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a-Synuclein @-Syn) is intimately linked to the etiology of Parkinson's Bease,
as mutations and even subtle increases in gene dosage resulin early onset
of the disease. However, how this protein causes neuronal dfunction and
neurodegeneration is incompletely understood. We thus exained a comprehensive
range of physiological parameters in cultured rat primary eurons overexpressing
a-Syn at levels causing a slowly progressive neurodegenetiah. In contradiction
to earlier reports from non-neuronal assay systems we demairate that a-Syn
does not interfere with essential ion handling capacitiesmitochondrial capability
of ATP production or basic electro-physiological properéis like resting membrane
potential or the general ability to generate action poterdis. a-Syn also does not
activate canonical stress kinase Signaling converging on APK/Jun, p38 MAPK
or Erk kinases. Causative fora-Syn-induced neurodegeneration are mitochondrial
thiol oxidation and activation of caspases downstream of nwchondrial outer
membrane permeabilization, leading to apoptosis-like ckldeath execution with
some unusual aspects. We also aimed to elucidate neuroprotgive strategies
counteracting the pathophysiological processes caused bya-Syn. Neurotrophic
factors, calpain inhibition and increased lysosomal progese capacity showed no
protective effects againsta-Syn overexpression. In contrast, the major watchdog of
outer mitochondrial membrane integrity, Bcl-Xl, was capale of almost completely
preventing neuron death, but did not prevent mitochondriathiol oxidation. Importantly,
independent from the quite mono-causal induction of neuraixicity, a-Syn causes
diminished excitability of neurons by external stimuli andobust impairments in
endogenous neuronal network activity by decreasing the figuency of action potentials
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Tolo et al. Neuropathology ofa-Synuclein

generated without external stimulation. This latter ndig suggests thata-Syn can induce
neuronal dysfunction independent from its induction of netotoxicity and might serve as
an explanation for functional de cits that precede neuronhcell loss in synucleopathies
like Parkinson's disease or dementia with Lewy bodies.

Keywords: synuclein, ATP, calcium, reactive oxygen species , thiol oxidation, apoptosis, Bcl-XI, synchronized
network activity

INTRODUCTION targets. The experimental system used for this study consists of
neuron-glia co-culture derived from E18 rat brairsi(gler et al.,
The small presynaptic proteim-Synuclein @-Syn) is highly = 2001; Taschenberger et al., 2)Mithout need for cell culture
abundant in human brain but its exact function remains medium replacements these cultures survivesfénweeks, due to
enigmatic.a-Syn is linked to the etiology of Parkinson's diseasegstroglial support of neuronal maintenance. Neurons growsgen
a common and mostly idiopathic neurodegenerative disorder oneuritic networks, fasciculate axons, and show endogemaus,
the elderly. In rare genetic cases multiplications of 8CA  stimulated electrical activityMurphy et al., 1992 Synucleins
gene or increased promoter activities cause early onset PByerexpressed speci cally in neurons by means of AAV viral
This suggested that increasedSyn levels might be directly vectors under control of the neuron-specic synapsin 1 gene
causative for PDa-Syn is a core component of aggregatedyromoter (<iigler et al., 2003are partially secreted into cell
protein species found in brains of almost all patients su eringculture supernatant, form intracellular proteinase K resistan
from PD, but also in brains of patients with Alzheimer's disea aggregateS, Substantia”y impact on mitochondrial morphpjog
(AD), Dementia with Lewy Bodies (DLB) and Multiple Systemsand, depending on expression level, start to show signs of
Atrophy (MSA). These aggregates termed Lewy bodies/Levgynuclein-dependent degeneration after about 6-8 days of
neurites are found all over the patients' brains, not only ingyerexpressionqarpinar et al., 2009; Taschenberger et al., 2012,
those brain nuclei responsible for the motor malfunctions 0f2013. Similar to results obtained in the substantia nigra of
PD. However, whethea-Syn aggregation is cause, consequencgdentsin vivo, b-Syn is somewhat less neurotoxic thasByn
or coincidence of neuronal malfunctions in PD and relatedin this model, whileg-Syn does not cause any neuron loss over
disorders is still unclear, as are the mechanisms by wli€lyn  time and thus can serve as a valid contréhg¢chenberger et al.,
contributes to this neurodegeneratiom¢| Tredici and Braak, 2013.
2016; Dettmer et al., 2016 In several experiments of this studg;Syn was expressed
During the past years a wealth of studies have addressgggether with genetically encoded uorescent sensor pragin
potential a-Syn-related disease mechanisms, implicatinghereby allowing to record physiological signals from living
mitochondrial/respiratory chain dysfunctions, impaired pe®  cells in real time. Our results demonstrate thaiSyn levels
degradation, impaired ion handling capabilities, reactixggen sy cient to induce a slowly progressive neuronal death do not
species (ROS), among many others, as causative for onset andf@pair important physiological functions, such as®€andling,
progression of PD. The vast majority of these studies have be@dTpP production, mitochondrial or cell membrane potential,
performed in experimental systems that are easy to manipulaigeneration of cytoplasmic ROS or activation of canonical
genetically, in order to achieve the levelaigbyn overexpression stress kinase pathways. HowewaiSyn caused a pathological
necessary to induce phenotypes. Although much could bgequence of mitochondrial deformation, increased mitaudial
learned from Drosophila-, C-elegans-, and yeast-basedrese thiol oxidation, mitochondrial outer membrane permeabition
it should be noted that these systems do not have endogenoggOMP), and caspase activation to execute an apoptosis-like cell
a-Syn orthologs, meaning that for thea-Syn is an unknown  death. Blocking this cell death allowed to record the suftih
protein. Overexpressing-Syn in cell lines or in cells derived inhibition of endogenous neuronal network activity causey
from brain cells which do not recapitulate features of exuiga a-Syn in aged neurons, that might serve as an explanation for

neurons might also generate false-positive or false-negjatineuronal dysfunctions in synucleinopathies even in abserice
results, due to divergent physiological functions present ireyvident neuron loss.

neurons vs. other cell types, such as terminal di erentiation

and inability to divide, capabilities to handle ion uxes|agve MATERIALS AND METHODS

distribution of cytoplasmic volume between peri-nuclear and

neuritic spaces, and energy demands at pre- and postsynapfdeuronal Cell Culture

sites far remote from the cell bodi(chman and Ninkina, 2008; Primary cortical neurons were prepared from E18 rat pups as

Gubellini and Kachidian, 2035 described Kugler et al., 2001 Neurons were seeded in 24-
Given that synucleinopathies like PD or DLB mostly a ectwell plates at a density of 250,000 cells per well. Cell culture

neurons, it is justied to elucidate pathological mechangssm media were not replaced or exchanged during the course of the

caused bya-Syn in mammalian neurons. Furthermore, it is study up to the time point when cells were imaged in arti cial

important to address interactions and successioa-8fyn-caused cerebrospinal uid (aCSF; 128 mM NaCl, 3mM KCI, 1mM

dysfunctions in order to be able to identify potential therafe =~ MgSQ,, 1 mM NaH,PO,4, 10 mM glucose, 30 mM HEPES). For
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high-K€ bu er, NaCl was reduced to 68 mM and KCl increasedfrom 3 10e7 tuto 1 10e8 tu was roughly 2-fold. Notablg;

to 63 mM. All experimental animal procedures were conductedyn expressed from AAV vectors at 310e7 tu did not cause
according to approved experimental animal licenses (33.%igni cant cell death during the lifetime of the neuronalltures
42502-04-11/0408) issued by the responsible animal welfa(@—4 weeks), whila-Syn expressed from AAV vectors at 110e8
authority (Niedersachsisches Landesamt fur Verbraudertz  tu caused signi cant degeneration after about 2 weeks itucel

und Lebensmittelsicherheit) and controlled by the locainaal

welfare committee of the University Medical Center Géttingen .

This neuronal cell culture system was chosen due to ithagmg_ Setup ) ]

relative ease of preparation and robust long-term mainteeanc?ll recording of uorescent signals from genetically enedd
capabilities. It has to be noted that these cells do not re ect€NSOrs (GES) were performed on a Zeiss Examiner upright
the dopaminergic neurotransmitter phenotype of neurons of thdMicroscope stand (Zeiss GmbH) equipped with RC-26GLP
substantia nigra pars compacta, which are especially prone {#'@ging chamber, PH-1 heating platform, TC-344C heating
neurodegeneration in PD. However, synucleinopathies like p controller, SHM-8 in-line hea?er(Warner Instruments), W Plan-
and DLB a ect a wide variety of neuronal subtypes during digseas*Pochromat 20x/1.0 objective, W Plan-Apochromat 63x/1.0
progression, and thus primary neurons from rat cortex can bé&Piective, Colibri LED excitation light source and two Zeiss
considered as a valid neuronal model system. In additioas¢h MRM cameras (Zeiss GmbH) set up for dual wavelength imaging.

neurons possess electrical pacemaker activities closelylbéiag Cell cultures were continually superfused during imaging with
that of nigral dopaminergic neurons. solutions warmed to 34. A VC-8T valve control system

(Warner Instruments) together with a custom built computer
AAV Vectors interface was used to switch between up to eight dierent

Recombinant adeno-associated viral vectors of serotype B{AA Selutions.

6) were prepared by transient transfection of vector genome

plasmids (for details see Supplemental Figure 1) with the DPfja|d Stimulation

helper plasmid in HEK293 cells, viral particles were puri edgje|g stimulation was performed using a SIU-102 stimulus
from cell lysates by iodixanol gradient centrifugation dr@parin  jso|ation unit (Warner Instruments) together with a customitu
anity chromatography. After extensive dialysis against PBSynction generator based on an Arduino microcontroller bdar

particles were frozen in single use aliquots &0 C. Genome  (Arqyino). Electrodes were submerged in imaging medium and
titres were determined by gPCR ar®8% purity was con rmed separated by 15mm during imaging. The SIU-102 was set to

by SDS-PAGE. Vector genome (vg) titre vs. transducing Ytils  qnstant current (100 mA) and bi-polar pulse mode (59pulse
titre was determined with EGFP expressing vectors in primary,;q)

neurons and was estimated to be 1:30 (tu:vg). All constructs
expressed transgenes from a neuron-speci c synapsinl gene

promoter. Imaging of Free-Ca 2
) _ C&C imaging was performed essentially as describéonov
Synuclein Expression Levels et al., 2009 using the red uorescent genetically encoded

All experiments of this study were conducted by expressiocalcium indicator (GECI) RCaMP1lé\kerboom et al., 200)3as
of human wild-typea-, b- or g-synucleins &-, b- or g-Syn). a sensor. RCaMP1le was excited by light from a 590 nm LED
Although mutations in synucleins might di erentially impact (Colibri, Zeiss) and passing through a 60 HE (Colibri, Zeid®r
on the investigated parameters, they represent extremely racube. Recording of free-€a from the mitochondrial matrix
familial cases and were thus not considered here. All exmarisn  was enabled through fusion of RCaMP1le with the targeting
were conducted by synuclein gene transfer with 1L0e8 tu of sequence of subunit VIII of cytochrome ¢ oxidase to create mt
the respective AAV-6 vector per 250,000 neurons if not otheewi RCaMP1le. Throughout the article we reparE=Fg values rather
stated. The level of overexpression achieved by this mode wéman converted to actual calcium concentrations.
determined by expressing ratSyn by di erent titres of AAV RCaMP1le and variants were described recentlye(boom
and detecting the target protein with antibodies specic foret al., 2013 There itsKy was measured to be 1:6M in
rat a-Syn. This procedure is necessary as for no human vitro with a Hill coe cient of 3.4 and its pKy as 5.9. Many
Syn-speci ¢ antibodly it is proven that it detects the @Syn, sources report resting cytosolic freeZ&€devels within neurons
which is endogenously present in the rat neurons, with theesamto be kept at very low concentrations of around 100 nRbés,
sensitivity as the humaa-Syn, which is overexpressed in the 1989; Marambaud et al., 2009The resting concentrations of
neurons. Using this approach we found that 110e7 and 3 free-C&C within the mitochondrial matrix have been more
10e7 tu of AAVa-Syn(rat) resulted in about 10—13-fold higher di cult to determine but are reported to be similar to those
a-Syn levels as compared to endogenous levels, while titres ofvithin the cytosol Babcock and Hille, 1998The pH within the
10e8 and 3 10e8 resulted in 17-20-fold higharSyn levels mitochondria is generally accepted to be higher than that iwith
as compared to endogenous levels. Using the same range of A#e cytosol. Howeverkerboom et al. (2013demonstrates that
titres with humana-Syn and respective antibodies, the increase ahe di erence in response of RCaMP1f with pH between 7-8
protein expression level with 3-fold increments in titre wafo®l ~ is negligible. Since the pKa of RCaMPle is similar to that of
each, but could not be related to the levels of endogenoua-rat RCaMP1f, it can be assumed that this holds also for this variant
Syn. Importantly, in both cases, the increase of protein eswas of the sensor.
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Using thein vitro values forKyq and Hill coe cient, the  substituted forr, representing the relative FRET ratio (change
theoretical response curve of RCaMP1e looks like the followingfrom min level). For simplicity, this assumes a Hill-coe cieof
2 (2.1 according to Imamura et ahamura et al., 2009 These

g 1.004 .ﬂ authors publisheth vitro values folKq and Ryax=Rmin 0f 3.3 mM

- and 2.3 respectively which ts well with values determined

g 0.751 » experimentally in cell by us and reported previouslyloe et al.,

&= b 2019.

7

oy S J Imaging of Redox Potential

o ® Imaging of redox potential from the cytosol and mitochondria

% 0.251 3 matrix was performed essentially as describedr(son et al.,

(&) ° 2004; Grosser et al., 2Q1ing roGFP1 and mt-roGFP1. roGFP1

C o004 is a ratiometric sensor and sequential excitation was dairg.a
009%00 g_sé.os 5.0e-06 7459'.05 109'.05 365 and 455 nm LED respectively (Colibri, Zeiss) togethehn wit

Ca2+ (M) a 60 HE (Colibri, Zeiss) lIter cube with the excitation lIter
removed.

The biochemical properties of the redox sensitive genetically
where the three vertical lines, from left to right, indicate oncoded sensor roGEP1 have been describéhgon et al.,
approximate resting free-G%, Kq and resting level multiplied 2009. All experiments using the roGFP1 sensor done for this
with 50 respectively. This shows that when the neuron is at réSpublication included a calibration step. After measuremetite
the fraction of sensor molecules that bind calciumis vewémd gl cultures were left in the imaging chamber and rst supegd
in aregion where small uctuations of free-&awill not produce with 10 mM DTT to completely reduce the sensor. After reaching
a detectablle response. On the other hand, during activitg, thy stable baseline, the DTT was washed out and replaced with
concentration of free-C& has been reported to increase upgm H,O» to completely oxidize the sensor. This allowed us

to 100 fold and even higher within the mitochondri&gbcock 5 calculate the fraction of reduced sensor molecules at @y o
and Hille, 1998; Marambaud et al., 2Q@ghich would be levels  {ime according to Equation (5) iftanson et al. (2004)

su cient to completely saturate RCaMP1le. However, stimuigti

neurons in culture electrically at 10Hz did not reach such F Fox
levels in our experiments. KCI application on the other hand, RD Fred  Fox
sometimes caused increases in cytosolic as well as mitdaabn
C ; . . .
free-C&° levels high enough to saturate RCaMP1e. whereR s the fraction,F the current uorescence ratio angeq

and Fox the maximum reduced and oxidized uorescence ratios
respectivelyRfor roGFP1 is related to the oxidation state of DTT
through Equation (2) inrHanson et al. (2004)

Imaging of ATP

Imaging of intracellular ATP concentrations was performed
essentially as described dloe et al., 20l4using the GES
ATeam1.03 Ifnamura et al., 2009with one exception. It_ was [DTT el SDTT o
not necessary to calculate the rate of ATP re-generatioer aft R K CIDTT DTT
depletion using FCCP based on the rate of depletion, instead it eqC [DTTredl IDTTox]
was measured directly from the slope of the curve. The CFP/YFP

based ratiometric FRET-sensor ATeam1.03 was excited usin%\lgere Keq is the equilibration constanttanson et al. (2004)

455nm LED (Colibri, Zeiss) together with the 78 HE (Zeiss) eterminedKeq by plotting R against [DTTed IDTTo and

- ; . tting the data from a titration curve according to equatiock
Iter set. Dual wavelength detection followed using two saldy e .
aligned MRm cameras. They foundKeqto be 0.070 for roGFPih vitro. Using the Nernst

ATP concentrations were estimated by using the minequahon,
level FRET ratio after depletion of ATP by decoupling the RT
mitochondria using FCCP as previously describ&d|e et al., Edrocrry)P Edorn) = InKeq
2019. The equation:
(Rmax  Rmin)[ATP]2 whereR is the gas constant (8.3153knol 1), T the absolute
RD Rmin C K2 C [ATP]2 temperature (303.1%), n the number of transferred electrons
d (2) andF is the Faraday constant (9.649exgCmol 1), Hanson
was rearranged into: et al. (2004)calculated the equilibrium redox potential for
S roGFP1 Eg(me,:m; at pH 7 and 30C to be 0.288V. A month
1 r later the same group published another stutyley et al., 2004
[ATP] D Kq Rmax=Rmin T where they calculated the redox potential to b®.295V and

they suggest to use an average value@®91V for future work.
whereKg is the dissociation constant af,ax=Rmin the dynamic  However, the di erence seem to stem from using two di erent
range of the FRET ratio of the sensdR=Rnin has been values OEg(DTT) in the Ernst equationiHanson et al. (2004)sed
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a value of 0.323V andDooley et al. (20044 value of 0.330V. 50mM APV (Abcam ab12003), 1M CNQX (Sigma C239), and
For this work, a value of 0.323V was used. 10mM gabazine (Abcam ab120042). Solution was maintained
To calculate the baseline redox potential of the cytoschat 34 C using a TC-20 temperature controller (npi electronic)
and mitochondria of neurons using roGFP1, Equation (2) wasonnected to a heat resistor in the imaging chamber and a

rearranged into: heated HPT-2 perfusion tube (npi electronic). Patch pipettes
with a resistance of 3-5 M were made from re polished

KegR | [DTT red] borosilicate capillaries (Harvard Apparatus, Holliston, U.S.A.
1 R [DTToy cat. no. 300060, OD 1.5 ID 0.86 mm) using a horizontal P-

97 Micropipette Puller equipped with a 3 3mm box lament
and this expression was plugged into the Ernst equation ta give(Sutter Instruments Co.; cat. no. P-97 & FB330B). Silvee wir
electrodes were chlorinated using an ACL-01 apparatus (npi
Egyt D Eg(DTT) RT In KedR electronic) and a 2 M KCl solution. Patch pipettes were badiell
nF 1 R with 7 ml internal solution containing (in mM): 130 potassium
for calculating the redox potential in the cytosol. For cadtirg il_l;;ogagt%_?;< ﬁla %acl:l?glnlq '\F/legibn%n(())sErg EgolggiEgll—EDS ’72.3'\)/|g
the redox potential within the. mitochondrial matri>_< using usin,g 20m microloader pipette ,tips (Eppendorf; ,cat. no. 5’242
mis-roGFP1, the Nernst equatlon was adapted a*.*“F‘SO”, 956.003). Pipette holders were mounted on and controlledgusin
et al. (2004)to accognt for the h|gher pH (_7'98) within this micromanipulators from Scienti ca. Whole-cell patch-clamp
compartment according to the following relation: recordings were obtained with an EPC10 USB double patch-
clamp ampli er from HEKA and the corresponding Patchmaster

Eng D E8 60.1mV (pH  7) software. Action potential threshold and peak current was

determined by recording currents for 50 ms at 10 mV steps from

Imaging of Mitochondrial Membrane 60 to 20mV with 20ms sampling intervals; between sweeps
Potential cells were returned to 60 mV holding potential. The resting

Relative levels of mitochondrial membrane potentialmembrane potential was determined by the average of three
were estimated using the potentiometric uorescent dye250 ms recordings in current clamp at 0 pA with 58 sampling
Tetramethylrhodamine-methylesther (TMRM) essentially adntervals; spontaneous action potentials that occurred dyrin
described Ehrenberg et al., 1988; Loew et al., )9&8short, 6 recordings were excluded from analysis. Recording les were
or 13 DPT with synucleins co-expressed with EGFP, neuronananaged using IGOR Pro (Wavemetrics; version 6.22A), aed th
cultures were labeled with 5nM TMRM (Life technologies) inPatcher's Power Tools extension for HEKA les.

aCSF-Hepes for 30 min after which they were transfered to the . L

imaging chamber and continually superfused with aCSF-Hepdénaging of Endogenous Neuronal Activity

containing 2.5nM TMRM. At rst the EGFP signal was recordedLong-term C&° imaging of non-stimulated, endogenous
using a 455 nM LED. Initial baseline uorescence intensigni  heuronal activity was performed in neurons co-transducechwit
TMRM was then recorded using 590 nm LED illumination for 3 vectors: at 24 h after seeding, cells were co-transduced with
at least 10 frames after whichn® FCCP was added to the AAV-6-Bcl-XI and AAV-6-GCaMP6f at a titre of 0.3 10e8
superfusion media. This resulted in a decline of uorescencéU/250.000 neurons each. 48h later, medium was completely
intensity from mitochondria and simultaneous increase inreplaced with fresh NeuroBasal, and cells were transduced
surrounding areas. Both the TMRM and EGFP channels wer¢ith vectors expressing either nuclear mCherry (NmC) only, o
recorded using a 60 HE (Colibri, Zeiss) lter cube. The data€Xpressin@-Syn org-Syn from one transcription unit, and NmC
was evaluated by drawing pairs of regions of interest (ROIffom a second transcripton unit, at 1 10e8 tu/250.000 cells.
around individual mitochondria that co-localized with EBF  Cells were imaged on a Zeiss Observer Z1 microscope
within the soma and regions within the cytosol adjacent toequipped with Pecon heating incubator M24 controlled by
these mitochondria. The ratio between the mean uorescencéempModule S and C&®Module S to maintain them at 3T and
intensity of the pair of ROl was used as the measure for relatie% CQ. At 10, 15 and 25 days after transduction with synuclein

mitochondrial membrane potential. expressing vectors, cells were imaged through a 20x LD PInD
) 0.4 objective for 180 seconds in randomly selected aredseof t
Electrophysiology respective well with Zeiss ZEN software. Standard EGFP and

Whole-cell patch-clamp recordings were performed on 6DsRed lters were used to record a video for€aransients and

or 13 days post transduction (dpt) rat cortical neuronsan image of NmC uorescence for segmentation. Segmentation
expressing either alpha- or gamma-synuclein, identi ed byPG was performed with Fiji (ImageJ) and analysis of coordinated
uorescence on a Zeiss Examiner.D1 microscope equipped witheuronal activity with the FluoroSNNAP software packageté!

a 40x W Plan-Apochromat objective and a Colibri LED light-et al., 201k

source. Cells on 12.5mm coverslips were transferred to pre-

heated 34C extracellular solution containing (in mM): 127 Western Blot Analysis

NaCl, 3 KCI, 1 MgS@ 1 NaH,PO,, 30 HEPES, 1.5 Ca{l10 Protein lysates obtained from cultured neurons were aralyz
D(C)-glucose (all from Roth; mOs®300, pHD7.4) including by denaturing SDS-PAGE (2@g protein / lane), blotting to
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nitrocellulose or PVDF membranes and incubation with thetriple-resonance probe. Proteins and peptides were measured in
following primary antibodies: ra@-Syn, Abcam ab87599 or Hepes 25mM pH 7.0, NaCl 50 mM, 10%O, 1mM DTT.

CST #4179; humam-syn, Invitrogen 32-8100; phospho S129 The combined!H and N chemical shift perturbation
a-Syn Abcam ab168381; cleaved caspase 3, CST #9661; cleévsn) values were determined with the following equatioq cs
caspase 9, CST #9507; phospho-p54/p46 SAPK/INK, CST #4@88[(1 dHy)2C (1 dN/5)2]¥2, where 1 dHy and 1 dN are the
phospho-p38 MAPK, CST #9216; phospho-p44/p42 ERk1/Zhemical shift changes measured in thé and 1°N frequency
CST #4376 or CST#4377; p44/p42 Erkl/2, CST # 9102; Tom2mensions, respectively. Titration curves, witldN chemical
SantaCruz 11413; VDAC-1, Abcam 15895; LC3B-I / -1l, CSEBhift changes plotted vs. ligand concentrations, were tbgda
#2775; Bim-1, CST # 2933; phospho-AKT, CST #9271; Akt, CSlIngle binding model to obtain the dissociation constant o th
#9272; Bcl-X|, CST #2764; phospho-Bad (S136), CST #9295; c-Regraction (Kd) Oelaglio et al., 1995NMR data were processed
(C-20), SantaCruz 1290; TrkA, CST #2508; TrkB, CST #4608nd analyzed using NMRPip®¢laglio et al., 199%and Sparky
TrkC, CST #3376; EGFP, Roche 11814460001; R-Tubulin, Sigrig, D. Goddard and D. G. Kneller, University of California,fSa
T-4026; Chemoluminescent detection was performed on X-rafrancisco).

Im or a BioRad ChemiDoc XR6S Imager. L .
Statistical Analysis

) ) ) Experimental data were analyzed for statistical signi cant
Determination of a-Syn -Bcl-XI Interaction di erences between groups by 1-way ANOVA with Tukeytsst
by NMR hoctest. Statistical powers of all such comparisons were analyzed

Recombinant humare-Syn 1-140 was produced in BLA. by G Power3.1aul et al., 2009with the following settings: test
coliand puri ed as describedHoyer et al., 2002 The soluble family D t-tests (2-tailed); statistical tedbsdi erence of means
domain (residues 1-209) of human Bcl-XI was amplied bybetween 2independentgroups; type of power analygisst hop
PCR using primers designed to introduce restriction sites fo€ €ct sized computed from means and standard deviations of
Nde | and BamH | endonucleases and cloned into the pET15Broups to compareg error probabilityD 0.05; with given sample
expression vector. BLZH. colicells were transformed with the Sizes the power of the statistical assessment was computedas (
resulting construct, grown at 3T and protein synthesis was €rror probability). A reasonable statistical power of the resipe
induced overnight at 2aC with 0.5mM IPTG (isopropyl beta-D-  statistical analysis was assumed at 1-f3 error probabiliys.
1 thiogalactopyranoside). Under these conditions of subiaign
the protein is expressed with a N-terminal 6XHis tag followedRESULTS
by a thrombin digestion site. After induction, the bactérills
were sonicated, centrifuged 15 min at 15000 g, and the edri All experiments of this study were performed in primary
supernatant was loaded onto a 5ml nickel-sepharose columgortical neurons obtained from E18 rats, seeded at 250,608 ¢
equilibrated with 20 MM Tris-HCI pH 7.5, 0.5M NaCl, 10mM per well in 24-well plates. After 3 days of culture the cells
imidazole. The resin was washed with the same bu er contgjininwere transduced with AAV-6 vectors expressing the respective
50 mM imidazole (10 column volumes) and the protein wassynuclein [humana-Syn, b-Syn or g-Syn, occasionally plus a
eluted with 2 column volumes of bu er with 250 mM imidazole. uorophore (cytoplasmic EGFP or nucleus-targeted mCherry)
After dialysis, the tag was removed by thrombin digestiorfrom an independent expression cassette (Supplemental Figure
and the protein was further puri ed by reverse immobilized- 1)], or only EGFP. Viral titres were adjusted to express the Aom
metal anity chromatography (IMAC) and size exclusion synucleinsin a 15-20-fold excess over the endogenoas$gh,
chromatography in a Superdex G200 column. Complete removais this was the lowest dose of humatByn to cause a slowly
of the tag was assessed by Western blot analysis using an amtiegressive but robust neurodegeneratidiagchenberger et al.,
His-HRP-conjugated antibody. After cleavage of the 6XHig ta 2013 and sedigure 5B).
the amino acids GSH remain at the Bcl-XI N-terminus. In addition, we used AAV-6 vectors expressing uorescent
For the production of!°N-labeled proteins, host cells were genetically encoded sensors enabling detection of€Ca
grown in M9 minimal medium using'®>NH4CI (Cambridge transients, ATP and ROS levels in living neurons. These
Isotope Laboratories) as sole nitrogen source. investigations were mostly performed at 6 dpt (days post
a-Syn backbone resonance assignment was available frdnansduction; corresponding to div (dayis vitro) 9) and at
previous studiesRertoncini et al., 2005 For Bcl-XI assignment, 13 dpt (corresponding to div 16). At 6 dpt neurodegeneration
we used the chemical shift deposited under BMRB code: 1958 barely evident in terms of loss of neurons, while at 13 dpt
(Follis etal., 2014 a signi cant number of neurons are already degenerated due
a-Syn (1-26) peptides were produced with and withoutto a-Syn's neurotoxicity. At about 18-21 dpt the majority of
an acetyl- group at the N-terminus, by standard Fmoc-solidheurons has degenerated @mSyn expressing cultures, while
phase peptide synthesis using an ABI 433A synthesizer (Appliedmost no neuron loss occurred @Syn expressing cultures.
Biosystems). Peptides were puri ed by reversed-phase HPLC and
the pure product veri ed by MS, lyophilized and then extensivelyCYtoplasmic and Mitochondrial Calcium
dialyzed. Handling
1H-15N HSQC spectra were recorded at 298K on 600 MHDisturbed C&° homeostasis and neurodegeneration are
and 700 MHz Bruker spectrometers, equipped with cryogenimtimately linked (Vattson, 2007; Cali et al., 2014Many
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FIGURE 1 | Cytosolic and mitochondrial CZS handling undera-Syn overexpression. Representative traces of C& transients obtained after eld stimulation (50 AP
@ 10Hz) in cytoplasm(A) and in mitochondria(B). Quanti cation of peak Ca2C in ux into cytoplasm and mitochondria (C) and quanti cation of ca2C decay times
from cytoplasm and mitochondria(D) is shown for neurons overexpressing-, b-, g-Syn, or EGFP for 6 or 13 days, demonstrating that C% transients and buffering
are not affected bya-Syn overexpression. Traces show mean SD; boxplots show median, 25-75% quatrtile, whiskers for 1080% quartile and values outside
10-90% quartile as individual dotsN D 28-51 neurons for dpt6 and 12—15 neurons for dpt 13 from at leat three independently prepared cultures each per conditio
in (C,D). Statistical signi cances were calculated with 1-way ANOVAwith Tukey's multiple comparison test. **fy < 0.001; statistical power (with G*Power 3.1,
two-tailed t-tests for all group-wise comparisons) for obsrved differences> 0.9 for all groups.

recent reports have demonstrated thatSyn interacts with RCaMPle, that was targeted to either cytosol or mitochondria
biological membranes in a way that ion conductive pores aréAkerboom et al., 2003 and was co-expressed wigaSyn, 13-
produced (ashuel et al., 2002; Kagan, 2D1These studies Syng-Syn, or EGFP within the neurons. Our results demonstrate
mostly exploited cell free systems or addition of various prethat robust and sustained overexpressionaByn does not
formed synuclein species to cell culturéstheco et al., 2015; result in detectable disturbances on?€an ux or decay rate
Angelova et al., 20)6Surprisingly few studies have addressedn cytoplasm or mitochondria of neurong={gure 1), suggesting
the question if continuousa-Syn overexpression within cells that basic ion handling capabilities are not a ected by any of
would also result in detectable disturbances of ion uxesthe tested synucleins, in contrast to results obtainedieyait
It was found that in SH-SY5Y cella-Syn expression led to SH-SY5H cells Hettiarachchi et al., 2009 Results shown in
increased potassium-mediated inux of &a over the cell Figure 1 were obtained by eld stimulation (FS), very similar
membrane ettiarachchi et al., 2009 Thus, we rst asked data were obtained by%-mediated depolarization (not shown).
the question if in excitable cells like neurons, which callgi Using fewer action potentials (APs) for eld stimulation rétad
depend on appropriate ion homeostasisSyn overexpression in proportionally smaller transients without changing in uxro
might result in impaired C& homeostasis in cytosol and/or in e ux kinetics signi cantly (not shown).
mitochondria. Determination of C& dynamics in mitochondria In older neurons, i.e., at 16 div, corresponding to 13
was considered to be of special importance, as these organelipt, peak C& in ux into cytosol after eld stimulation was
are morphologically severely condensed &pyn and [3-Syn signi cantly higher than in younger neurons (div 9, dpt 6),
overexpression, which is the earliest detectable lesiosechby but no di erences betweem-Syn and controls were detected
synuclein overexpressioffgschenberger et al., 2018nd see (Figure 10). Resting C¥ levels (i.e., in absence of any stimulus;
Figure 5D). Mitochondria are proposed to be important targets measured with the ratiometric a sensor D3cpV) were found
for a-Syn toxicity due to high cardiolipin conteniQhio et al., to be indistinguishable between all conditions (not shown)
2016, which seems to act as an anchor for synucleins withifThus, in primary neuronsa-Syn does not seem to impair &a
membranes. handling capabilities.

We evaluated the peak level of €ain ux into cytoplasm . . .
(i.e., C&® uxes over the cell membrane) or mitochondria (i.e., Neuronal Excitability and Basic
C&C uxes over the mitochondrial membranes) and the decayElectrophysiological Properties
kinetics of C&® clearance from cytoplasm or mitochondria. This At 6 dpt the fraction of neurons responding to%or FS (i.e.,
was achieved by means of the genetically encoded calcisnrsenthose neurons which showed laF/FO above the background
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FIGURE 2 | Excitability and membrane properties of neurons undea-Syn overexpression.(A) Imaging of RCaMP1le uorescence shows that the fraction of newns
responding to KC-mediated or electrical stimulation is higher at 6 dpt and lver at 13 dpt in a-Syn overexpressing cells as compared to controlsN D 8 cultures with
40-50 neurons within the visual eld each(B) Electrophysiological determination of the resting membrge potential using patch-clamp reveals no differences beteen
a-Syn and g-Syn expressing neurons in resting states or after currenbjections (Cl).(C) Determination of the threshold potential at which neuronstart to evoke action
potentials shows that at 13 dpta-Syn overexpressing neurons start ring at less depolariz&n. (D) Peak currents evoked by spiking are not signi cantly diffenet
between a-Syn and g-Syn expressing neurons. Boxplot shows median, 25-75% quaile, whiskers for 10-90% quartile and values outside 10-9® quatrtile as
individual dots; bars show mean SD. N D 14-15 neurons for dpt6 and 30-34 neurons for dpt13 in(B-D). Statistical signi cances were calculated with 1-way
ANOVA with Tukey's multiple comparison test. n.s, not sigréant; *p < 0.05; *p < 0.01; **p < 0.001. Statistical powers: in(A): **KCI dpt 6 > 0.95; **FS dpt 6>
0.85; **KCl dpt13> 0,95; **FS dpt13> 0,95; in (B): ***> 0.95; in (C): ***D 0.75; * D 0.46; D: ***> 0,95.

uorescence of RCaMP1e) was similar in neurons overexprgssirfor 3-Syn overexpressing neurons after FS, which, however,
a-Syn, 3-Syng-Syn, or EGFP. At this time, we found a moderatedid not reach statistical signi cance under our experimdnta
but signi cantly higher number o&-Syn overexpressing neurons conditions.
to respond to the stimulus, as compared to EGFP expressing In order to determine if this diminished reaction to
neurons. However, longer-terna-Syn overexpression (at 13 external stimuli is correlated with basic membrane propertie
dpt) resulted in a signicant decrease in the number ofof a-Syn overexpressing neurons, we subjectedand g-
neurons responding to K- mediated or electrical stimulation Syn overexpressing neurons to patch-clamp experiments.
(Figure 2A). Here, K—mediated depolarization] opening of These studies showed that resting membrane potentials were
voltage-dependent Ga channels (VDCCs)] resulted in €a  signi cantly dierent between neurons assessed at 6 dpt or
in ux and thus increased sensor uorescence in only 620% 13 dpt, but were not dierent betweera-Syn and g-Syn
of RCaMP1e expressing neurons, as compared to about 96%admerexpressing neurons at any time poiritidure 2B). Next
b-Syn-,g-Syn- or EGFP expressing neurons. A similar relationve determined the depolarization threshold necessary t&evo
was obtained by electrical eld stimulation, resulting ire®€  action potentialsfigure 20). At 6 dpt no di erences betweea-
in ux and increased sensor uorescence in 2312 % ofa- and g-Syn overexpressing neurons were detectable. Somewhat
Syn expressing neurons, as compared to 4@27% in R-Syn counterintuitive to results obtained by% or eld stimulation,
expressing neurons, 56 25% ing-Syn expressing neurons and a-Syn overexpressing neurons started to re action potentials
57 17% in EGFP expressing neurons. at signi cantly less depolarization level at 13 dpt$yn: 37
These results demonstrate that neuronal reaction to eglern 3mV vs.g-Syn: 32C/ 4mV). However, the peak current
stimuli is reduced after long-lasting-Syn overexpression, and in ux through voltage gated channels under these condison
thusa-Syn may cause disturbances of neuronal communicatiowas identical betweema- and g-Syn overexpressing neurons
capabilities. This e ect was not detected for R-Syn aftér K at both 6 and 13 dpt, although neurons at 13 dpt showed a
stimulation, while a trend toward reduced excitability waend  more pronounced peak current in ux than neurons at 6 dpt
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FIGURE 3 | Mitochondrial ATP production and membrane potential are nioaffected by a-Syn overexpression. FCCP-mediated uncoupling and subsegent recording
of ATP consumption and production rates assayed the overalhtegrity of the mitochondrial respiratory chain. A typidarace of cytosolic ATP levels as measured with
the Ateam1.03 uorescent sensor after FCCP uncoupling, washut, a second uncoupling by FCCP plus kainate intoxicationrad again washout is shown in(A). The
rates of cytoplasmic ATP consumption after FCCP (F) or FC@ainate (FCK) in neurons expressinga-, b-, or g-Syn for 6 or 13 days is shown in(B). The rates of
mitochondrial ATP production after washout of FCCP (F) or RCPCkainate (FCK) in neurons expressing-, b-, or g-Syn for 6 or 13 days is shown in(C). Mitochondrial
membrane potential assessed with the dye TMRM in neurons expssinga-, b-, g-Syn or EGFP for 6 or 13 days is shown ir(D). Traces show mean SD, boxplots
show median, 25-75% quartile, whiskers for 10-90% quartiland values outside 10-90% quartile as individual dotd\N D 21-28 neurons per condition from at least
three independent cultures. Statistical power for not missg any signi cant differences atp < 0.05 is > 0.85 for all groups.

(Figure 2D). Thus, whilea-Syn diminished neuronal responses respiratory chain. We investigated this potential impactasf
to external stimuli, basic electrophysiological membraneé&yn on mitochondrial functionality by exploiting the gerslly
properties appeared not to be altereddpyn overexpression.  encoded uorescent ATP sensor Ateam 1.03 to record both ATP
. . . production and consumption rates. This sensor was recently
Mitochondrial Energy Production by shown to be able to quantitatively report cytoplasmic ATP leve
Oxidative Phosphorylation in primary neurons {oloe et al., 2074 It o ers the added
Limited neuronal reaction to external stimuli could restdibm  advantage of individual neuron imaging over measurements
impaired energy production. The electron transport chain ofof oxygen consumption, which cannot discriminate between
mitochondria is proposed to be an important target af  a-Syn expressing neurons and the non-a ected astrocytes in
Syn mediated neurotoxicity, and toxins inhibiting complex |the culture.
are proven tools to induce PD-like symptoms in experimental Inorder to determine the ability of mitochondria to synthiee
animal models Zhu and Chu, 201)) a-Syn has been reported ATP in the presence ofa-Syn levels su cient to induce
to interact directly with mitochondriaGautier et al., 2014; Ryan neurodegeneration (se€igure5 for details), the following
et al., 2015; Zaltieri et al., 20]5especially by cardiolipin- protocol was used: at 6 or 13 days after AAV-Synuclein
mediated membrane bindingGhio et al., 2016 Within the transduction, mitochondria were uncoupled with FCCP to
mitochondrial membrane(sg-Syn could potentially impact on inhibit ATP production and the rate of ATP decline (i.e., ATP
membrane tension and curvaturé\est et al., 2016 thereby consumption) in cytoplasm was measured; after washing out
in icting upon essential mitochondrial functions like oxidive FCCP, the proton gradient is re-established through agtiit
phosphorylation (OXPHOS) through the membrane-boundthe respiratory chain, mitochondrial ATP is re-produced aie t
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FIGURE 4 | Mitochondrial ROS production is increased bya-Syn overexpression. A typical calibration trace for roGFPexpressed in cytoplasm is shown in(A). The
percentage of roGFP1 molecules in oxidized state for cytopsmic or mitochondrial expression, either at 6 or 13 days afr a-Syn or g-Syn overexpression is shown as
a boxplot in (B), the same data are shown as bars SD in(C) for the sake of clarity. The redox potential of roGFP1 calcated for cytosol or mitochondria either at 6
or 13 days aftera-Syn or g-Syn overexpression is shown in(D). The redox potential from an independent series of experinmgs including co-expression of Bcl-Xl is
shown in (E). N D 125-150 neurons per condition. Traces show mean SD, boxplots show median, 25-75% quartile, whiskers for 1080% quartile and values
outside 10-90% quartile as individual dots, bars show mean SD. Statistical analysis by 1-way ANOVA and Tukeypost hoc test. ***p < 0.001; **p < 0.01; n.s. not
signi cant. Statistical powers> 0.95 for comparisons between all groups.

rate of ATP production was determined. In order to demonstrat alterations in neuronal mitochondria, it does not concoaritly
that this FCCP application has not terminally damagedmpair their capability to synthesize ATP.
mitochondria, a second intoxication with FCCP plus kainatesw
performed, resulting in even more pronounced depletion andseneration of Reactive Oxygen Species
subsequent re-production of ATP, suggesting that duringtse  In an attempt to reinforce our investigation on mitochondria
FCCP application all data recorded by the sensor where withitmpairments that might be caused by+Syn overexpression,
its dynamic range. A typical trace of such a recording is showwe quanti ed cytoplasmic and mitochondrial ROS production
in Figure 3A. with the ROS sensor roGFPL§nnon and Remington, 2008
Our data show that both, ATP consumption after In principle, ROS are normal by-products of electron transport
mitochondrial uncoupling Figure 3B) and, more importantly, through the respiratory chain, since inevitably a certain
ATP re-production after FCCP wash-outFigure 30 were percentage of electrons escape from it, leading to formatfon o
not negatively aected bya-Syn, as compared to thg-Syn O, and subsequently $D». Increased ROS levels can have
control, despite the substantial structural deformatiorused several reasons, but generally indicate that the respiyatioain
by a-Syn in mitochondria (se€igure 5D). R-Syn also had no performs sub-optimally.
e ect on ATP consumption or re-production. These data suggest Cytoplasmic expression of roGFP1 did not reveal any changes
that a-Syn overexpression does not directly impair oxidativen redox potential induced bg-Syn overexpression as compared
phosphorylation and thus the neuron's energy productionto g-Syn overexpressing controls. The cytoplasmic roGFP1
capabilities. We furthermore measured the mitochondrialsensor (calibration curve shown Figure 4A) was used earlier
membrane potential with the uorescent dye TMRM and in quanti cation of changes in cytoplasmic redox state calise
again could not detect any di erence betweaiByn andg-Syn by MeCP2 overexpression, and thus has the proven capability
controls Figure 3D). Thus, whilea-Syn causes morphological to detect even relatively subtle di erences in redox potdntia
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FIGURE 5 | Bel-XI prevents synuclein induced neuronal loss, but nad-Syn-induced loss of excitability and mitochondrial defanation. (A) Low magni cation (upper
panel) and high magni cation (lower panel) photomicrographof neurons expressingg-Syn and EGFP (left)a-Syn and EGFP (middle) or-Syn and EGFP and Bcl-XI
(right) at 15 days after transduction with the respective AAvectors (synuclein/EGFRD 1  10e8 tu; Bcl-XID 3 10e7 tu). Scale barD 400 mm in upper panel and
100 mm in lower panel.(B) Numbers of neurons counted at days 11, 15, and 18 after transdction with the respective AAV vectors demonstrating almascomplete
prevention ofa-Syn-induced neuron loss by Bcl-XI. Statistical analysisypb1-way ANOVA with Tukey'spost hoc test. Statistical power for signi cantly different valuesni
all groups> 0.95. (C) Percentage of neurons that are excitable by eld stimulatiorat 8 or 12 days after transduction with the respective AAV veors (a-Syn/EGFPC
RCaMP1le (black bars)a-Syn/EGFPC Bcl-XIC RCaMP1e (hatched black bars))g-Syn/EGFPC RCaMP1e (light gray bars)g-Syn/EGFPC Bcl-XIC RCaMPle
(hatched light gray bars); Bcl-XC RCaMP1e (gray bars); or RCaMP alone (white bars). Differezgcin total vector titre were adjusted with an AAV expressingo
transgene. Statistical power> 0.8 for signi cantly different values at 8 dpt, and> 0.9 for statistically signi cant values in all groups at dpt2; except for the difference
between g-Syn and g-Syn C Bcl-XI at dpt12, where statistical power is 0.76.(D) Representative micrographs (maximum projection of decoroluted Z-stacks) of
mitochondrial morphology in soma (upper panels) and proxiai neurites (lower panels) of neurons overexpressirgtSyn (left panels)a-Syn (middle panels) oa-Syn C
Bcl-XI (right panels) at 13 dpt, demonstrating that Bcl-Xl des not rescue thea-Syn-induced deformed phenotype of mitochondria. **fy < 0.001; **p < 0.01; *p <
0.05; n.s. not signi cant. Scale barD 10 nm.
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(Grosser et al., 20)4n contrast, targeting expression of roGFP1AAV vectors or added as recombinant peptides, could not
to mitochondrial matrix showed that the mitochondrial redo ameliorate the degeneration @fSyn or b-Syn overexpressing
potential was signi cantly shifted toward a more oxidizeatst neurons (Supplemental Figure 2). Furthermore, expression of
through a-Syn overexpression. This e ect was detectable at 1Balpastatin, a highly e ective inhibitor of the neurodegeatéon-
dpt but not at 6 dpt and was absent aftgeSyn expression. inducing calpain proteaseSimoes et al., 20)and CathepsinD,
(Figures 4B-D. Co-expression of Bcl-XlI, which is capable ofa protease proposed to act as aaSyn degrading factor
preventinga-Syn-induced neurodegeneration in this model (segCullen et al., 2009; Shevisova et al., 20di@d not show
below), did not prevent the increase in oxidized mitochomdiri any neuroprotection in our paradigm (Supplemental Figure 3).
milieu induced bya-Syn Figure 4B. It should be noted that The only protein tested so far that indeed almost completely
absolute values for the mitochondrial redox potential shawn preventeda- and b-Syn mediated neurodegeneration was Bcl-
Figures 4D,Eare from independent experimental series. RoO1GFKI, an anti-apoptotic factor known to prevent permeabilization
reports signi cantly dierent absolute mitochondrial redox of the outer mitochondrial membrane (OMMYpise et al., 1993;
potentials between experiments, suggesting that experirhentaheng et al., 20)6(Figure 5. This neuroprotective e ect of
conditions might have inuence on this parameter. Thus,Bcl-XI appeared to be dosage dependent (Supplemental Figure
absolute values for mitochondrial redox potential delivetsd 4A). Importantly, Bcl-XI prevented loss afSyn overexpressing
rolGFP might not be as reliable as the dierence detectedeurons not only for the wildtypea-Syn protein, but also
betweera-Syn andg-Syn expressing neurons, which was foundfor the genetic mutants A30P and A53T. Furthermore, Bcl-
to be conserved between experiments. X| protected neurons from overexpression of the articial
Thus, on the one hand our data clearly demonstrate thenutant TP (triple prolineD A30P, A56P, A76P), which was
capability of the respiratory chain to adequately respond talesigned to generate increased levels of oligomerisyn
even substantial energy demands in the presence of robuspecies and has reduced propensity to brillat&(pinar et al.,
levels ofa-Syn overexpression. On the other hand, howeser, 2009.
Syn appears to increase the loss of electrons while transported These results clearly indicated tha-Syn and b-Syn
through the respiratory chain, resulting in a more oxidizing overexpression both trigger cell death processes closelgdetat
state within the mitochondrial matrix. This e ect appears to mitochondria outer membrane permeabilization, as this i$-Bc
depend on longer-term presence @fSyn in the neurons, as it Xl's major site of action. This assumption was then proven by
is evident only at 13 days of overexpression, but not at 6 daydetection of activated caspases in later stagasSyin expression,
of overexpression. During the time course of these experimientind prevention of this activation by Bcl-XFi{gure 6D). It should
thisincrease in ROS formation in mitochondria was not su gie  be noted that we did not nd “upstream” apoptotic events like
to impact on the proton motion force driving ATP production, translocation of annexin V—detectable phosphatidylserirtbéo
but in the long run may cause functional impairments of cell membrane (not shown).
essential mitochondrial components i.e., by protein, lipid However, while prevention of synuclein-induced neuronal
or DNA oxidation, by initiating remote actions through cell loss was impressive, the reduction in relative numbers
serving as signaling molecules, or by inicting on integrit of excitable neurons by long-term-Syn overexpression could
of the mitochondrial permeability transition pore (mPTP) be prevented by Bcl-XI only at 8 dpt, but not at 12

complex. dpt (Figure 5C. Furthermore, the spherical phenotype of
. . o mitochondria that is caused bg-Syn overexpression cannot
Protection From Synuclein Toxicity be rescued by Bcl-XIFfgure 5D). None the less, the fact that

The increased mitochondrial ROS production and more oxidizedcl-XI protects froma-Syn's neurotoxicity strongly argues that
redox potential might serve as trigger to induce neuronah-Syn causes neuron death by interaction with the OMM,
degeneration after about 10-12 daysafByn overexpression. either directly or mediated by oxidized mitochondrial thio
However, the impact of increased ROS could be consideretbmponents.
moderate on rst sight, as exempli ed by the ability of a ected
mitochondria to still produce ATP as demanded. As such@-Syn and Bcl-XI Interaction
the question remains hova-Syn, and to lesser extemtSyn, The neurons used in this study contain endogenous levelslef B
eventually induce neuronal death in this paradigm. XI (Figure 6A), which might be su cient to protect them from
This issue was addressed by two complementary approachésw-levela-Syn overexpression. Increasing the expression level
On the one hand, we analyzed protein lysatesagfb-, and  of Bcl-Xl results in increased protection from higher lesaebyn
g-Syn expressing neurons for canonical stress kinase signali overexpression (Supplemental Figure 4A). This relation could
which might be triggered by factors not picked up by thebe indicative for a direct interaction @-Syn and Bcl-XI, where
uorescent sensors (see below). On the other hand we analyzéucreased levels of Bcl-XI would sequesteByn away from
several potentially neuroprotective factors for their cafigbi mitochondria or from mitochondrial sites wera-Syn induces
to counteract synuclein's neurotoxicity. Although somewh pathological processes. NMR studies indeed revealed a tnansie
indirect, analysis of pathways protecting neurons fram interaction betweena-Syn and Bcl-XI. The binding mainly
Syn overexpression might shed light on mechanisms that leadvolved the rst 10 N-terminal residues @-Syn (Supplemental
to neuronal degeneration. This latter approach revealed tha&igure 5) and residues within the C-terminal region of Bcl-XI
neurotrophins BDNF, CDNF, or GDNF, either expressed from(Supplemental Figure 6). Interaction studies performed with
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synthetic peptides showed that N-terminal acetylation ofdetected in cultures overexpressigeSyn Figure 6D, middle
synuclein induced larger chemical shifts changes for may ganel) and might rather re ect the basic turnover of neurons
the residues perturbed, suggesting a more e cient bindingeT or glia. A more speci ¢ marker for neurodegeneration induced
binding a nity of the interaction was determined withthe lhgof by a-Syn and b-Syn was found by exploiting a dierent
NMR spectroscopy usind?N-Bcl-XI and N-terminal acetylated phospho-Erk1/2 antibody than the one used to quantify Erk1/2
alpha-synuclein peptide 1-26. The averaged Kd, determineattivation state inFigure 6B While phospho-Erk antibody
based on titration experiments and tting analysis of resid@d, CS4377 detects phosphorylation at Tyr204 of EMR1Tyr187
120, 134 and 196 of Bcl-XI, was estimated as 1.95656 mM, in Erk 2) (Figure 6B panel 3), antibody CS4376 detects
indicating thata-Syn can bind to Bcl-XI although with only weak phosphorylation at Thr202 of Erkl1D( Thrl87 in Erk2)

a nity. It should be noted that the lg for binding of pro- and (Figure 6D, panel 3).

anti-apoptotic proteins to each other is below 10nM, and thus With the latter antibody, we detected a signal for phospho-
shows 2 orders of magnitude higher a nity than that @Syn  Erk1/2 not at the predicted molecular weight of 42/44 kDa, but
and Bcl-XI binding. These results suggest that Bcl-XI pistec predominately at a larger size of apparent MW of 160 kDa.
from a-Syn's neurotoxicity most likely not by sequestrationA signaling complex of this size containing Erk1/2 has been
of a-Syn away from mitochondria but by a mitochondria- described in neurons earlier, termed PERC-160ndquist and
specic rescue mechanism like prevention of damageéudek, 2005k

of the OMM. Intriguingly, a-Syn andb-Syn expression appeared to cause
) ] . . breakdown of this complex or separation of Erk1/2 from it, as
Kinase Slgnallng and Apoptosis expression of both synucleins result in largely diminishegphal

With respect to putativa-Syn-induced signaling we investigatedat 160 kDa and appearance of a strong signal at the predicted
cell lysates for activation of three major kinase pathwaysyIW at 42/44 kDa. This appearance of Thr202 phosphorylated
converging on SAPK/Jun, p38 MAPK, or Erkl/2 kinasestrkl / Thr187 phosphorylated Erk2 was not detectedyiSyn
While SAPK/Jnk kinase and p38 MAPK are heavily involvedexpressing control neurons. As shown in Supplemental Figure
in apoptotic signaling events, and are thus the canonical, this apparent complex breakdown becomes detectable only
stress kinases, ERK 1/2 is activated rather by di erentiatiomt relatively long-term o&-Syn andb-Syn overexpression, and
and plasticity-promoting factors and exerts pro-survivalthus cannot serve as a predictive early marker of synuclein
signaling eventsHarper and Wilkie, 2008 However, a role in toxicity. Its prevention by Bcl-XI co-expression suggestsitfia
neurodegeneration has also been claimed for this type ofskinaphenomenon is a consequence rather than a cause®yn /
(Subramaniam and Unsicker, 201tand, more important in  b-Syninduced apoptosis.
the context of this study, all MAPK can be activated following A signal very specic for a-Syn overexpression was
exposure to ROS (n et al., 201k Thus, their activation would unexpectedly found in the pro-apoptotic BH3 domain-
also serve as a surrogate marker for ROS that might have escapedy protein Bad, which became phosphorylated at serine
from mitochondria but may not be detected by the cytoplasmicl36 specically upon a-Syn overexpression Fi{gure 6E).
rolGFP sensor. Interestingly, phospho-Bad was not detected at its monomeric
We found that levels of phosphorylated, i.e., activated, ®ormmolecular weight of 23 kDa but only within a 160 kDa complex.
of these kinases were very similar irrespective if either ndhis result appeared to be counterintuitive insofar, as Bad
synuclein, om-, b-, or g-Syn was overexpressé&igure 6Bshows phosphorylation is considered to be a pro-survival and
levels of phospho-p54/p42 SAPK/Jnk ( rst panel), phospho-p3@&nti-apoptotic signal in neurons Oatta et al., 1997; Roy
MAPK (second panel), phospho-Erk1/2 (third panel) and aset al., 200R Thus, for the time being, it remains elusive
controls levels of non-phoshorylated Erk1/2 as loading oaet  if Bad phosphorylation upona-Syn overexpression has
all detected at 12 days of synuclein overexpression. Identicfunctional consequences. Notably, Bcl-XI did not interfesi¢h
relative levels of these kinases were detected at 6 daysuzisyy  phosphorylation of Bad, or with phosphorylation afSyn at S-
overexpression (not shown). Thus, synuclein expressionuaoes 129 Figure 6F). An unexpected nding of Bcl-XI co-expression
seem to activate or silence canonical stress kinase signali with a-Syn was the evident up-regulation of Birfrigure 6G,
neurons. rst panel), which, as Bad, belongs to the BH3-domain only class
We also found that despite morphological deteriorationof pro-apoptotic proteins. Bim induces apoptosis by binding
of mitochondria through a-Syn overexpression no loss of to Bcl2-or Bcl-XI and thus antagonizing their anti-apoptotic
mitochondrial proteins Tom20 and VDAC-1 was detectablefunction. However, Bim was not up-regulated througksyn in
(Figure 6C, panels 1 and 2). Furthermore, conversion of LC3B-lour paradigm. Furthermore, we found no decline in pro-survival
to LC3B-Il was absent in these neurons at 12 days of synucletriggers like Akt througha-Syn overexpressionF{gure 6G
overexpression, indication no contribution of autophagy tosecond and third panel).
neuronal degeneratiorHgure 6C panel 3). However, congruent A functional consequence afSyn overexpression important
with the neuroprotective e ects found for Bcl-XI, we detectedfor maintenance of dopaminergic neurons is downregulation
robust activation of caspase 3 througirSyn and b-Syn of the receptor tyrosine kinase c-Ret, which serves as the co-
overexpression, which was largely prevented by Bcl-XI caeceptor for neurotrophic factor GDNFXecressac et al., 2012
expression Figure 6D, panel 1). Activation of caspase 9 wasRetis expressed in cortical neurons predominately as a tredcat
also evident, however, cleaved (activated) caspase 9 was &6 kDa form, and only to a minor part as the full lenght 150 kDa
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FIGURE 6 | Impact of a-Syn overexpression on stress kinases, caspases, and apopsis-related proteins. Western blots are shown for cell lytes isolated from
cortical neurons at 12 days of synuclein overexpression uret denaturing conditions and electrophoresed on SDS-PAGHA) Expression analysis of AAV-expressed
rat and humana-Syn at different AAV titres and Bcl-XI (at 3x10e7 tu) to dekate the level of overexpression (see Materials and Methedor more details).(B)
Detection of levels of phosphorylated JINK (panel 1), phosmirylated p38 (panel 2) and phosphorylated Erk (panel 3; abtbdy CS4377) stress kinases, detection of
non-phosphorylated Erk is shown in panel 4 as loading contro(C) Detection of the levels of mitochondrial proteins Tom-20 @nel 1) and VDAC-1 (panel 2), and
lysosomal proteins LC3B1 and 2 (panel 3).(D) Detection of levels of cleaved caspase 3 (panel 1), cleavedispase 9 (panel 2), and phospho-Erk (panel 3; antibody
CS4376). (E) Detection of phospho-Bad in a high molecular weight complex(F) Detection of phosphorylateda-Syn (S129).(G) Detection of Bim and Akt, Tubulin and
EGFP (which is co-expressed with the synucleins) as loadingpntrols. EGFP, neurons transduced with AAV-EGFP (1 10e8 tu); a-S, neurons transduced with
AAV-a-Syn-EGFP (expressinga-Syn and EGFP from independent transcription units, 1 10e8 tu). S, neurons transduced with AAV- -Syn-EGFP (1  10e8 tu); g-S,
neurons transduced with AAVg-Syn-EGFP(1 10e8 tu); Bcl-XI, neurons transduced additionally with AABcl-XI (3 10e7 tu).

receptor. a-Syn and to lesser exterli-Syn, but notg-Syn, trkA, trkB, or trkC (Supplemental Figure 8B), implicating that
cause robust depletion of both full length and truncated c-Retultured cortical neurons recapitulate-Syn induced lesions
(Supplemental Figure 8A), but not of neurotrophin receptorsfound in dopaminergic neurons vivo.
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FIGURE 7 | Determination of endogenous network activity of synucleinverexpressing neurons. Cultured cortical neurons were ctransduced with AAV vectors
expressing the cytoplasmic CcZC sensor GCaMP6(A) and nucleus-targeted mCherry (NmC) together witfa-, g-, or no synuclein(B). Co-transduction ef cacy was >
90% (C,D). Spontaneous activity in NmC-identi ed neurons(E), represented by Cc&C transients £, ratio image of1 F/FO of GCaMP6 uorescence) was recorded

over 3min per visual eld. Arrowheads in(E,F) mark neurons that contribute to network activity, while aows mark neurons that do not contribute to
(Continued
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FIGURE 7 | network activity. Representative traces of randomly seleéed active neurons are shown for cells expressing only Nm@G), g-Syn C NmC (H) or a-Syn C
NmC (J) at 25 days after transduction (25 dpt). Absence of any neurotoss over time that could compromise network activity is shan in (K, at 10, 15, and 25 dpt),
the frequency of synchronized activity is shown irL( at 10, 15, and 25 dpt) and the average percentage of neurons entributing to an endogenous network burst is
shown in (M, at 10, 15, and 25 dpt). Traces show individual signals of 30 @urons each, bars show mean SD. Black bars, neurons expressing only NmC; gray bars,
neurons expressingg-Syn C NmC; white bars, neurons expressinga-Syn C NmC. Statistical analysis by 1-way ANOVA and Tukeypost hoc test. ***p < 0.001; **p <
0.01; *p < 0.05; n.s. not signi cant. Statistical powers in(L) are 0,3 for the difference between NmC andy-Syn-NmC at dpt 15, 0.85 for difference between NmC and
a-Syn-Nmc at dpt 25 and 0.99 for difference betweeng-Syn-NmC and a-Syn-NmC at dpt 25.

Endogenous Synchronized Network At all times g-Syn overexpressing neurons showed very

Activity of a-Syn Overexpressing Neurons similar activity as control cells expre;sing only NmC, with
Bcl-XI protects against the neurotoxicity @Syn in a way occasional increased frequency, which, however, was not
that mitochondrial outer membrane perforation (MOMP) Signicantly dierent from controls (Figure 7). In contrast,
and resulting caspase activation is prevented and thus cefsSYyn overexpressing neurons demonstrated a clearly reduced
do not undergo apoptotic degeneration. However, structuraffequency of synchronized bursts in aged cultures, i.e25%t
mitochondrial deformation, increased mitochondrial ROSdpPt (Figure 7). Importantly, the percentage of neurons that
formation and diminished reaction to external electricalParticipate in synchronized bursts was identical in all caiotis
stimulation persist. This nding opened up novel research(Figure 7M). Further analysis of network function showed that
opportunities. We could now study long-term e ects afSyn within the population of neurons analyzed in each area only one
overexpression that otherwise could not be addressed inmdt  network is active (not shown).
neurons, at least not a-Syn expression levels that have a proven  These results suggest thatindependent from its mitochendri
impact on neuronal health. By exploiting Bcl-XI mediatedrelated neurotoxicitya-Syn can cause neuronal dysfunction on a
prevention of apoptosis we analyzedaifSyn would have an Systemic level.
impact on the endogenous synchronized network activity of
cultured cortical neurons, especially in aged cultures. Summary of Results
Endogenous, non-stimulated neuronal activity was recdrde!n conclusion, our results show thaa-Syn overexpression
by C&#C imaging with the GCaMP6 sensor. In order toin primary neurons does not induce disturbances in?€a
facilitate segmentation (i.e., identi cation of individlineurons), homeostasis, ATP production, essential electrophysiolbgica
these experiments were conducted with AAV vectors coParameters or stress kinase signalirgSyn overexpression
expressinga-Syn or g-Syn with nucleus-targeted mCherry causes mitochondrial deformation, increased mitochoalri
(NmC), or expressing nucleus-targeted mCherry alone asrobnt thiol oxidation and apoptosis downstream of mitochondrial
(Figures 7A-D). Calcium transients were recorded in randomly membrane perforation. Excitability o&-Syn overexpressing
chosen visual elds comprising roughly 200—250 neurons for $ieurons is restrained, and in aged neuron cultures that
minutes and were analyzed for the percentage of neurons th¥tere manipulated to allow for long-term survival @Syn
show C&° transients (i.e., are electrically active) and for theoverexpression, endogenous network activity is substantia
frequency with which this activity occurs. As shown exemplar diminished.
in Figures 7E,F neurons participated in endogenous network
activity independent from expression levels of nuclear m@her DISCUSSION
which can be regarded as a surrogate marker for synuclein
expression levels, as both NmC and synucleins are expressgthile compelling evidence suggests a direct contribution of
from the same AAV vector (Supplemental Figure 1). a-Syn to initiation and/or progression of Parkinson's disease,
The endogenous neuronal activity was recorded at 10, 15 anbe mode of neurotoxicity that this protein initiates and/or
25 days of-Syn org-Syn overexpression, representative traceexecutes is still incompletely understood. Much has beeméshr
are shown inFigures 7G-Jfor neurons expressing only NmC from studies conducted in solution and cell free systems
(G), g-SynC NmC (H), or a-SynC NmC (J), as recorded at 25 about aggregation, membrane interaction and pore formation
dpt. At all time points we found identical neuron numbers fol al of synucleins, and many facets of synuclein toxicity havenbe
groups, due to the anti-apoptotic activity of Bel-)figure 7K).  addressed in cellular systems. However, the vast majority of
The frequency of endogenous, non-stimulated bursts ine@as such studies were performed in conventional cell lines or
over time, from about 7 bursts/min at 10 dpt up to 17 bursts/minimmortalized brain cells, which are only neuron-like cells.
at 25 dpt. Thus, it is still necessary to comprehensively verify or disprove
This low-frequency synchronized electrical activity isllwe pathophysiological mechanisms which have been proposed for
within the range of activity determined by resting statedtional  a-Syn within primary mammalian neurons. It is even more
MRI (rs-fMRI) for endogenous cortical network activiti@ichle, important to elucidate the relative contribution of dierent
2019, and reminiscent of the default mode network (DMN) pathophysiological mechanisms within the context of their
activity. DMN is one of the major low frequency “baselinepotential interactions.
activities” of the brain, independent from external input and Taken together, our results suggest a surprisingly mono-
severed by a variety of psychiatric and neurodegenerativeausal mode of neurotoxicity exerted BSyn: we found
disorders including PDI(lohan et al., 201% mitochondrial swelling as the earliest evenaéchenberger et al.,
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2013, an increased level of thiol oxidation within mitochondyi  functions in cells, by reversibly altering oxidation statef

an activation of caspase activity downstream of MOMP angbrotein thiol groups that act as “redox switches,” similarty t
robust neuroprotection by anti-apoptotic Bcl-XI. In contrast protein phosphorylation Antunes and Brito, 2017 However,

we did not detect impairments in handling of essential ionsa longer-term steady state of oxidizing conditions is likely
in cytoplasm or mitochondria, no changes in cell membrando cause toxic e ects by rendering proteins non-functional
or mitochondrial membrane potential, no impairments in ATP or damaging membrane integrity, especially the mitochondria
production by oxidative phosphorylation despite considerablespeci ¢ cardiolipin moiety Kagan et al., 20Q5Importantly, a
mitochondrial deformation, no induction of canonical se® decrease in mitochondrial GSH due to increased ROS production
kinase activity or down-regulation of survival signals amo  results in increased release of cytochrome C from its c#iiio
neuroprotection by neuroptrophic factors, calpain inhibition anchors within inner mitochondrial membrane (IMM)Y(in et al.,

or enhancement of lysosomal protease activity. These n&ling2019. Release from cardiolipin is a direct prerequisite for the
suggest thata-Syn primarily interacts with mitochondrial ability of cytochrome C to be released into cytoplasm through
components in a way that promotes escape of electrons from perforated OMM Qtt et al., 200}, where it eventually induces
the respiratory chain, but does not impair ATP synthesis orcaspase activity. The relative extent of OMM perforation cduse
ion homeostasis directly, suggesting that the mitochaadri directly by a-Syn and/or oxidation of lipid components is still
permeability transition pore (mPTP) is not constitutively oygel.  unclear, but prevention o&-Syn -induced cell death by Bcl-XI
Mitochondrial swelling may be caused by osmotic uxes dueclearly shows the importance of MOMP for neurodegeneration
to transient openings of MPTP, or due to interactionsaeSyn of the primary neurons (see below). This mechanism of
directly with the OMM. Permeabilization of OMM then releasesneurodegeneration induced kB+Syn is in line with our results
pro-apoptotic factors like cytochrome C into cytoplasm, follawe that mitochondrial OXPHOS seems not to be impaired dy

by canonical downstream-of-mitochondria apoptosis, althjou Syn overexpression, not even by the resulting morphological
with a few uncommon features like Bad phosphorylation ordeformation, and that mitochondrial membrane potential isa
release of Erk1/2 from larger signaling complexes. Imporyantl una ected at times when we measure increased oxidativesstate
independent of these directly neurotoxic mechanismsSyn  within mitochondria. Thus, fora-Syn, our data do not support
impairs both, neuronal excitability by exogenous stimulidan the classical modus operandi for induction of neurodegetiena
endogenous network activity, suggesting that it might eausinitially caused by C% overload of mitochondria, followed
neuronal dysfunction even without overt degeneration aossl by mPTP opening, mitochondrial swelling and a consecutive

of neurons. overproduction of ROS. Rather, a combination of ROS-induced
_ _ _ ) thiol-oxidation/GSH depletion and OMM perforation appears to
a-Syn Mediated Thiol Oxidation cause slow and low-level release of pro-apoptotic factors from

Cytoplasmic and mitochondrial redox states aftefSyn or inter-membrane space, while leaving intact the mitochonldria
g-Syn overexpression were determined without any externahatrix compartment and the IMM-located respiratory chain.
stimulation, thus representing true steady state condgisalely
in uenced by the synucleins. This was achieved with the rBRG
uorophore, a ratiometric, non-ph dependent sensor for thea-Syn Mediated Neurodegeneration
thiol/disul te status of a respective cellular compartmeng a Permeabilization of the OMM (often referred to as MOMP,
re ected by the 2GSH/GSSG redox couple or by protein-thiomitochondrial outer membrane permeabilization) is the stdp
proups Qooley et al., 2004 Due to the high pKa of rolGFP's no return for any cell, inevitably causing cellular destrant
thiol groups these are protonated at neutral pH and therefor©MM is constitutively permeable for small molecules like ATP
not oxidized directly by ROSouvreau, 2004 Thus, this sensor through the VDAC channel. However, the formation of larger
does not report the actual levels of Qr H,0,, but rather the  pores within OMM, either by pro-apoptotic proteins like Bak and
physiological consequences that result from increased R@8Je Bax, by synucleins themself, or by physical processes like lipid
namely the general oxidation state of thiol groups. Furtherey  oxidation or enhanced membrane tension after mitochondrial
the sensor reacts relatively slow, making it excellentiyedu swelling, allow release of factors normally sequesterethén
to report on subcellular equilibrium conditions rather tham  inter-mitochondrial membrane space (IMS), like cytochrome C
short-term ROS uctuations. into cytoplasm. Here they activate caspases, the canonittal ce
The mitochondrial redox potential as reported by the sensodeath executioners. The anti-apoptotic Bcl family membeils Bc
was about 360 to 320 mV fora-Syn andg-Syn overexpressing 2, Mcl-1 and Bcl-XI are the major watchdogs of OMM integrity,
neurons at dpt6, suggesting quite reducing conditions by a&ither by sequestering pro-apoptotic factors away from OMM or
high NADPH/NADC ratio (Hanson et al., 2004 As such, by preventing their ability to form pore structureglieng et al.,
mitochondria should be able to defend themselves against th 2016.
oxidations in mitochondrial matrix, but evidently this deaot Our nding that Bcl-XI can almost completely protect
preventa-Syn — induced neurotoxicity. neurons froma-Syn-induced degeneration is a further support
The substantially increased oxidation status detectedr aft for the hypothesis, that the oxidized milieu within mitochdia
long-term a-Syn overexpression, suggest that ROS might haweaused bya-Syn overexpression initiates cell death in absence
caused signi cant pathophysiology at this time. Short-tem@da of concomitant events like breakdown of energy production or
moderate elevations of ROS level serve important signalinigability to handle C&® homeostasis, i.e., without a ecting the
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mitochondrial matrix or rendering the respiratory chain non indications of disturbed ion homeostasis as could be expected
functional. Bcl-XI almost completely prevented activatioh oin case of signi cant breakdown of ion gradients through ion
caspase-3, breakdown of Erk1/2 containing signaling complexeonductive pores.

and loss of neurons. Thus, it is evident that MOMP is of While our results show that neurons overexpressiag
utmost importance fora-Syn-induced neurodegeneration. A Syn for prolonged periods do not su er from disturbed €a
direct interaction of Bcl-XI witha-Syn seems unlikely, given homeostasis during this time, they do not preclude a contiinut
the very low lg for binding of Bcl-X| to a-Syn of 2mM in  of C&° to the nal execution of neuronal death. a
solution (as compared to agk< 10nM for the interaction imaging shows bright and saturated uorescence of RCaMP or
of pro- and anti-apoptotic Bcl proteingheng et al., 2006 GCaMP sensors immediately before the cells are dying (not
Thus, Bcl-XI does not seem to act by sequester@a§yn shown). Such signals, however, appear to be consequences of
away from mitochondria. This view is further supported byacute cellular destruction, rather than causes of inductidn
the facts that Bcl-XI did not prevent enhanced mitochondrialneurodegeneration, emphasizing the need to monitor longdi
ROS formation nor mitochondrial spherical morphology causedells for elucidation od-Syn—mediated neurotoxicity.

by a-Syn, suggesting that its major protective functionality in The notion thata-Syn can have di erent e ects in neurons
this paradigm is indeed prevention of MOMP. However, thevs. cell lines is further supported by our nding that in neursn
relative contribution of various putative causes of MOMP, i.e.a-Syn does not induce canonical stress kinase signalingselhe
direct pore formation by synuclein itself and/or by pro-apatot results are in pronounced contrast to ndings in e.g. N2A cells,
factors like Bax and Bak, or physical impacts like oxidation ofvhere levels of phospho-Erk, phospho-p38 and phospho-JNK
membrane components or enhanced membrane tension, remaMAPKs were dramatically declined thougkFSyn overexpression

to be elucidated in forthcoming studies. The same holds tru¢lwata et al., 2001 or to SH-SY5Y cells, were Erk1/2 signaling
for the potential impact of alpha-synuclein on the mitochoradri has been claimed to be an important mediatorae8yn toxicity
fusion- ssion machinery. (Yshiietal., 201p

. . a-Syn Impacts on Neuronal Activit

a-Sy_n Does th Induce Dlsturbances In Whil?a/ the F?node of a-Syn induced neurgln death in our
Calcium Handling, ATP Production or cellular model could be reasonably explainegSyn's impact
Stress Kinase Signaling on another essential neuronal functionality, namely eleatr
The ability of a-Syn to interact with biological membranes, activity, is mechanistically less well characterize@yn causes
and to form ion-conductive pore-like structures in artidia diminished neuronal excitability through external stimgi.e.,
membranes, is well-establishedaghuel et al., 2002; Kagan, eld stimulation or KC-mediated depolarization) and a decrease
2012. In relation to formation of ion-conductive pores it is in endogenous non-stimulated activity, in the absence of
consensus in the eld, thaa-Syn causes disturbances in®€a detectable distortion of basic electrophysiological paranset
handling that eventually lead to cell death. For intradelt@-Syn ~ We cannot yet describe a molecular correlate of such dirheds
this has been shown in SY-SH5Y celiie(tiarachchi et al., 2009  electrical activity. None the less, our ndings deliver agmuial
and for extracellulaa-Syn applied as especially prepared pre-explanation for extra-nigral functional de cits in patientsith
formed brils even for neuronsRacheco et al., 2015; Angelovasynucleinopathies even in absence of overt neuron loss, @ue t
et al., 2015 In contrast, our present data suggest that primaryan impact ofa-Syn on basal neuronal activity.

neurons, which expresa-Syn at levels that eventually cause The importance of such endogenous, non-stimulated
neurodegeneration, are able to maintain’€domeostasis over neuronal activity can not be overestimated: most neuronal
both, cytoplasma membrane and mitochondrial membraneactivity in the brain is due to intrinsic, external trigger-
We detected no dierences in baseline €alevels, peak independent networks, notonly in humans but also in laborgtor
C&C inux, and, most importantly, decay kinetics from animals (Gozzi and Schwarz, 2016; Havlik, 2n1@nly about
cytoplasm or mitochondria. Thus, it seems unlikely that in5 % of brain energy consumption appear to be due to evoked
these neurons any deregulation of free?€&omeostasis takes activity associated with alterations in cerebral blood ow
place, which is further strengthened by intact ATP production(Raichle, 201% The large cortical default mode network
(con rming earlier studies exploiting respiration measurents (DMN) becomes severely impaired in its activity by several
Taschenberger et al., 2Q13ntact mitochondrial membrane psychiatric and neurodegenerative diseases like schizojhren
potential and una ected basic electrophysiological parangeterdepression, Alzheimer's and Parkinson's diseasegitore et al.,
Our data thus suggest thai-Syn aects C& homeostasis 2012: Mohan et al., 2016; Hunt et al., 2J)ldnderscoring the

di erentially in neuron-like cells vs. genuine neurons, andimportance of “baseline activity” for proper brain function.

that intracellulara-Syn may induce di erent mechanisms than It may be debatable if cultured neurons in a dish can
extracellulaa-Syn that is added in form of pre-formed oligomers be regarded as appropriate building blocks of the DMN or
or brils. In this context it should be noted that in neuron similar large-area networks. None the less, we consider the
cultures as described in this study a considerable amount @fpact of a-Syn on synchronized activity of these neurons
intracellularly expressed-Syn is secreted to the cell culture in their fully matured state (that might be even considered
supernatant{aschenberger et al., 20X principle comparable as “aged,” inasmuch this is possible for cultured neurons) to
to a-Syn secretion into CSF in the brain), and still we found nobe a valuable surrogate marker for corresponding in uences
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in vivo, where decades of aberrant synuclein levels, even if Importantly, a-Syn appears to be able to induce neuronal
much lower than in our overexpressing neurons, eventuallyjetwork dysfunction independent from induction of neuronal
may negatively inuence network activities. In the contextdegeneration. The fact that such network dysfunction ooedir

of PD, the nding that a-Syn reduces endogenous networkonly in old neurons, links this phenomenon to the major risk
activity correlates well to recent results obtained in vetg  factor for synucleinopathies, namely aging. Forthcomingligsi
a-Syn overexpressing transgenic mice: in these animals it wasll now have to demonstrate if di erent neurotransmitter
shown by single cell electrophysiology that nigral dopangier phenotypes or mutations of the synucleins might modulate ¢hes
neurons adopt a reduced ring rate after long-ter@Syn impacts.

overexpressionJanezic et al., 20).3Thus, our cortical neuron

cell culture model recapitulates features of imminentimpode  AUTHOR CONTRIBUTIONS
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