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Abstract (max 250 words)

Lewy bodies (LBs) are intra-neuronal inclusionssisting primarily of fibrillized human-Synuclein
(ha-Syn) protein and represent the major patholodiedimark of Parkinson's disease (PD). Although
doubling lu-Syn expression provokes LB pathology in humawmsSyin over-expression doesn't trigger
authentic LB formation in mice. We hypothesizedtttias could be attributed to interactions between
exogenous &-Syn and its endogenous mouws8yn (mx-Syn) homologue, and investigated whether h
Syn over-expression onorByn KO backgrounds could promote-8yn fibrillization. Herein, we show
that lu-Syn forms hyper-phosphorylated (at S129) and utigpositive LB-like inclusions in m-Syn KO
primary neurons, as well as in transgenic&yn KO mouse braing vivo. Correlative light and electron
microscopy, immuno-gold labelling and Thioflavirb®iding established their fibrillar ultrastructussd
FRAP/photo-conversion experiments showed that tivegasions grow in size and incorporate soluble
proteins. Notably, &-Syn inclusions were also observed upon knock-dofaanother m-Syn homologue
“B-Syn”, thereby proposing a role for these homolagquoteins as natural inhibitors of abnormal
aggregation. Mechanistically, our data show that3yn preferentially interacts with aggregatedSyn
PFFs species, and that such a “cross-speciesaatien does not promote progressive aggregatioiro
andin vivo. As such, endogenousarsyn could be attenuatingi{Syn aggregation in miceia direct
interaction and capping of early fibrillar formsltégether, our results provide novel primary neatand
in vivo models for understanding mechanisms underlyingSyn intra-neuronal fibrillization, the
contribution of this process to PD pathogenesid,fanscreening pharmacologic and genetic modgator

of a-Syn fibrillization in neurons.
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Significance Statement (max 120 words)

Although it has been established for over 100 yeeats ewy bodies (LBs) represent the major pathickd
hallmark of Parkinson's disease (PD), we still dokmow why these fibrillar intra-neuronal inclusgof
the a-Synuclein ¢-Syn) protein form, and how they contribute to dise progression. One of the major
causes underlying this gap in knowledge is the aitehility of animal models that truly reproducesth
formation of LBs. In this study, we show that thek of tw-Syn fibrillization into LBs in mouse models
can be attributed to interactions betweerSyn and its endogenously expressed matSgn homologue.
Moreover, we provide novel well-characterized priynaeuronal anéh vivomodels which recapitulate the

main molecular feature of PD; bonafidesyn fibrillization.

\body
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Introduction

The aggregation of proteins into fibrillar struaaris a key hallmark of many neurodegenerativerdiss.

In Parkinson's disease (PDy;synuclein ¢-Syn), a predominantly pre-synaptic protein invdivia
regulation of neurotransmitter release, abnormdlizes and forms intra-neuronal inclusions tem
Lewy bodies (LBs)(1, 2). So far, the mechanismseulythg LB formation remain poorly understood, and
the impact of LB presence on neuronal viability aéms controversial, in part due to the lack of alim
models recapitulating-Syn fibrillization into authentic LBs.

Since patients with familial history of parkinsamisvere found carrying either multiplications or ptoi
mutations of then-Syn gene SNCA"(2) most animal models of PD have been generatedvby-
expressing wild-type (WT) humanSyn (hu-Syn) or mutant forms linked with familial PD(3)triRingly,
whereas rodent models expressing3dyn do not recapitulate the formation of authehBs comprising
fibrillar o-Syn within dopaminergic neuronsp4$yn over-expression irosophila led to dramatic
neuronal loss accompanied with fibrillar LB-likesttures(4). The fact th&rosophila unlike rodents,
lack expression of an endogenauSyn homologue implied thawkSyn fibril formation could be more
favorable in models lacking endogeneouSyn expression. Subsequent experiments in migeostgal this
suggestion, asdhSyn transgenic (Tg) mice lacking endogenousSyn exhibited exacerbated pathology
compared to WT counterparts(5), and manifestedlfibgranular accumulations in the olfactory buj(
Explaining this effectin vitro “test-tube” experiments remarkably showed thailsamounts of mouse
a-Syn (mu-Syn) directly inhibit the fibrillization of purid hu-Syn protein in solution(7).

Despite all of these interesting observationseihained unclear whether endogenously expressed
Synuclein homologues directly inhibitat8yn aggregation in neurons, and whether ectopikSyn
expression in their absence would allde/novoha-Syn fibrillization events. Therefore, we systeroally
evaluated the propensity obitByn to aggregate on Synuclein KO backgrounds. @Jsinbattery of
biochemical and imaging techniques, we demonsthaiein cultured primary neurons and brains of m
Syn KO mice, over-expressed-Byn readily aggregates into inclusions that extsbiveral similarities
with LBs in terms of solubility, immuno-reactivitgnd amyloidogenicity, and represent a bonafide
fibrillization process as revealed by serial-settransmission electron microscopy (SSTEM), livagimg,
and response to pharmacological aggregation imhghiSimilarly, primary neurons lacking expressidén
B-Syn B-Syn’) or all three homologuesi{ p- andy- Syn) also manifest enhanced-8yn aggregation,
thereby suggesting that the presence of endogeBgusclein homologues may represent a natural
mechanism regulating abnormalSyn aggregatianTo dissect this mechanism, we performed immuno-
precipitation and surface plasmon resonance expetsnwhich intriguingly showed that orSyn
preferentially interacts with aggregatead-8yn PFFs species rather than monomers. Importamtigtro

aggregation experiments airdvivo assessment of cross-seeding propensities showaedhth observed
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“cross-species” interactions do not promote pragivesseeding and spreading of aggregates. These
findings provide a possible explanation as to whyrent rodent PD models expressing3yn do not
exhibit pronounceddzSyn fibrillization, and provide models that repugeé a critical pathological feature

of the disease: thee novdformation of fibrillar lu-Syn aggregates.

Results
Induction of ha-Syn inclusion formation in SNCA” primary neurons

Several studies have previously reported that expressed d&xSyn in mouse primary neurons exhibits
diffuse localization without forming discreet inslons (8-11). To assess whether the absencew8yn
would affect this distribution, we examined thedlization of transiently expressed-Byn in primary
neurons derived from C57BI6/J/ola/hsd mi&CA") lacking expression of smSyn(12) (Fig. S1A-B).
Interestingly, whereasahSyn exhibited the previously reported diffuse rilisition in WT neurons, a
significant proportion of th&NCA™ neurons developed spheroid-like inclusions thatewmnsistently
observed in close association with nuclear andptgsmic membranes (Fig. 1A and Video S1). A similar
phenotype was observed in primary neurons deriveth fanotherSNCA™ mouse strain (B6,129X1-
Sncd™R°J) generated by targeted deletion of two exonthefmu-Syn gene(13) (Fig. S2C-D), thereby
establishing that inclusion formation is directigked to the specific loss of a&¥Syn expression. In line
with this, re-expression ofarSyn inSNCA™ neurons significantly reduced the formation ofameuronal

ha-Syn inclusions, and restored the diffuse distrdubf ha-Syn in most neurons (Fig. 1B).

To investigate whether the total abolishment of8yn expression is necessary to promatesSin
inclusion formation, we assessed whether decreasingyn levels in WT neuronga shRNA mediated
silencing is sufficient to promote this processafgient expression of three different vectors eimgpd
shRNA hairpin loops (Fig. S2A) showed efficienesiting of nu-Syn in transfected neurons compared to
those transfected with scrambled shRNA sequendgs $2B), and biochemical analysis of lentivirally
infected neurons showed over 50% reductiondrSyn expression (Fig. S2C). Notably however, silegc
ma-Syn did not promotediSyn inclusion formation in WT neurons (Fig. S2B)ggesting that even low

levels of mu-Syn levels are sufficient to attenuate inclusiomfation.

ha-Syn inclusions reproduce key LB features and exhibfibrillar ultrastructure

Several cellular models manifestingSyn accumulation into inclusions in human celkfirhave been

previously reported, either uparSyn over-expression alone(14-16), co-expressidh syinphilin-1(17),

Page 5 of 34



exposure to proteasome inhibitors(9), or applicatd oxidative/nitrative insults(18, 19). Nevertbss,
inclusions observed under these conditions typicdtin’t reproduce all key LB features, including
decreased solubility, hyper-phosphorylation at r&efi29 (pS129)(20), ubiquitination(21), Thioflavin-
binding, and fibrillar ultra-structural organizatid). Therefore, we assessed whetheSkn inclusions

observed irSBNCA" neurons fulfil these criteria.

To determine whether inclusion formation is linkeith decreaseddaSyn solubility, WT orSNCA"
neurons were infected with lentiviruses encodingSlyn and then fractionated into nonionic detergent-
soluble and nonionic detergent-insoluble fractidising this assay, lentivirally infect&NCA" neurons
showed significantly less monomerig-Byn in detergent-soluble fractions compared to &ulinterparts
(Fig. 1C). Interestingly, this effect was not daelecreased totabkSyn expression in tt@NCA™ neurons,
as similar total i-Syn RNA and protein levels were observed in unipaated WT andSNCA™ neurons
(Fig. S3A-B). In contrast, the decrease in solubtgomeric h-Syn was concomitant with the appearance
of high molecular weight (HMW) dxSyn species in detergent-insoluble fractions ofilérally infected
SNCA neurons (Fig. 1C). To validate our fractionatioatpcol, we treated control neurons with insoluble
ha-Syr'®@833 preformed fibrils (PFFs, characterized in Fig. ,S4hich showed strong signal almost
exclusively within detergent-insoluble fractions @®viously reported (Fig. 1C)(22). Altogether, sbe
results suggest that abolishingu#8yn expression enhances the aggregation propeoisitg-Syn in

primary neurons, as reflected by decreased sdlyhitid the formation of insoluble HMW aggregates.

One possibility is that the inclusions reflect aggated h-Syn that is contained within vesicles of the
endo-lysosomal pathway. As such, we systematiadlyessed inclusion co-localization with specific
markers for early endosomes (Rab5 and RhoB), latdosmmes (Rab7), lysosomes (Lampl),
autophagosomes (LC3) and multi-lamellar bodies (8)DAs shown in Fig. S5, although some$yn
inclusions showed weak partial co-localization vathtransfected markers of late endosomes (Rab?-GFP
and lysosomes (Lampl-RFP), indicating potentialraggtion by this pathway, most of the inclusions
showed no colocalization with any of the transfdetarkers. As such, these findings rule out thsipdiy

of all inclusions being merely vesicles of the etgsmsomal pathway.

Next, we assessed whether the inclusions forme8NEA" neurons are readily detectable using
common LB probes; namely antibodies againStyn(1), pS12%-Syn(20) and ubiquitin(21), as well as
Thioflavin-S(23). As shown in Figure 1D, immunoistag using nine different anti-Syn antibodies with
epitopes spanning most of theSyn sequence all revealed bright spheroid intrgem&l inclusions,
thereby establishing that these structures indeetgpidse lu-Syn which is not necessarily truncated at any
of its termini. Moreover, dual immuno-fluorescerarlysis showed thaufSyn positive inclusions are
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also hyper-phosphorylated at S129 and are ubigitth and co-staining with Thioflavin-S indicatedtt
the inclusions could comprise crd$sheet fibrillar content (Fig. 1E).

To establish whether thext8yn inclusions comprise fibrillar ultrastructuree performed correlative
light and electron microscopy (CLEM) analysis tteiows ultra-structural examination of neurons
previously identified by confocal microscopy as t@iming fluorescent inclusions (Fig. 2A-C). 72 heur
(hrs) post-transfection,ohSyn inclusions were detected in close associatiimnuclear and cytoplasmic
membranes or near mitochondria, but were rarelgda@urrounded by a uniform lipid bilayer (Fig. 2B-C
thereby further ruling out the possibility of inslans being vesicular in nature. Remarkably, high
magnification ssSTEM of the correlated inclusionge@ed intertwining “whirls” of filamentous strucis
in most analyzed inclusions (Fig. 2B-C). Individuakasurements of these structures showed that the
filaments have an average diameter ranging betwekhnm (Fig. 2D), which is similar to that of filsr
within genuine LBs (24), thereby suggesting tha&tSyn could be aggregating into fibrils within these

inclusions.

Alternatively, these observed “whirls” could repasmembranous structures that have been entrapped
within inclusions. To address this possibility, werformed an additional CLEM experiment where we
treated neurons exhibitinde novoaggregates (composed of Mye-Byn) with hu-Syrf'®*632 PFFs for 24
hrs, and compared within adjacent neurons, theagitticture and diameter afe novo filaments
(comprising only Myc-h-Syn) compared to internalized PFFs, mixtures dii bas well as to intracellular
membranes. As shown in Figure S6, whereas inttdaelhembranes showed a broad diameter distribution
ranging from 7-12 nm with a mean average of 8.7 internalized PFFs and mixturesa# novoformed
filaments and PFFs showed a much more defined widthibution of 10-13 nm and higher mean diameter
of ~11 nm. Interestingly, although filamentgdi& novdnclusions exhibited a more broad width distribati
than PFFs and mixtures being 7-13 nm, with sombeofilaments having low diameter that could cligssi
them as membranous, the vast majority (~75%) wertneé range of 10-13 nm, which falls within the

narrow distribution of PFFs and thereby supporeg thibrillar nature.

To determine whetherhSyn is the constituent of the observed fibrill&ustures, we sought to assess
their reactivity with antibodies againstSyn by immuno-gold labelling. First, we probed étodlity of four
different antibodies (having different epitopesiagathe N-terminus, C-terminus and NAC regioruef
Syn) to detect drSyn PFFs. Notably, we found that polyclonal arAiNPSyn antibodies such as the ab-
6176 and FL-140 detect PFFs much more readily thanoclonal h-Syn specific antibodies (Fig. S7).
Therefore, we assessed the reactivity of the Eriitructures observed withBNCA™ neurons expressing
ha-Syn to the ab-6176 antibody. Importantly, 3D restaurction of SSTEM images clearly showed immuno-

gold particles reacting with outer and inner parsiof the whirls of filaments detected within irgilbns
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(Fig. 2E-F), thereby confirming Synuclein presendthin these structures.

Altogether, these findings demonstrate that theugiens observed iBNCA" neurons exhibit several
similarities with LBs in terms of solubility and muno-reactivity, and demonstrate signsbohafide
fibrillization events. However, the filaments dotdmve an orderly arrangement with a dense core as
typically observed in brainstem LBs, but are emleekdaimongst an electron translucent medium, which is
probably sequestered solubieSyn protein. As the filaments exhibit a disordedistribution, they may
recapitulate early stages of LB formation, whichymaed more time or additional factors to maturé an

remodel into authentic LBs.

ha-Syn inclusions iNSNCA™ neurons grow in size and incorporate soluble-Syn

We then investigated whethen-$yn aggregation kinetics can be accurately eveduat our novel
neuronal model. ISNCA" neurons transiently expressing-8yn, inclusions were detected 24, 48 or 72
hrs post-transfection, and the size of inclusiquseared to increase over time as assessed by fyiranti
3D-rendered inclusion volumes, with maximum sizacheed at 48 hrs post-transfection (Fig. 3A). To
investigate the mechanisms underlying inclusionwgng we performed fluorescence live imaging
experiments usingodSyn that is N-terminally tagged to “mEQS?2”, a flascent protein that is photo-
convertible from bright green (506 nm) to orange-f&84 nm) when excited at near-ultraviolet
wavelengths(25). As shown in Figure 3B, somatic mewritic MEOS2x-Syn inclusions were detected 24
hrs post-transfection IBNCA" neurons, and these continued to grow in volume #2érs. Moreover, the
detected inclusions were reactive with antibodgsrest totab-Syn, ubiquitin, and pS128-Syn (Fig. 3C),
thereby suggesting that the fusion protein repredube aggregation properties of untagge®yn, and
could be used to investigate the kinetics of thigess in neurons.

Short interval (~1 hr) confocal live imaging folled by 3D surface rendering showed that the volume
of individual inclusions increased over ~1 hr ofiging, with very few reversible fusion events nateid.
3D). Moreover, analysis of the speed of moving ipes showed that most detected inclusions are
immobile (Fig. 3D), thereby ruling out the possiilof inclusion growth being mainly caused by fursi
of small motile aggregates. Notably, the percewtdase in volume was variable between different
inclusions, with some doubling their volume witi minutes and others showing modest changes. This
observation suggests that inclusion growth ratetdinear and constant over time, and is not resuédg
similar for the whole population of inclusions withthe same neuron.

To determine whether mEOS2Syn inclusions incorporate soluble-Byn over time, we performed

fluorescence recovery after photo-bleaching (FR##) photo-conversion live imaging experiments (Fig.
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3E), which allow assessing rates of protein diffasinto Oi) and out-of Dour) inclusions respectively,
as well as determining the relative proportionrafriobile protein within inclusions (immobile fraatio
IF). In FRAP experiments, we photo-bleached individirclusions and monitored the recovered
fluorescence from diffusing soluble cytosolic pinteAs shown in Figure 3F and Video S2, FRAP
measurements displayed consistent recovery ofdlgemt signal within photo-bleached inclusions, and
mono-exponential fitting of FRAP plots from ~90fdifent inclusions allowed the estimationf and

IF. The average value foDn was very low (~0.03 pffsec), consistent with previous results for
immobilizeda-Syn-tetracystein inclusions in SH-SY5Y cells (0@84 pnd/sec)(26), thereby suggesting
the presence of a structure that impedes freesitiffi In line with this, ~32% of the protein wasimsated

to be found within thé, thereby establishing that inclusions comprise a@hitized proteins that are unable
to equilibrate with the cytoplasmic pool, likely elto their binding to a dense compact structure Th
presence of high amounts of soluble mobile prote68%) within inclusions is in line with our sSTEM
data showing filamentous structures being embeddtbih a bulk of electron translucemtilieu, which is
most probably sequestered soluble protein.

In order to assess th&our, we utilized the photo-convertible property of mE2) where we photo-
converted individual inclusions by near-ultravioletadiation, and monitored the decrease in photo-
converted fluorescence intensity within inclusioiitie decay in fluorescence would reflect outward
diffusion of proteins from the inclusions to thaasol. As expected, irradiation of inclusions w05
nm laser successfully resulted in the photo-coneersf 488 nm mEOS2-Syn fluorescence to 568 nm
(Fig. 3G and Video S3). Strikingly, whereas expdiafitting of decay curves from ~50 different mens
revealed a slightly lower estimation of the compared to that obtained from FRAP experimeng (1
+10%), the estimateBouyr (0.0022 +0.0007 phAsec) was almost 16 folds lower thAm (Fig. 3H). This
suggests that within the same time fraction, sigaiftly more protein is going into inclusions comgzhto
soluble protein that is diffusing out. As such,gdindings together suggest that®yn aggregates in
SNCA" neurons incorporate soluble protein into highb## structures, most likely the fibrils observed
by ssTEM.

Inclusion formation in SNCA™ neurons is an aggregation-driven process

To further establish whethewt8yn inclusion formation is an aggregation-drivengess, we assessed
whether altering the aggregation propensity afSyn affects formation and/or growth of neuronal
inclusions. Two modifieddSyn proteins, a C-terminally truncated variantp@sition 120) that has been
shown to aggregate more readily than full-leng®ynin vitro andin vivo(27), and a variant with the S87E
substitution that inhibitsd*Syn aggregation in similar models(28, 29) wereresped in WT 0BNCA"
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neurons. As shown in Figure 4A, while similar prajmns of SNCA™ neurons expressing full-length-(
SyrtY) or truncatedd-Syn**?% ha-Syn developed inclusions, the S87E aggregatioizigaf variant mostly
exhibited diffuse distribution. This effect was mhite to a difference in protein expression levelsveen

the three proteins as similar mean fluorescenaddeper neuron were detected across conditions $8lg

As that thex-Syr**?°mutant could be affecting the size of individuayagates, we investigated kinetics
of mMEOSe-Syn inclusion growth by live imaging (Fig. 4B-Qurface reconstruction of inclusions in 50
neurons per condition showed that mEQS3yrn*'?°forms significantly larger inclusions 24 hrs post-
transfection compared to mEO&23yn"" (Fig. 4C). In contrast, the few inclusions formgdie mEOS2-
a-Syrr®’Emutant were much smaller at 48 hrs (Fig. 4C). kkomplementary strategy, we investigated
whether treatment with a pharmacological aggregatibibitor “Tolcapone”(30) would affect inclusion
formation in this model. Remarkably, Tolcapone timeent reduced inclusion formation by ~60% and
restored the diffuse distribution ofi4Syn in SNCA™ neurons (Fig. 4D). As such, these results together
demonstrate that inclusion formation 8NCA" neurons is aggregation-driven, as introducingnalsi
amino-acid substitution known to inhibitutByn aggregation propensity or treatment with avkmo

aggregation inhibitor significantly attenuate irgin formation.

Endogenous-Syn KO is a natural he-Syn aggregation inhibitor in neurons

An attractive general implication of our findingsthat homologous members of the synuclein fanaibya
naturally act as physiological inhibitors of abnatm-Syn aggregation. Therefore, we assessed whether
the other members of the synuclein famflySyn andy-Syn, exert a similar inhibitory effect om{syn
aggregation. To test this, we prepared neuronéliad from mice lacking-Syn (-Syn KO)(31),y-Syn
(y-Syn KO)(32), or all three synucleins (triple KO3§3Loss ofu- andp-Syn in corresponding KO cultures
was validated by immunocytochemistry (Fig. 5A), aAlyn expression was not detectable in any of the
cultures, probably due to its low expression levwelfippocampal neurons as previously reported(34).
Remarkably, when we assessed the distribution of@xously expressediibyn across the different
cultures (Fig. 5B), we found thftSyn KO and triple KO neurons similarly develop LiBe inclusions,
unlike WT controls ang-Syn KO neurons that mostly exhibit diffuse-8yn distribution. Importantly, the
inclusions formed irB-Syn KO and triple KO neurons were also hyper-phosgated at S129, hence
exhibiting a key pathological LB-like phenotypedFbC). These findings suggest that unlike endoggno
v-Syn, the other two homologuesSyn andB-Syn have similar inhibitory effects on ectopie-8yn

aggregation. Importantly however, as similar petages off-Syn KO and triple KO neurons develop
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inclusions (~35%), this intriguingly rules out theesence of a synergistic effect for the deletibbath

proteins.

The absence of m-Syn promotes specific aggregation ofd¥Synin vivo

To test whether the presence ofi-Biyn affects the aggregation propensity afSyn in the brain, we
generated mice lacking endogenous-8yn SNCA")(13) and carrying two copies ofaiSynha-
Syri™*)(35) (Fig. S9A). Biochemical fractionation of bmahomogenates into cytosolic (soluble) and
particulate (insoluble) protein fractions was parfed to assess whether these mteeyri’* SNCA)
exhibit changes in &#Syn aggregation and solubility, compared He-Syri’* controls expressing
endogenous mSyn. In line with our previous data, less monoméri-Syn was detected in soluble
fractions derived fronma-Syri” SNCA" mice compared tha-Syri’* counterparts (Fig. 6A). This decrease
in monomeric h-Syn was concomitant with the appearance of HMMWSkn species within insoluble
fractions, which were detected using three diffemetibodies againstohSyn thereby establishing their
specificity (Fig. 6A, Fig. S9B). Moreover, the dease in solubledaSyn was not due to decreased total
ha-Syn expression iha-Syri”* SNCA™ mice compared tha-Syri™ counterparts, as similar totad4Syn
MRNA and protein levels were observed in unfraetied brains of both genotypes (Fig. S9C-D). As such
these findings altogether suggest thatSyn is readily aggregating and becoming less $olub the
absence of mSyn in Tg mouse brains.

To further evaluate the extent iof vivo ha-Syn aggregation, we performed immuno-histochemical
analyses on sections treated with proteinase-Ksiwalilows selective visualization of resistant aggites.
Consistent with previous studies (35h-Syri” mice showed abundant intra-neuronaiSyn
immunoreactive inclusions in the cortex, of whicime were proteinase-K resistant (Fig. 6B). Striking
cortical and striatal neurons froha-Syri"™* SNCA" mice showed higher immunoreactivity to amByn
antibodies and exhibited a significant increasepiioteinase-K resistant inclusions in the cortex and
hippocampus (Fig. 6B). Moreover, double immuno-lig experiments showed that inclusions are
phosphorylated at S129, and exhibit strong reagtfer the synaptic vesicle protein synaptophysiig(
6C-D), both of which being markers of LB pathold@®, 36). Taken together, these findings demorsstrat
that the aggregation propensity af-8yn is enhanced in the absence of8ynin vivo, as reflected by

decreased solubility and accumulation @f3yn into proteinase-K resistant inclusions.

To assess whether abolishing ofi-8yn expression would promote the aggregation ahdwp-
synuclein (§-Syn), the considerably less aggregation prone teagne of lu-Syn, we crossed transgenic

mice expressingMSyn(37) with nu-Syn null mice to generatg-Syri” SNCA" transgenics. Biochemical
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fractionation revealed that in contrast to the pstam of hu-Syn aggregation, the absence ef-8yn did
not affect the levels of solublg{Byn or cause the appearance of insolupt&yn species (Fig. S10A). In
addition, immuno-histochemical analysis showed thiSyn was mostly localized within neuronal
terminals and did not show any inclusions neithesriains ofs-Syri’* mice as previously reported (37),
nor in brains ohg-Syri”* SNCA" mice (Fig. S10B). As such, these results showdk@yn ablation does
not promote the aggregation ¢-Bynin vivo, thereby conferring specificity to the effect wieserve in
ha-Syri’ SNCA™ mice.

ma-Syn interacts with aggregated h-Syn species attenuating seeding and spreading

To investigate the mechaniswa which mx-Syn affects b-Syn aggregation, we first assessed whether
over-expressedohSyn directly interacts with endogenous-8yn in WT primary neurons. Notably, we
did not detect any interaction between the twoginstat the monomer level by co-immuno-precipitatio
(Fig. S11A). To investigate whetheropsyn interacts with multimeric/aggregated-8yn species rather
than lu-Syn monomers, we assessed the interactionrneBym monomers with equimolar amounts af h
Syn monomers ordaSyn sonicated fibrils (PFFs; characterized in B2). Intriguingly, m-Syn was co-
immuno-precipitated only when it was mixed wittr8yn PFFs and not theisyn monomers (Fig. 7A),
indicating that monomeric saSyn preferentially interacts withukFSyn PFFsSn vitro. In order to confirm
these findings and to obtain a quantitative assessof the interaction betweenorSyn monomers and
ha-Syn PFFs by an independent readout, we performddce plasmon resonance (SPR) measurements.
Briefly, saturating amounts of eithendSyn monomers ordaSyn PFFs were immobilized by amine
coupling to separate CM5 chips, and then increasimgentrations of mSyn monomers were flushed on
to the chips. As shown in Figure 7B, and in lindhwaur immuno-precipitation experiments, no intéac
was noted between injectechyByn monomers and immobilized{$yn monomers, even at the highest
tested concentration fora¥Syn (10 uM). In contrast, arSyn monomers readily interacted with-8yn
sonicated PFFs in a dose dependent manner, egencdntrations as low as 0.1 uM.

To investigate whether endogenous-8yn similarly interacts with aggregated-8yn species in
primary neurons, we treated WT neurons with soaitht-Syn PFFs and assessed interaction by immuno-
precipitation and immuno-fluorescence analysesohtamtly, and in line with oun vitro results, na-Syn
co-immuno-precipitated with pulled dowa{syn PFFs (Fig. S11B). Moreover, confocal imagiexealed
that internalized &@Syn PFFs colocalize with endogenousi-8yn (Fig. S11C), which radically
redistributes from diffuse somatic localizatiorintefined puncta as previously described (22).g¥tber,

these results show thatisyn preferentially interacts with aggregated3yn PFFs$n vitro and in neurons.
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Next, we explored whether such an interaction betweSyn PFFs and-Syn monomers from different
species would seed or alternatively attenuate pssive monomer aggregation. As such, we assessed
aggregation kinetics ofohSyn or mu-Syn monomers in the presence of eithefSlyn PFFs or m-Syn
PFFs (characterized in Fig. S12). Strikingly, assent of Thioflavin-T binding, remaining monomer
content and fibrillar morphology by electron miaropy all consistently showed that the fibrillizatia-

Syn monomers is predominantly accelerated (seedetg presence af-Syn PFFs of the same species.
For instance, whereas the lag phase was elimiatd mixture of h-Syn monomers andubSyn PFFs
resulting in the appearance of fibrillar structuessof 8 hrs of incubation (Fig. 7C-F), the aggtiega
kinetic of the mixture of &Syn monomers andarSyn PFFs was similar to that of4$yn alone, where
only oligomeric species were formed at 8 hrs ofiation. Similar observations were noted for thetone
ma-Syn monomers and arSyn PFFs, which showed the most dramatic elinonadif the lag phase, and
formation of fibrils after only 2 hrs of incubatigfrig. S13A-D). Here again, the addition ef8yn PFFs

to mu-Syn monomers failed to promote aggregation tardlai extent, only forming oligomeric species at
2 hrs. Altogether, these findings strongly showvt th8yn aggregation kinetics are significantly accated
when the seeds and monomers are from the sameespacid that the presence of mixed species of

monomers and PFFs results in in less seeding psapemd slower aggregation kinetics.

To evaluate whether the seeding and spreadingtmitefu-Syn PFFs is similarly affected upon having
PFFs and endogenous monomers of the same spetieshinain, we injected eitheronSyn PFFs or d+
Syn PFFs into the striatum of WT (non-transgenicCA" mice (as controls), and then compared the
seeding and spreading propensity in different braigions one month post-injection. Strikingly, we
observed most pronounced spreadirgyn pathology when maSyn PFFs were injected into WT mice
expressing endogenouscs8yn (Fig. 8G), as mSyn accumulated into somatic inclusions that are
ubiquitinated and hyperphosphorylated at S129 éncitrtex and amygdala (Fig. S13E). In contrast, h
Syn PFFs induced significantly less pathology &s¢hregions in WT mice at the same time-point.
Moreover,SNCA™ mice showed very limited overall pathology followimjection with either &-Syn PFFs
or ma-Syn PFFs, indicating that the observed inclusion&T mice injected with m-Syn PFFs reflect the
seeding and propagation of endogenousSyn. Altogether, these findings show tiavitro andin vivo,
a-Syn PFFs preferentially seed the aggregation efaneerica-Syn of the same species, and therefore, the
interaction of monomers and PFFs from differentcig® does not promote progressive seeding and

spreading of pathology.

Discussion
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The aggregation af-Syn into LBs has been directly linked to the pgdmesis of PD(2). The mechanism
of formation and the precise effect of LBs on naatghysiology and viability remains poorly undersd,
mostly due to the lack of animal and cellular medethibitingde novou-Syn fibrillization into authentic
LB-like structures. Although doubling-Syn expression is sufficient to cause PD in humatismpts to
reproduce molecular PD pathology based-@yn over-expression in various animal models matdeen
successful. Thisould imply the presence of cellular factors thailit ha-Syn aggregation in these models.
In this study, we sought to systematically examimether endogenousSyn homologues attenuate-h
Syn aggregation in neurons. Using different Synndk® cultures, we found that a substantial fractid
SNCA" neurons expressingisyn develop inclusions that exhibit key LB-likeaferes, including S129
hyper-phosphorylation, ubiquitination and Thiofla® reactivity. Importantly, this phenomenon retibelc
de novoha-Syn fibrillization as revealed by ssTEM followidmpth CLEM and immuno-gold labelling
experiments. To the best of our knowledge, thearifes have not been altogether reported in atlyeof

previously published cellular models that rely ba sole over-expression of4syn.

Multiple lines of evidence from many of our expeeimbs further converged to establish that inclusion
formation SNCA™ neurons is an aggregation driven process. Overssipn of the aggregation
incompetent mutant S87E or treatment with the phaological aggregation inhibitor “Tolcapone”
resulted in marked reduction in inclusion formatibmcontrast, overexpression of the aggregatiamer
truncated h-Syn variant (1-120) resulted in the formationarfler inclusions compared to the WT protein.
In all cases where we observed increased incldisiamation, we also observed decrease®kln solubility
and the appearance of HMW aggregates, concomitiéimttive loss of monomers. Moreover, time-lapse
live imaging coupled with FRAP and photo-converstéaperiments showed in real time that the inclusion
grow in size and readily incorporate solubteS$yn protein. Interestingly however, when we exgtbthe
toxic potential of these inclusions, we found tthegt aggregates formed do not provoke increaseditpxi
(Sl Text, Fig. S14-15), consistent with previougli#s suggesting that intracellular-8yn aggregates may
be protective in cellular models (38, 39).

Having established th&NCA" primary neurons are more permissive fer3yn aggregation in culture,
we sought to validate this finding vivo. Two previous independent studies had suggesteexpression
of ho-Syr*?° or ha-Sy*>*" in Tg mice lacking m-Syn expression leads to the formation of fibrillar
inclusions within theSubstantia nigraor spinal cord respectively(5, 6). Therefore, vireatly compared
the aggregation propensity of Tgi-Byn in brains of mice expressingof8yn(35), or having no
endogenous mSyn expression. Our data showed thaSlyn exhibits enhanced aggregation propensity in
the absence of smSyn, which was reflected by decreased solubitghanced detection of HMW

oligomeric species, and formation of abundant mase-K resistant and pS129 hyper-phosphorylated
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inclusions. In order to rule out the possibilitattknocking out m-Syn promotes nonspecific aggregation,
we conducted similar studies ofr8yn, ami-Syn homologue which is significantly less pronadggregate.
As expected, knocking outa¥Syn did not affect the levels, distribution oristag pattern of B-Syn in

transgenic mice.

Our observation that the re-introduction of+8yn in SNCA™ neurons significantly attenuates-Byn
inclusion formation suggests that the mouse hommagpuld be directly inhibitingdaSyn aggregation.
Intriguingly, although we could not detect promihénteraction between human andw8yn at the
monomeric level in neurons, we consistently obsithat nu-Syn preferentially interacts with sonicated
PFFsin vitro, and in neurons. Moreover, we found that this am#on does not promote progressive
seeding and spreading of patholagyitro or in mouse brains viva. As such, endogenousursyn could

be directly inhibiting h-Syn fibrillization in WT primary neurons by stalzihg oligomeric species and
capping terminals of early fibrillar stretches fauhby u-Syn (Fig. 7H).This proposition is well in line
with the previous study by Rochet et al.(7) showtimatin vitro, ma-Syn inhibits the fibrillization of &-
Syn by stabilizing oligomers on the pathway to aid/formation. Moreover, it is consistent with figure
reports which imply that the propagation and spreadf o-Syn pathology is prominent under conditions
where the injected PFFs and host expressed monamehom the same species. In most of these studie
seeding and spreadingwfSyn pathology was observed whea-8yn PFFs was injected in non-transgenic
mice expressing mSyn (40-42), or whendiSyn PFFs were injected into transgenic mice eximgs
humana-Syn protein (43-48).

An attractive general implication of our findingsthat aggregation attenuation by homologous pretei
could represent a generic biological phenomenois Ptoposition is in harmony with multiple studies
reporting decreased aggregation kinetics in thegmee of amyloidogenic homologous proteins undeglyi
different diseases. For instance, the key peptidesived in the formation of amyloid plaques in
Alzheimer's disease, M0 and 442, were shown to reciprocally inhibit each othe@ggregatiorin vitro
in a concentration dependent manner(49). Moreawatant hemoglobifi-chain polymerization in sickle
cell anemia was shown to be attenuated upon iriagaatios of itsy-chain homologue(50). Likewise, in
transthyretin (TTR) amyloid diseases, murine/hurm@R homologues form hetero-tetramers that impair
amyloid formation(51, 52), and aggregatimnvivo was achieved mostly in Tg mice expressing TTR
mutants on an endogenous TTR KO background(52allfjrihe aggregation kinetics of the “islet amyloi
polypeptide” (IAPP) in bulk solution were shownlie dramatically affected by the presence of its rat
homologue (53, 54).

In light of all these findings, we investigated wer this phenomenon could be extended to the other
endogenous diSyn homologues-Syn andy-Syn. Interestingly, we found th@tSyn KO cultures also
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developed &-Syn inclusions that were hyper-phosphorylated H29SIn contrast, the distribution oé-h
Syn was not affected when expresseg-8yn KO neurons, which was expected becauSgn levels in
WT hippocampal neurons were already very low, &edetfore could not be drastically reduced-8yn
KO neurons. These results are also in line withviptes reports showing thgt-Syn inhibits a-Syn
aggregatiorin vitro(55, 56), as well ais vivo, as double transgenic mice co-expressing both humand
B-Syn exhibit ameliorated motor deficits and loweSyn accumulation(37, 57). Our results however
further suggest that the total levels or ratio athbendogenoug- andp-Syn could be critical in protecting
against h-Syn aggregation. Once this level drops below &aethreshold (either in the single or triple
KOs), aggregation ofdiSyn into LB-like inclusions becomes progressivep@rting this proposition is
the observation that intermediate reduction af®yn levels by shRNA did not promote-Byn inclusion
formation in WT neurons.

In summary, we have shown that two endogenous menaf¢he synuclein family, mSyn and -
Syn, attenuate the aggregation of over-expresseflyh in mouse neurons. Taken together with the
multitude of studies that have reported aggregatibibition in the presence of amyloidogenic hongulos
proteins (such as A TTR, Haemoglobin and IAPP), this observation dotgflect a more generic
biological phenomenon, where endogenous homologcetess natural inhibitors of abnormal aggregation.
Not only could this explain why most current rod®m models relying ondiSyn overexpression in WT
mice do not show prominenti#8yn fibrillization, but it also provides novel aghr andin vivo models
that reproduce for the first time, the clear formatof fibrillar ha-Syn aggregates. The ability to
guantitatively assess the dynamics of inclusiom#ftion in these models provides unique opportuntte
elucidate molecular and cellular determinantsitifatence the mechanisms@{Syn fibrillization in living
neurons, and the identification of pathways thatluhate this process and contribute to neurodegtoera
Further studies using these models could allowtifyémg novel drugs for the treatment of PD based o
modulatinga-Syn aggregation and inter-neuronal spreadingnbaecing the degradation and clearance of

toxic a-Syn aggregates.

Materials and Methods

Further experimental details are provide&InText

Primary neuron culture preparation, transfection, infection and Tolcapone treatment.Primary
hippocampal neuronal cultures were prepared fromCB@BL/6JRccHsd (WT, Harlan laboratories),
C57BL/6JOlaHsd ¢-Syn KO, Harlan laboratories)(12), B6,1298hc¢d™RJ (@-Syn KO, Jackson
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laboratories)(13)p-Syn KO(31),y-Syn KO(58), ora-p-y-Syn KO mice(33) as previously described(10).
Briefly, hippocampi were dissociated with papaiml &fiturated using a glass pipette. After centriftign

at 4009 for 2 min, cells were plated in MEM/10% horse seranto poly-L-lysine (Sigma) coated
coverslips (glass 12mm, VWR, for immunocytochemistr thermanox plastic 13mm, Nunc, for TEM) at
1.5 x 10 cells/ml, or at 3 x 10cells/ml in 35mm confocal dishes (World Precisifam,live imaging) or in

10 cm dishes (BD Biosciences, for biochemical asiglyMedium was changed after 4 hrs to Neurobasal/
B27 medium, and neurons were treated with ARAC r{faig after 6 days-in-vitro (DIV) to stop glial
division. At 7 DIV, neurons were either transientitgnsfected using Lipofectamit¥e2000 (Invitrogen)
according to manufacturer’s instructions for ugtdays, or infected with lentiviruses at a multifiyi of
infection of 10 for up to 7 days. When indicated h2s post-transfection, neurons were treated 20tpM

Tolcapone (Sigma) for an additional 24 hrs befarmiunocytochemistry.
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Fig. 1. The absence of mSyn promotes lu-Syn aggregation in primary neurons.(A) ha-Syn exhibits
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Quantification of 25 neurons per condition (n=3dpdndent experiments) shows that significantly more
SNCA" neurons develop inclusions (>1 pm in diametg8).tubulin staining was performed to reveal
neurons(B) OverexpressedoaSyn reassumes its diffuse localizationSNCA™ neurons upon restoring
ma-Syn expression by transient transfection. Quanation of inclusion formation (>1um) in 25 neurons
per condition (n=3 independent experiments) shogsifcantly less inclusions formation iIBNCA"
neurons co-expressing both protei®®). (ess monomericdxSyn is detected in nonionic detergent-soluble
(Det. Sol.) fractions of lentivirally infecteBNCA" neurons compared to WT counterparts. In contrast,
nonionic detergent-insoluble (Det. Insol.) frac8af infectedSNCA" neurons show more monomeric and
HMW ha-Syn species, comparably to Det. Insol. fractiohg/@ neurons treated for 3 days with-Byn
PFFs (0.5 uM). Actin was used to control for eqomatein loading. Densitometric quantification (n=4
independent experiments) of Det. Sak-3yn reveals significantly decreased levels whepressed in
SNCA" compared to WT neurongn “A-C”, the Mann-Whiney test was applied to obtain P values
(overlayed on histograms showing mean #* standaviatien (SD)). In “B-C”,ha-Syn and m-Syn were
differentially revealed using the Syn-211 and D37a&fibodies, respectivelyD) Nine different antia-

Syn antibodies (epitopes in Table S&}ect inclusions iIBNCA™ neurons transfected withud8yn. (E) ha-

Syn inclusions in transfect@NCA" neurons exhibit LB-like pathology, as they areifpesto Thioflavin-

S (lower panel), are phosphorylated at S129 (upaeel) and are ubiquitinated (middle panel). Co-
localization was confirmed by assessing regressiafficients (R) of signals of both channels (shown in
the upper right corner of the merged images). Suale denote 10 um in “A-B” and 5 um in “D-E”.
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Fig. 2. Ultrastructure of ha-Syn inclusions inSNCA™ neurons. (A)For CLEM analysis, a stained neuron
was imaged by confocal microscopy, and then regsmsk and imaged by TEM resulting in a high
resolution 3D acquisition of the same neuron. Rostration,the nucleus is rendered in blue, the cytosol

in purple and inclusions in yellov&cale bars denote 5u(B) To correlate between structures observed by
ssTEM and fluorescence, single plane images wgrersmposed (upper panel). High resolution images
of inclusions (red boxes 1 and 2) are shown inltdweer panel, with arrows indicating filamentous
structures. The scale bar denotes 5 and 2 um ingper and lower panel, respective(§) The same
analysis as in (B) but on different confocal antiEld planes from the same neuron shows heterogeneous
filamentous contentD) Most filaments observed by sSTEM (n=473) have alidnging from 7-13 nm.
The normal curve is shown in red, as well as vabfesean + SD(E) Immuno-gold labelling oBNCA"
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neurons expressingdByn with the ab-6176 anti-Synuclein antibody elétabs that filaments are positive
for Synuclein. Four ssTEM images of different méigations of the inclusion (blue arrowhead) and
filaments (green arrowhead) are shown. The scalddotes 1 um in the upper panel and 125 nm in the
lower panel(F) A 3D model of the inclusion (blue arrow in “E”) re@ls a mesh of intertwining filamentous
structures (in purple) with gold particles reactivith inner and outer portions. For illustrationetnucleus

is rendered in blue, the inclusion in yellow, amiuno-gold particles in green.
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Fig. 3. ha-Syn inclusions in SNCA™ neurons grow and incorporate soluble k-Syn. (A) ha-Syn
inclusions form 24 hrs post-transfection and growerothe next 24 hrs. 3D inclusion rendering and
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guantification (n=25 neurons per condition) revesadmificant inclusion volume increase at 48 anchi®2

in MAP2 positive neuronsB) mEOS2e-Syn inclusions form 24 hrs post-transfection armlgover 72
hrs of live imaging. 3D inclusion rendering and wification (50 neurons per condition) reveals #igant
inclusion volume increase 72 hrs post-transfec(ich mEOS2e-Syn inclusions are immuno-positive for
total a-Syn (Syn-1), pS128-Syn (WAKO) and ubiquitin(D) mEOS2-Syn inclusions are immobile, and
individually grow over ~1 hr of live imaging. Scabars denote 5 um in “A-C”, and 2 pum in “OE) In
FRAP experiments, inclusions were photo-bleached, faiorescence recovery from diffusing soluble
protein was monitored. In photo-conversion expenitsignclusion fluorescence was photo-converteghfro
488 nm to 568 nm, and 568 nm fluorescence decaglitfiysion out of inclusions was monitored.
Fluorescence before, during and after inclusioag®ed circles) photo-bleachi(ig) or photo-conversion
(G) is shown. Middle panels show higher magnificatibgellow boxes. Bottom panels show average plots
(x SD) of normalized FRAP or photo-conversion (588 channel) recovery curves (n=87 or 63 inclusions,
respectively)Scale bars denote 2 and 1 um in lower and highgnifieations.(H) Values for immobile
fractions and diffusion coefficients obtained fropihoto-conversion curves (n=50 inclusions) are
significantly lower than those obtained by FRAP:AaB and H”, the Mann-Whiney test was applied to
obtain P values (overlayed on box plots/violin sargplots of individual values).
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Fig. 4. Inclusion formation in SNCA™ neurons reflects a la-Syn aggregation driven process. (A)
Whereas both xSy and lu-Syn**?° form inclusions, the S87E aggregation deficieniarda exhibits
diffuse localization iNSNCA™ neurons 48 hrs post-transfection. Quantificatibrinclusion formation
(>1um) in 25 neurons per condition (mean + SD, mel@pendent experiments) shows that significantly
lessa-Syr®’E expressing neurons develop inclusions comparedSgr- and Syn'? counterparts(B)

Live imaging of SNCA" neurons expressing mEOSSyrTt, mEOS2e-Syre’E or mEOS2a-Syn'*'?° 24

hrs or 48 hrs post-transfection shows that mME@S3T°’F does not form prominent inclusions at both
time-points.(C) 3D rendering of inclusion volume over 48 hrs poatisfection (50 neurons per condition)
shows that whereas mEOS&ZSyn*'? forms significantly larger inclusions 24 hrs pastrsfection
compared to mMEOS&-Syn"", the mEOS2+Syr*®’Emutant forms smaller inclusions at 48 hrs. Boxplot
overlaying violin scatter plots of individual vakiare shown(D) SNCA" neurons expressingusyn for

24 hrs were treated either with DMSO or 20uM Totoapfor an additional 24 hrs. Whereas DMSO treated
neurons develop inclusions, those treated with dmboe exhibit diffuse diSyn localization.
Quantification of inclusion formation (>1um) in 28urons per condition (mean + SD, n=3 independent
experiments) shows that significantly less tolcapdreated transfected neurons develop inclusions
compared to DMSO treated controls (right panel)allrpanels scale bars denote 5 um. In “A” one-way
ANOVA/Scheffé test was applied, whereas in “C-D” the Mann-Whitest was applied to obtain P values
(overlayed on plots).
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Fig. 5. Endogenous-Syn KO naturally also acts as a b-Syn aggregation inhibitor in primary
neurons. (A) Immuno-cytochemistry validates losswfandp-Syn expression in-Syn KO, -Syn KO
and triple Syn KO neurons compared to WT neuransohtrasty-Syn immunoreactivity was not detected
across conditiongB) ha-Syn exhibits diffuse distribution in WT andSyn KO transfected neurons, and

forms inclusions (>1 pum) in cell bodies and nesrdés-Syn KO and triple Syn KO neuror@uantification
of 20 neurons per condition (mean = SD, n=3 inddpahexperiments) shows that significantly mpre
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Syn KO neurons and Triple KO neurons (one-way ANOQ\Bthef€) develop inclusions (>1 um in
diameter) compared to non-Tg neurgi@). Inclusions formed iff-Syn KO and triple Syn KO neurons are
hyper-phosphorylated at S129. Co-localization wardiomed by assessing regression coefficienty R
signals of both channels. The scale bar denotgs2th “A”, and 5 um in B-C.
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Fig. 6. The absence of mSyn promotes lu-Syn aggregation transgenic micgA) Less monomericd:
Syn is detected in detergent-soluble fractions fromSyri”* SNCA" mice compared tcha-Syri’™
counterparts, concomitant with appearance of HMMEKIn species in detergent-insoluble fractions. Loss
of ma-Syn expression iSNCA™ mice is verified using the @aSyn specific antibody D37A6, and actin
denotes equal protein loading. The asterisk refeasnonspecific band. Densitometric quantificafjion3
independent experiments) shows significantly desrédevels of cytosolicchSyn when expressed on
SNCA" background(B) ha-Syri™ andha-Syri”* SNCA" mice brains show stronguéSyn expression in the
neocortex, striatum and hippocampus that weakems BK treatment. High magnification analysis (is¥et
reveals intense proteinase-K resistamSyn inclusions ima-Syri” SNCA" mice. Scale bars denote 100
pm in overviews and 15 um in insets. Quantificabbthe number of cells with proteinase-K resistant
Syn inclusions per 0.1 nfnin= 3 mice per condition) shows that significamtipre inclusion bearing cells
are detected in the neocortex and hippocampim-&yri’* SNCA™ mice compared tda-Syrd’* mice In
“A-B”, the Mann-Whiney test was applied to obtain P valogserlayed on histograms showing mean +
SD). (C-D) Double positive &i-Syn inclusions for total-Syn and pS128-Syn (C) or synaptophysin (D)
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are detected in the cortex, striatum and hippocangftha-Syri”* SNCA" mice. Orthogonal Z-stacks
projections verify intracellular nature of inclusg Scale bar denotes 5 um.
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Fig. 7. mu-Syn interacts with aggregated l-Syn species and attenuates seeding and spreadir(@\)
ma-Syn monomers (M) were incubated with equimolar am® of lu-Syn M or sonicated fibrils (PFFs)
before immuno-precipitation (IP) ofakSyn. Following IP, m-Syn was detected only in the sample
comprising the mixture of mSyn and h-Syn PFFs. Input solutions show similar proteirelesbefore IP.
The asterisks denote the heavy and light chaitiseontibody used for IFB) ha-Syn M or lu-Syn PFFs
were immobilized on a CM5 chip, and then increasingcentrations of mSyn M were flushed in to
assess interaction kinetics by surface plasmomess® (SPR). A response (interaction) was noteudset
immobilized fu-Syn PFF and injecteda¥Syn M, and not with &Syn M. (C-F) ha-Syn M were incubated
either alone (20 uM) or with 10% sonicatedByn PFFs or m-Syn PFFs, and aggregation kinetics were
followed by: (C) ThT fluorescencgD-E) assessing remaining soluble protein @AdTEM analysis(C-

E) Quantification of 3 independent experiments shdves inixtures of b-Syn PFFs + &Syn M exhibit
significantly higher ThT bindingC) and less soluble protein cont¢bBtE) compared todr-Syn M + mu-
Syn PFFs at early time-points (0-12 hours). The Mdrhiney test was applied to obtain P values (PH0.0
from, and values of mean + SD are sho(#). TEM analysis shows that mixtures af-Byn PFFs + &
Syn M start forming fibrils after 8 hrs, comparedhx-Syn M alone or with m-Syn PFFs which form
oligomeric species at this timepoint. After 72 hafl, three conditions show fibrillar morpholog{G)
Immunohistochemistry shows compact somatic pSit&§n inclusions (arrows) in the cingulate cortex,
amygdala and striatum of WT mice injected with-8yn PFFs. In contrast, injection ai-$yn PFFs in
WT mice resulted in diffuse staining (arrowheadsjhie cingulate cortex, and few somatic inclusions
the amygdala and striatum. Likewise, injection ither ho-Syn PFFs or m-Syn PFFs irSNCA™ mice
resulted mostly in diffuse localization, with vefigw detected inclusions. Quantification of the nembf
cells showing pS128-Syn pathology per 0.1 nfm(n= 5 mice per condition; mean *+ SD) shows
significantly more inclusions (Mann-Whitney test) the cingulate cortex and amygdala of WT mice
injected with na-Syn PFFs compared to48yn PFFs. In isNCA"mice, no differences were noted across
conditions. The scale bar denotes 200 nm in F &@dpim in G.(H) Potential mechanism ofukSyn
aggregation inhibition by endogenous+8yn or n-Syn. In WT neurons, over-expressed monomaetic h
Syn (green) misfolds into aggregation prone inteliates that form oligomers/protofibrils. Endogenous
ma-Syn monomers (in red) or¥Byn (purple) preferentially interact with these-Byn species. This
interaction attenuates the progressive incorparaifdn-Syn monomers, resulting in slower aggregation
kinetics and decreased fibril formation.3NCA" neurons of-Syn KO neurons, as the combined levels of
endogenous mSyn and ri-Syn falls below a certain threshold, the inhibt@apping mechanism is
reduced, and thus over-expresseeBlyn aggregates more readily.
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