laaet al. 2011) However, when cells were
induced to enter a very substantial dependence on mitochondrial OXfH&®rgy production in preference
to glycolysis, mitophagy was mearkably represse(Van Laaret al. 2011) These workergeported that a
global application of CCCP to primary cortical neurons failed to show Pgkislocationd mitochondria for
initiation of mitophagy. On the contrary, HelLa cells in the same sthdwed a rapid and robust localization
of Parkin to mitochondrigVan Laaret al. 2011) Interestingly, when HelLa cells were forced to rely on
mitochondrial® respiration for energy by blocking glycolysis, tiacetion of Parkin to depolarized
mitochondria was not observgan Laaret al. 2011) These findings, together with the present work,
emphasizéow the metabolic profile of cells that have highly developed mitodtial ATP generation plays a

characteristi¢ole inrecruiting mitophagy

In this light, neurons may represent a class of differentiatesl loigfhly dependent upon OXPHOS, in which
depolarizationrefumitochondria may not be a universally effectivedrifiiy mitophagy. The CGCs used here
were extengivelytdifferentiated to geatr abundant neuritic arborglosely resembling the regular
physiological imorphologyBenito-Cuestaet al. 2017) Moreover, the Seahorse data (Fig. 1) showed the extent
to which theguntreated neurons presented as ox@ati characterlnteresingly in thesemature primary
neuronssubjected torihibition of mitochondrial OXPHOS complexes | orilduction of mitophagy was very
efficient after blockade of the respiratory chain, although in the ledise little depolarization of mitochondria
occurred. Thisvidenceis perhaps suggestive of metabolic disturbance being a potent fathertriggering

of mitophagyin neurons. Inhibition of Complex Il by-8P would not directly affect the pumping of Ecross

the IMM. This agent would disrupt the flow of metabolites in the TCA cyslgsamajor effect, which would
indirectly dnfluence the balance oxidation and reduction at the level of FAD and NAD coenzymes. The
action of Rot inuinhibiting Complex | would directly block NAD oxidation wsll as leading to reduced
translocation of Facross the IMM (contributing to depolarization). In these nesjriomay the former effect

on oxidationreduction of metabolites that is the key trigger for mitophagy.

In the case of inhibition of Complex lbr IV by AA or KCN, respectively, although depolarization occurs the

disruption to metabolism may not be tha@r®e as for the other inhibitors used. Indeed, earlier studies using
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primary neurons have shown not only a loss of A¥,, but other factors such as the culture conditions or the
presence of antioxidants could influence the triggering of neuronalmiggVan Laaret al. 2011, Seibleet
al. 2011, Cakt al. 2012,Joselinet al. 2012, Rakovict al. 2013, McCoyet al. 2014) The identification of the

key metabolites in mitophagic induction remains to be determined.

The role of PINK1 as being universally involved as a trigger for mitophaayy also need reconsideratids.
mitochondrial_localization of PINK1 sufficient as a trigger for rphiagy in neurons®oes PINK1 possess
additional cellular functions outside PINK1/Parkirediated mitophagy upon recruitment to mitochondria?
While the role of PINK1 in promoting mitophagy has been a topic of greatshténere is also an additional
body of evidence demonstrating a dual role of PINK1 as a suppressor of mitoSpagifically, PINK1 has
been suggested t@duce the triggering ahitophagy by preserving mitochondrial membrane potential
binds to Parkin in the cytosol to prevent its translocation to dgtamitochondrigGegget al. 2009, Morais

et al. 2014, Steeet al. 2015) In this view, it is conceivable that the bioenergetic dysfunction &utluxy
complex 11l and/IV inhibition in this work may have been below the tiokesfor PINK1 acting as trigger for
mitophagy; thus, the turnover of mitochondria may have been suppres$edexperiments reported in this
study. Mechanisms) underpinning the role of PINK1 as a switch thatmideésr the progression to either
PINK1/Parkinmediated mitophagyor the upregulation of prsurvival mechanisms and suppression of
mitophagy, still remai to be fully elucidatedLiu et al. 2011, Murataet al. 2011, Dagdaet al. 2014,
Fedorowiczet al. 2014) Future work to analyze the translocation of Parkin under these aorglitill be

important

In this work, monitoring of late stage of mitophagy was achiexsédg the dual fluorescence biosensor; mt
Rosella, enabling the observation of mitophagy in various morpholbgéefinedregions of neuron®urs is

the first studysto utilize this mitochondrial reporter in mammaliaaransalthough its successful usage in
HelLa cells has been reportéfargsyanret al. 2015) In our studya noteworthyfinding wasthat the most
prevalent recruitment of mitophagy in our study took place etdiktal ends of the neuritic processé®r
inhibition of .complexes | and .IIRecently we successfully employed-Rusella toanalyzePINK1/Parkin
dependent mitophagy in human primary fibliassts from control and Parkinsonian patier@srello et al.
2019. Of course, fibroblasts do not possess the extended distal processeson$ ragr here the vesicular
labelling predeminantly surrounded the nucleBer{ello et al. 2019. There are, however other reports using
different reporters of abundant PINK1/Parkiependent mitophagy in distal neuronal axons of pluripotent
stem ceHlderived neurons from PD patierftésiehet al. 2016)and rodent hippocampal neurgishrafiet al.
2014, Maday & Holzbaur 2014Thus, others have postulated at such distal regions a mechanism invaodving t
continuous generation of autophagosomes associated with local rmayophaysfunctional mitochondria,
observed in axons_and axon tips in primary neuronal cul{dswrafi et al. 2014, Maday & Holzbaur 2014,
Hsieh et ale2016) The recruitment of mitophagsnay bemore prevalent at the distal ends of the neuritic
processes afterinhibition of complexes | and I, compared to that inltH®odg. Higher resolution analyses
of the mitophagy events in the region of the cell body would be requairsektle this pointincluding the use

of markers of autophagy. Under physiological conditions, neurons reqtfi@erg distribution of
mitochondria to distal areas where energy is in high demand, such ascsterapinals, active growth cones
and axonal branche@Vorris & Hollenbeck 1993, Ruthel & Hollenbeck 2003hus, aged and damaged
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mitochondria need to be efficiently removed by mitophagy at the distal anglostmitotic neurongSheng
2014)

Our observations highlight the importance of an appropriate operationcahmndrial quality control in post
mitotic neurons as mitochondrial function is closely associatedneitinonal viability. Dysfunctional aspects
of mitochondria have been a major theme in many neurodegeneratiasedis@&herefore, understanding the

mechanisms of.neuronal mitochondrial quality control relevant topimigy is of key importance.
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Table 1 Effective concentrationsf mitochondrial respiratory complex inhibitors

Drug Site of action IC50+SEM Concentrations
(low, high)
Rotenone (Rot) Complex | 100 +17 nM 10 nM, 30 nM
3-Nitropropionicacid (3NP) Complex Il 78 £33 uM 100 pM, 300 pm
Antimycin A(AA) Complex Il 42 + 1.3 nM 10 nM, 30 nM
Potassiunctyanide(KEN) Complex IV 1.2+0.5mM 100puM, 300 pM

CGCs werertreated with drugs to establish the, IGsing the MTT test (Supplementary Fig. 1). Two
concentrations of each drug were chosen for optimal inhib{tidaly 1984, Degli Esposti 1998, Huasapal.
2005, Huangtal=2006)of the target respiratory complex (see text). Values are the meSEM/fromn =3

- 4independént experiments employiheplicate determinations

LEGENDSTO FIGURES

Fig. 1 XF Metabolic PhenGrams. The bioenergetic state of CGCs was determined from data obtairged usin
Seahorse Extracellular Flux (XF) Analyzer XF24 for the oxygemsemption rate (OCR) and extracellular
acidification rates(ECAR). For each drug tested anPkEndcram of ECAR versus OCR was constructed
(raw data in SugpmentaryrFig. 3) to determine the metabolic profile of cells in their basal state. Rahel
shows the, assigned metabolic state for four ranges of ECAR/OCR vadses, dn arbitrary delimitation into
four quadrantsnrerderto distinguish cells in véawus metabolic stat after treatment (see text). XF metabolic
PhenoGram$or four drug treatmeniegimensare presented as followi) lower drug concentrations after 4 h
(n =4 Rot 10 nM, n = 5-8IP 100uM, n =4 AA 10 nM, n = 4 KCN 10QM); (c) higher drug concentrations
after 4 h(n = 5 Rot 30 nM, n = 5-BIP 300uM, n =5 AA 30 nM, n = 3 KCN 30QM); (d) lower drug
concentrations after 24(n = 5 Rot 10 nM, n = 5-8|P 100uM, n =5 AA 10 nM, n =5 KCN 10@M); (e)
higher drug concentrations after 24rh=5 Rot 30 nM, n = 4-8IP 300uM, n = 3 AA 30 nM, n = 3 KCN 300

pM). Data are compiled as mean + SEM; number of replicate wells, from a single treated culture

Fig. 2 Depolarization of mitochondria in live cells measured by TMRM fluoreseef) Neurons were pre
loaded with“TMRM and fluorescence was monitored by confocal live cell imaginthe various times
indicated after,administration of each drug. Brightfield view (BF) was sinmgltaisly captured to visualize

the total numberof cells withithe same field; imageonly shown here for 4 h treatments. Scale bar = 20 um.
(b) Quantification of intracellular TMRM fluorescence. Data apressed as percentage of control
(designated as having 100% fluorescence). All values have been correctesidoal TMRM fluorescence

after CCCP treatment50-250 cells were counted per treatment at each time point; values are mean + SEM of
5 independent experiments. Symbols indicate significant loss of THilRvescence at the indicated time of
treatment reléve to control (* P < 0.05; # P < 0.001; ## P < 0.0001; compared to control by repeated

measures twavay ANOVA, followed by Bonferroni'gost hoc test)
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Fig. 3 Immunocytochemical analysis of PINK1 distribution in neuroasAftibody specific for PINKlwas

used to stain neurons immunocytochemically 4 h after drug treat®elig were counterstained with Hoechst
33342 to indicate both location and morphology of nuclei. Yellow arrowsatalizeurons displaying diffuse
distribution of PINKd fluorescenceyhite arrows indicate neurons displaying PIN&decific fluorescence in
aggregated morphology (but excluded from the nuclei); red arrowstadiondensed or fragmented nuclei of
cells, corresponding to cells showing very weak staining for PINECAle ba= 20 um. (b) Enlargedimages

of CGCsfrom panel A, either untreated (upper row)taated with 3NP (lower row) Di indicates diffuse
morphologyof featured cell; Ag indicates aggregated morphology of twaréeatells Scale bar = 10 pm.
Quantitativeanalysis of PINK1 fluorescence distributidie) Rottreated and -BIP-treated populations each
after 4 h; ¢l) AA-treated and KCNreated populations each after 4 h. Neurons were assigned into three distinc
morphological populations: diffuse PINK1, aggregh PINK1, and dead cells (as defined above). For each
drug treatment (or untreated control), the cell counts were used to yusatif supopulation, expressed as a
percentage of the total population of cells counted (totat5Z®Ocells were counted i@ach experimental
condition) carried Jouton duplicate wells. Data represent the mean * SEM of two such independent
experiments. Symbols indicate significant differences in distributioPIbiK1 relative to control (# P <

0.0001, compared to control by tway ANOVA, followed by Bonferroni'post hoc test)

Fig. 4 Ratiometrigfluorescence analysis of live cells expressinRaosella biosensor to monitor acidification
of neuronal“mitochondria.d( Representative fields of microscopic images in red channel (Dsfeadnt
green channel (pidorin). Neurons were transiently transfected withRosella followed by 24 h exposure to
drugs. The pHnsensitiveDsRed. B fluorescence provided information about the position of mitochondria
within the cell while the quenching of psensitive pHIuorin fluorescence showed mitochondriaricidic
environment.{Scale bar = 40 um. (b) Green/red fluorescence ratios of regionthimi neuronal processes (but
excluding the cell body) after drigeatment for 24 hnormalized to theontrol green/red ratio measured for
untreated cellsdefined as 100%. Data for CCCP, indicating increased green/red ratios,casselisin the
text. Data represent mean + SEM of ratios for n =4B7ells per conditiofrom two independent experiments

* P < 0.05 based on unpairgdest
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