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Abstract
Proteingpathiegepresent a group of diseasgwaracteried by the unregulatedmisfolding and
aggregatiorof proteirs. Accumulation of misfolded proteiim the certral nervous systerfCNS)
is associated with neurodegenerative diseasesuch as the transmissible spongiform
encephalopathies (@rion diseass), Alzheimer’s diseas@nd the synudeinopathies(the most
common of which is Parkinson’s disea¥gj these, the pathogenic mechanisms of prion disease
are particularly striking where thansmissible,causative agent of disease is the prion, or
proteinacious infectious particléPrions are composed almastclusivelyof PrP% a misfolded

isoform of the normal@lular protein,PrF, whichis found accumulated in the CNS in disease.
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Today, mounting evidence suggestber aggregatingproteins such as amylofl (Ap) and a-
synuclein (asyn), proteins associated with Alzheimer's disease and synucleinopathies
respectiely, sharesimilar biophysicaland biochemicapropertieswith PrP thatinfluences how
they misfold, aggregate and propagate in disdasthis regard, th&efinition of a‘prion’ may
ultimately expand to include oth@athogenicproteins Unifying knavledge of folded protem
may alsoreveal commommechanisms associated with otHeaturesof disease that are less
understoodsuch as neurotoxicityl his review dscusseshe commonfeaturesAfy andasyn share

with PrPandneurotoxicmechanismassociated witthesemisfolded proteis.

Abbreviations

asyn — alpha synuclein

APP - amyloid-f protein precursor

Ap —amyloid beta

ApoE — apolipoprotein E

AD — Alzheimer's Disease

ALS —amyaotrophic lateal sclerosis

CAA - cerebral amyloid angiopathy
CNS-central mervous system
CSF-cerebrospinal fluid

CJD- CreutzfeldtJakob disease

DLB - dementia with Lewy bodies

FTD —frontotemporal dementia

GPI - glycosylphosphatidylinositol

LB — Lewy body

LN — Lewy neurite

LTP - long term potentiation

LTD - long'term depression

MSA - multiple system atrophy
PD-"Parkinson’s Disease

PrE” Lcelltlar prion protein

PrP*° — disease associated prion protein

PK — proteinase K

PMCA —protein misfolding cyclic amplificatio
TSE-—transmissible spongiform encephalopathy
I ntroduction

Neurodegenerative proteinopathasa group of disordemdistinguished by thatra- or
extracellular accumulation specific proteirs asp-sheet rich aggregatasthecentral nervous

system(CNS)and associated neuronal vulnerabilpey include Alzheimer's disease (AD)
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synucleinopathies (the most common of which is Parkinson’s diseasdrdBnissible
spongiform encephalopathies (TSBs0 known agrion diseas§sAmyotrophicLateral

Sclerosis (ALS) and frontotempadidementia (FTD), among othelthough distinguished by
diseasespecificpathologyand clinical presentations, these disorders share conspicuous
similarities.They are largelygerelateddisorderswith most cases beingf sporadic origi.
Currently they are incurableith therapeutic strategies only aimed at alleviating symptords
despite [extensive effortthe normal pisiologicd function ofthe proteinsthataggregate in
diseasgemainsunknown These proteingre howeverall intimately associated with their
respective disordeasmutations in the gene encoding the protein, or its precursor forms cause

early-onset familial disease.

Of the proteinopathies, the unusual mechanisms gimggethe infectious nature girion diseases
are particularly strikingTheyrepresent group ofheurodegenetive diseases where the causative
agent of disease is tipeion or proteinaceous infectious partic{€rusiner 1982jhat iscomposed
almost exclusively oPrP>% a misfolded isoform of the normal cellufarion protein, Pr. The
prion hypothesis dictates that) diseaseaberrant PrE® molecules aggregate together and induce
conformational misfolding in susceptible Prgausing nucleatiodependentautocatalytic
amplificationofitransmissiblgrions This continuouscycle ofseedingallows prions to propagate
within the hostresulting iaccumubtion ofp-sheet riclPrP*in the CNSand widespread damage
to neuronsDuring prion propagation xéension ofthe growing Prf* aggregatean causé¢he
aggregateitbreak thus creating more nucleation se&aamplify propagatior(s 1). Prion
propagatioroccursduringalong silentincubationperiod that can span decadebjch isfollowed

by therapidonset of clinical disease adéath

Today, @&cumulating evidence suggests misfolded proteins associated with atteénqyuathies
share conserved molecular and biochemical properties witfitRe® influences how they
misfold, aggregate and propagate in disease. Some of the strongest evidprioe-fike
behaviour exists for anhgid-p (AB) anda-synuclein(asyn), proteins associated withD and
synucleinopathiege.g. Multiple System Atrophy (MSA), Dementia with Lewy bodies (DLB),
PD), respectivelylndeed, detailing of thstereotypical spread of these proteins in the CNS over
the course of diseagpeovided the first evidender propagation opathogeniasyn andAp seeds
(Braaketali2003, Braak & Braak 1991, That al.2002) Theaccumulating evidence pfion-
like characteristicef A and asyn has l@ to suggestionsfahe expansion of the prion concept
This reviéw: discusses the characteristics AP and asyn share with PrP>°, and explores how these
common characteristics may also inform our understanding of neurotoRAititgugh outsidehe
scope of this reviewt is important to notéhatin addition toA andasyn, many other proteins

associated with neurodegenerative proteinopattdge been shown to shaienilarities with
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prions including superoxide dismutase 10[31), huntingtin proteinand tauLee & Kim 2015,
Holmes & Diamond 2014, Costanzo & Zurzolo 2013)

PrP*: the conventional prion

Prion diseaseepresent group ofinfectious, invariably lethal neurodegenerativeediges that
affect bothshumans and animdls humansprion disease can be caused by mutations in the gene
encodingPrP", PRNP resulting in familial Creutzfeldiakob disease (CJD), Gerstmann
StausslerScheinker (GSS) syndrome or fatal familial insomnia (FHipse éseasecan also be
contracted following exposure to prions and include variant CJD (vCaR),and iatrogenic CJD
(iCJD), orthey.may arisérom an unknown origin (sporadic CJD). Nboman prion disease
include 'scrapie in sheep and goats, bovine spongiform encephalopathyr{B&teand chronic
wasting disease in deer and elk. The pathology of prion disease is charactegxtddstiular
deposition/of aggregatdtP>° (Figure 2) along withastrogliosis and vacuolation including

associated'neurogutlogical spongiform change in the CNS

The infectiousnature of prions is well establishettansmitdiseasdoth within and across
speciesEarly,studies showed brain homogenate from scriafpgeted sheep could successfully
transmitdisease to godtsuillé & Chelle 1936 and micg(Chandler 1961)Likewise, numerous
studies 'demonstratédiman prion disease could be transmitted temaman primate§Gajdusek
et al2966,Gibb<t al. 1968, Masterst al. 1981) In humans, acquired prion disease has been
associated with several serious epidentiesu, one of the most prominefdarmsof prion
diseasealfilicted the nativd-ore tribes of Paym New Guinealn these populatia)ritualistic
cannibalismwasidentified as theoute of transmissioandcessatiorof this practicehasvirtually
eradcated new cases of dised€mllinge & Alpers 2008)The finding that consumption of BSE
infected beef was responsible for vCAMiIll et al. 1996, Hillet al. 1997)led toone of the largest
health crise of the 28 century causingwidespread economic damage to countries found to have
a contaminated bééndustryand concern of largecalepublic exposuréo the pathogen due to
the long incubation period of diseagelditionaly variousiCJD cases have bedncumented
with routes of unintentionaldmanto-human transmissioincludingthe use of inapprojately
sterilised surgical equipme(Bernoulliet al. 1977, El Hachimet al. 1997) dura mater grafts
(Miyashitaet al.1991, Willisonet al.1991) corneal graftingDuffy et al. 1974, Heckmanet al.
1997) blood transfusiofiLlewelyn et al.2004, Pedeset al.2004)and use of human cadaveric
pituitary-derived growth hormone or gonadotropf@ochiuset al. 1990, PowelJacksoret al.
1985)(for anextensive list ofeferences ohumanto-human transmission of prion diseassfer
to: (Brown et al.2006). Of these thehighesthnumberof iCJD cases are associated with dura
mater grafts and hormone administrat{Bnown et al.2012) These cases afcquirel disease
haveledto major reform irthe handling ofbiological samples in the food antedical industry to

reduce contaminain andprevent future outbreaks of prion disease.
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The conversion of Pfto PrP°is concomitant with substantial structural drophysical
alterations to the moleculEpon misfolding, the a-helix rich Prf that isusually attached to the
cellular membrane via iglycosylphosphédylinositol (GPI)anchor switches to one primarily
composed of B-sheet(Borcheltet al. 1990, Paretal. 1993) These changesded toan increase
resistance to degradation by heat and prose#ise latter feature of which is often exploited for its
detectionby incubation with proteinase ¢K). In addition, t is well accepted not all PtPare
idenical andrather PrP*° encompass a range of various sized®RyRasispecieqLi et al.2010)
that harbour unique properties; for example, the most infectious prion partipkzss ap be those

of small masses consisting of-28 moleculegSilveiraet al.2005, Simoneaat al.2007)

Numerous data demonstrate that propagation ofRi@conformational ngfolding of Pr is an
essential component of disease pathogeriBsissgenic PrPknodout mice are resistant to
infection.by.priongBueleret al. 1993)andablating PrP® expression in prioinfected mice after
the onset of clinical symptonfelts disease progression and reseagly neuropathological
changegMallucci et al.2003) The development of assays that study the conversion 5t&rP
PrPin cell free syems provides additional insight into the misfolding of the protaithe cell
free conversion assay, radabelled recombinant Pfradopts PrP-like features such as
resistance to PK when incubated in the presence of partially denaturédd?ivedfrom prion
infected hamstefKociskoet al. 1994) Another cell free assathe Protein Misfolding Cyclic
Amplification (PMCA) assay, shows amplification of R&sistant PrP occurs when excess RsP
subjectedto repeated rounds of sonication and incubation in the presersmaalf Pré seed
(Saborioet al.2001) When subjected to PMCAprmal brain homogenate seeded with a small
amountof prionrinfected brain homogenagenplifiesPK-resistant, insoluble PrRlike species
that ransmits disease when inoculated witml-type mice(Castillaet al 2005) Collectively
these stlidies demonstrate the requiremeRt@fin the generation dPrP> andin the

propagation‘and transmission of prionsivo.

An importantcomponent to proving the prion hypothesis reqaieetonstraon thatPrP>° alone
wasa transmissible element that could induce the pathology of prion distadies showed
recombinant PfPmay bemisfolded to form a Pr¥-like species that causdisease when
inoculatedtinto Pridverexpressingmnice (Legnameet al.2004)or in wild-type mice when the
protein_ismisfolded in the presence of normal brain homoge(idkaravaet al.2010) however
variationsiexigdin the pathology and long incubation period required for presentatidaeafss
indicatingPrP” alone may not be the sole pathogenic agent in traditional prion digease
explanation for this variation was suggested by the obsentaabadditional factors, @o-
factors could contribute to the misfolding of PtRJsing PMCA, PrB-like species may be

formedfrom normal brain homogenate or purified brdeerived Pr corrbined with RNA
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species (Deleautit al.2007, Barrieet al.2009) both that cause disease in wijghe rodents. The
latter finding, along with others, show polyanionic and lipid species are redoirefficient
misfolding of PrP® and infectivity(Deleaultet al.2005, Deleault et al. 2007, Deleaettal. 2003,
Geoghegaet al.2007, Wanget al.2007) By the addition oto-factors misfolding recombinant
PrP in the preseroof RNA and lipids producete novgprions that are highly infectious vivo
and manifest disaain wild-type mce which faithfully replicates conventional priofg/anget

al. 2010) These studies confirm an altered conformation of PrP is the major component
responsible for infectivityf prions, however the requiremenftco-factorssuggests other

molecules may form a natural component of a transmigsitda.

An unusual feature of prion diseaset®in variability, wherebyunique patterns aflinical
presentation, incubation perid@P* deposition and neuronal vulnerability are displayed amongst
prions(Moraleset al.2007) Unlike conentional pathogens where strain variability is a result of
genomic,alteration, it isnusual fomultiple disease phenotyptsbe enciphered by a polypeptide
chain Importantknowledgeinto strain variability amefrom elegant studiesntwo hamster
adaped prion strainslyper(HY) andDrowsy(DY). These two strains arose from the same
original‘animaland were propagated through hamsters with iderRR&NPsequence, however
while hamsters,inoculated with HY prions devettpxia anchyperaesthesjdamsters infected
with DY, prions show lethargy and a longer incubation pefigessen & Marsh 1992a)hese
divergent clinical featurearecoupled with unique pathological profiles of protein aggregation
betweenthe,two strairfBessen & Marsh 1992andbiochemical analysis of the brains of
animalsinfected with HY or DYrevealdifferencesn electrophoretic mobility oPK-resistant PrP
(Bessen & Marsh 1992p3uggestinghe structuref PrEis alterecbetween the two strainghis
observation ifurthersupported by the finding that these strains also exhibit different infrared
spectrum of absorption the range that correlatesfiesheet conterilCaugheyet al. 1998)
indicating the secondary structuresdf and DY are dissimilarStructural variability of Pr&¥is
also likely*tooccur in the human condition, where®pPesent in sporadigrion diseased brai

are distinguished by changes in electrophoretic mobility which appears to coriigate w
pathélogical'and clinical feature$ diseas€Hill et al.2003) Althoughthe general consensus is
that the ,conformer of the misfolded protein encdtiedisease phenotypeheorigin of unique
strains and howheseconformationathangesncite the uniqueclinical and pathologicadrofiles

is still peorly"understood.

Prion-like properties of A

The accumulation of amyloiglaques primarily composed Af in the extracellular space of the
CNSis a common feature oflzheimer’s diseas@Masterset al. 1985)(Figure 2) A naturally
occurring cleavage product of the integral membrane protein, amfylpidteinprecursor (APP)

(Kanget al.1987) Ap is produced by the sgential cleavage bf§ and y- secretases thateave
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at various site;n APP,produdng AP peptides which differ by several amino acid lesg#iong
with AP deposition AD is associated with theccumulatiorof neurofibrillary tangles cosisting
of hyperphosporylatedforms of themicrotubuleassociated protein, tadside fromage the
biggestknown risk factor for ADs the expression dhee4 allele of the lipoprotein ApoE
(ApoE4)(Corderet al. 1993)thatworsenghe trajectory otognitive declineén association with
AP burden inpreclinical ADindividuals(Mormino et al.2014, Limet al.2015a, Limet al.
2015b)

Some ofithe first indications of pridike behaviour of & came fronprimate studiesvhereAp
depositiorwas found inthe CNSof marmoset$-7 years after intracerebral inoculationhofman
AD tissue(Bakeret al.1993) suggestingrathogenic A seeds may propagate within its host
similar to prions Further support for thisancept caméollowing the generatiorof transgenic
animals Mice expressing APP containing mutations associated with human familial AD
spontaneously.develdp pathologyand are used to model disease, wiith of the most widely
useal transgenic mic&g2576(Hsiaoet al. 1996)and APP23SturchlerPierratet al. 1997)
expressig.the Swedish familial mutation K670M/N671Unilateralinoculation ofdilute brain
homogenate from human AD brain into the hippocampus and neocortex of young Tg2576 mice
accderates thesdeposition &, with extensive &-pathology found monthspost injection
whilst limited or no deposition occurred in Tg25G@unterparténjected with aganatched non
AD or young norAD brainextract(Kaneet al.2000) Underthe same experimental conditioas,
similar finding wasobserved byging the mice to 12 monthsherealthoughAp deposition was
presenbilaterally, protein depositiowas significantly more extensive tine hemisphere
inoculated with AD brairfWalkeret al.2002) Consistent with the ability dkp-rich brain
homogenate to induce this pathology, a similarmitype may be achieved by inoculating ypun
pre-symptomatic mice witbrain homogenate from aged ooeiparts that have developed

extensiveAp deposition(MeyerLuehmanret al.2006)

Since these findingsumerousstudies havaighlightedthe relevance oAp in accelerating
pathologyin"/AD-model mice Removalof AB from aged APP23 braihomogenateia
immunodepletioror immunization againsip abrogates the ability of extracts to triggdy
pathology(MeyerLuehmann et al. 200@nd pe-treaing human ADbrain homogenate with
magnetic'beads coleudl toacompoundhat bing misfolded proteidecreased levels in the
homogenatand reduceis seeding potentiah vivo (DurartAniotz et al.2014) Consistent with
these observationd)¢ concentration oA in theseed andts expression in the brain determines
the time and severity &3 deposition, and is independenttbé age of the mouse when
inoculatedHamaguchgt al.2012, MeyerLuehmann et al. 2006)n AD-model mice Ap
pathology may also be triggered A seeds derived from human brain of patients waitlyloid
burdenwithout dementigDuranAniotz et al.2013)andsynthetic misfolded AP (St6hret al.
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2012, Stohet al.2014) The development cAB-pathology intransgenic APHEnodel mice has

been studied wher&p propagation follows a systematic spread with induction of pathology
corresponding to thimbic connectoméYe et al.2015) Collectively these studies give strong
support forAp being the agent drivinthe accelerated\ pattology seen in ABmodel mice and

supports the concept thap may propagate similar to prions.

The tragmissible nature & seeds shargeveral similarities witlprions includhg their
resistance tactivation by treatment wittormaldehydgFritschiet al.2014a)and theability to
be transmitted on steel wir@Siseleet al.2009) a conceptlevelopedd replicate transmission of
prions via surgical equipme(ilechsiget al. 2001, Zobeleet al. 1999) It has been reported
small aggregatesf Ap arethe most infectioufl_angeret al.2011) Although syntheticAp may
induceAD pathologyin vivo (Stohr et al. 2012, Stéhr et al. 2014)s markedly less effective
than brain homogena{&tohr et al. 2012which may indicate biologal co-factorsare required
for efficient. propagation oAf in vivo. The propagation oA in vivohas also been confirmed
following injection of AP seeds via the intraperitoneal route (Eiseleet al.2010, Eiseleetal. 2014)

consistent with, propagation of pathogenic seeds from the periphery to the CNS.

Although compelling, there are sevetaleats taising ADmodel mice to studyp propagation.
Accelerationof @an existingAp pathology in transgenic mice aftexposure taan Ap extractdoes
notnecessarily prove thap is infectious; loweverthe generationf Ap pathologyin transgenic
mice expressing wildype human APP or mutant human APP that would not degploptaneous
AP pathelogy in theexperimental timeimedoes support the transmissible propertiea f
aggregategMoraleset al.2012, Rosemt al.2012, Hamaguchi et al. 2012, Stohr et al. 2012)
Cerebral spinal fluid (CSHyom AD patientghatcontainhigher levels of AR compared to brain
extracts desnot induceAp pathology in young APP23 mig€ritschiet al.2014b) which may
indicate'cefactorsin the brain bt not CSHnfluences the ability of Af to propagatg@athology

An additional considerationsing these transgenic mice is that althoagtdepositioncan be
accelerated by the addition Af seedsneuological dysfunction is absent, and thus the model of

AP propagation does not model all features of AD.

Evidene of transmission of AP in humans has been reported whereunusual deposition of AB was
foundinithebrains ofCJD patients who contractetiseasdollowing human cadaveric pituitary
derived.growth hormone treatmgdaunmuktanet al.2015) Of asmall sample group of eight,

four contained extensive deposition of AB in the CNS parenchyma and varying degrees of cerebral
amyloid angiopathy (CAA); the pathological depositiom’@fin blood vessels that occurs in
approximately 80% of AD patien{SerranePozoet al.2011) An additbnal three cases had

sparse AP deposition or AP deposition in association with PrP plaques. Given the young age of the

patients &ge range: 36 51 yeary, it is unlikely the Ap pathology arose sporadicallyA possible
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explanatiorfor this observation ishat Ap seeds werpresent in theadaverderived growth
hormone As evidence that\p deposition occurred through a transmission event, the growth
hormone recipients did not have any kndactors that may havgredisposed them tf
pathology including krown AD-associated genetic mutations gusitive ApoE4 statuslt is
possible that the AP deposition was a result of cross-seeding by Pr¥, howeveiin the majority of
casego-localization was not found and post neontpathological assessment of a langember
(35) of patients with genetic or sporadic prion disease failed to identify A pathology in
comparable age groups, with the exception of two cases that were positheApoE4allele
(Jaunmuktane et al. 2015). As pragffprinciple for the presence of Ap in pituitary-derived
growth hormone, deposid AB has beeriound in thepituitary gland of AD patientglrwin et al.
2013, Jaunmuktane et al. 201Bhother study has reported unusaglpathology in iCID
patients who_contracted disease after dura mater gréiingtzeket al.2016) Five out of seven
patients (age range: 2&3 years) reported pathology and CAA consistent with AD, which
was significantly grater than the frequency af3 pathology seen in 21 agmatched controls. In
both cases,lthough it is intriguing to postulate iatrogenic transmission of AP has occurred, the
overarching. manifestation of iCJD makes it impossible to ascertain whetheatisisiission

would haveresulted inclinical AD.

Strainvariationmay also be a feature Af3. Differences are found in thgathologicaland
biochemical profile®f Ap isolated frondifferent transgenic mutant APP misech as APP23
(containingsthe APP Sadish mutationkK670M/N671L) (SturchlerPierrat et al. 1997and
APPPSimice;a transgenic mouse line that contains the Swedish mutdtiog with a mutation
in the AD-associated gerRSEN1at position L166FRaddeet al.2006) The largeAp deposits
formed in the brain of APP23 mice grathologicallydissimilar to theAp aggregates in APP/PS1
mice which present as small, compact plaq@esrchlerPierrat et al. 1997, Radde et al. 2006)
AP speciedlerived from these transgenic mouse lials®harbour divergenAp peptide ratios

and spectre"upon incubation withminescent amyloibinding dyegHeilbronneret al.2013)
Consistent with the concept of priomasns, inoculation of APFPS1or APP23brain homogenate
into youngAPP23miceinducesthe formation ofAp aggregatethat are similar in morphology,
binding affinity to amyloid dye and peptide ratio to tbatheinoculum(Heilbronner et al. 2013)
Similarly, distinctclinical and pathological phenotypes are found in the human condition,
exampletof'which is seen AD-patients carrying the Arctic or Swedish mutatio®PP. The
Arctic mutation E693Q occurs wihin theAB sequence of APP and in humans disease is
characterized by increased protofibril formation and the deposition of aispgtifeptide
(AP38) preferentially surrounding blood vess@toro et al.2012) Disease irpatients carrying
this mutation is associated with rapid cognitive decline and lower plasma levdlsofmpared
to what is typically seen in AD patien(dilsberthet al.2001) In contrast, theBedishmutation

(K670M/N671L) is located outside the sequence, causing disease associated with the
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overproduction of wiletype Ap andAD pathology that is snilar to sporadic diseag€itron et al.
1992, Mullanet al.1992) These mutations in AP&nfer unique bichemical profiles oAp
species formed, where braderivedArctic Ap species are more PK resistant than those isolated
from Swedish or sporadi&D patients (Wattgt al.2014) Transgenic mice inoculated with
human brain from patients carryiegher theArctic or Swedishmutationgenerate distinct
profiles ‘of A3 species tht reflect the human condition, whek®P23 mice inoculatedith human
brain hamogenateontaining theéArctic mutationhave a shorter incubation period and reduced
ratio of AP peptides compared to mice irnmlated with human homogenate franutantSwedish
or sporadic AD origin. In additiorArctic-inoculated mice contaiabundant AB38-positive CAA
deposits in the thalamus that appeared furry by immunohistochemistry analysis, with A}
aggregates extending outwards from the blood vessels (Watts et al. 20kijgly, these
apparently straispecificfeatures areonserved followingeyial passage in midgVatts et al.
2014) Thege studies demonstratat, similar to Prf, unique pathological artsiochemical
profiles of AB.arefound amongst cases AD, whichareconservedipon introductionn

susceptibléosts

Strain variability in prion disease is attributed to alterations in the confornudtir®®, and
likewise, evidence suggestie conformatiorof AR may encipler unique pathological and clinical
profilesiin AD. Transmission electron microscopy and salidte NMRhas been used to model
AP species wherdHrillization of monomeric Af seeded with human brain from different AD
patients preducediscrete populationsf fibril swith uniguemorphology(Lu et al.2013) The
ability of AD brain to seedibrils that are not polymorphic suggests that a single nucleation event
may be responsible for the spread\@fin disease andjiven that lhe patients from which tha
seedsverederived exhibited different clinical and pathological profillag conformatiotal
propertiesof A maytranslatethe clinicalpresentatiorin human AD. Consistent with this,
producingrecombinantAf fibrils in the absence of psence of detergent produckstinct species
of AP thatinduce differential plaqueharacteristics andp peptide ratios in mouse brgi8téhr et
al. 2014) Hencethe conformation of th&p speciesppears to be a contributing factor to the

clinical"and pathological development of disease.

Prion-like'properties of a-synuclein

The deposition ofmisfoldedasyn in the CNS is a pathologal hallmark of synucleinopathies and
includesPD, BLB andMSA, among othersAlthough overlapping clinical presentations can make
correct diagnosis difficult, synucleinopathies are distinguished by upigfites ofcell types and
brain regions susceptibto develop asyn pathology and the locality of neuronal vulnerability. For
examplethe pathology oPD andDLB is charactededby intraneuronal deposits of asyn called

Lewy bodies (LB) or Lewyneurites (LN)whereas MSAassociatedsyn is distinguished
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predominantly by cytoplasmic inclusionalledglial cytoplasmic inclusions (GClsyhich
predominatelyoccur inoligodendrogligFigure 2) Theexpression ofisyn proteinis associated
with disease aguplications or triplications ithe gene encodingsyn, SNCA andvariouspoint
mutationg(such as A53T, A30P, E46KKause early onset familial PBimilarly, transgenic
animal models_thaxpressiumanwild-type asyn, or asyn containing PD-associated mutations,
spontaneouslgevelop asyn pathology and neurological illnessand are used to model disease
(Masliahet al.2000, Kahleet al.2000, Feany & Bender 2000, van der Pugtal.2000)
Transgenic animal modeéxpressing mutanisyn are typically used to study @iase associated
with protein aggregation, howeverany othetransgenisystemdave been developéd study
otherfeatures of disease such as mitochondrial dysfunction and motor impairment (&l&sse
Richter2011)

Some of the earliest evidenthatasyn may havethe characteristics of a priatame from autopsy

of PD patients.whgaas part of a clinical trial, had fetal nigral dopaminergic nerve cells grafted into
their brain. The presence @fyn deposisin the transplanted tissue suggestethen1116 years
postsurgery, asyn transmission occurred from the host to the grafted tigsomloweret al.

2008, Liet al.2008) Contrasting reports on fetal transplants in PD patients have described grafted
regions remaindopaminergic and absemsyh pathologyfor up to 14 years post surgery
(Mendezet ‘al. 2008) however numerous vitro data support propagatiaf asyn seedsin
immortalized celloverexpressing A53dsyn protein,exposure tanisfoldedasyn species lads

to punctatesstainingf asyn suggestive of propagati@i diseaseassociated inclusior{®anzeret

al. 2009)*Similarly, using cationidiposomes to aid transfectiofiyorescentlytagged fibrillar

asyn has been shown to enter immortalized cells overexpregsjngandinduce changes in
endogenous proteitonsistent with pathogenic asyn such as phosphoriation, ubiquitination and
insolubility (Luk et al.2009) A caveat to these studies is the requiremenidai to be
overexpresseh the cells which does not model diasevherethe majority ofsynucleinopathies
expressiormal levels ofisyn protein, and the use of artificial vehicle reagents to aid the delivery
of misfolded protein into the cell. However a similar findiveg also beefoundfollowing
extracellularexpsure ofprimary neuronal culturdsom wild-type miceto fibrillar asyn species
without the aid of vehicle reagents, which resulted in the recruitment of ermsgesyn into
insoluble LBlike inclusions and associated changes to neuronal vulnerabditiding decreases

in synaptic'proteisandimpairmentin neuronal excitabilitfVolpicelli-Daleyet al.2011)

Several‘other studies suppirivitro propagation of asyn. Co-culturing two cell lines expressing
asyn containing different fluorescent tags results in f@gressiveemergencef dowle-labelled
cells(Hanseret al.2011)andtreating taggedsyn cells with misfoldedisyn taggedwith a
different probe ladsto significant celocalizationin cultured cell{Boussett al.2013) In

immortalized cells expressing taggesyn, incubation with human brain derived from MSA
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patients causes the taggeyn to aggregate (Prusineret al.2015, Woermaiet al.2015) In these
cultures,asyn aggregates have been shown to transverse in both retrograde and anterograde
direction and transfer to neighbouring neurons and glial ¢éflasen et al. 2011, Desplatsal.
2009, Danzer et a2009) Collectively these studiggve strong evidence for pridike

transmissiorof gsyn in vitro.

Prionlike propagation ofisyn is further supportedy in vivo studies inoculatingsyn seedsnto
susceptiblenice.In transgenic mice expressingmozygousnutant A53Tasyn (M83+/+),
inoculation offibrillar recombinantisyn or brain homogenate froaged, terminamice, into the
brain of young presymptomatic miceccelerates the develment ofusyn CNS pathology and
clinical dissasgLuk et al.2012b, Mougenogt al.2012, Peelaertst al.2015, Sacinet al.2014c,
Rutherfordet al. 2015, Bétempst al.2014, Sacin@t al.2013, Sacin@t al.2014a) A similar
observationis foundfollowing intramuscular or imavenous injectionf asyn seedgSacinoet al.
2014Db, Peelaerts et al. 201b) these studiesimilar to the human condition, aggregated asyn is
largely phosphorylated arather pathological features of disegsesentincludingreadive
astrogliosis.and microgliosi€onsistent with the observations in human studies, grafting
dopaminergic neurons into transgenic mice overexpressing husyiafeads to the identification

of asyn aggregation in the grafted tissue (Hansen 2011).

Seedel propagatioras also been pertedafter inoculation of misfolded recombinamtyn in
wild-typeradents(Luk et al.2012a, Paumiegt al. 2015, Masud&uzukakeet al.2014, Masuda
Suzukakeet al. 2013, Traret al.2014, Sacino et al. 2018phdtransgenic mice overexpressing

+/+

wild-type asyn (M20™") that do not spontaneously develop inclusions over their lifgiaeino

et al. 2013, Sacino et al. 2014&) some studies, ator impairmenhas been reported to
accompanyropagatior(Tran et al. 2014, Luk et al. 2012and accordinglytreating mice with
antibodies targeting misfoldedyn via intraperitoneal injectioreduce neuronal bssand delays
theonset oftlinical diseas€Tran et al. 2014)Similarly, human MSA braimay induce
propagatiorof asyn and clinical diseasie hemizygous M83™ mice, which daot spontaneously
develop'inclusions or clinical disease in most expentaigimeframegPrusiner et al. 2015, Watts
et al.2013) Although propagation afsyn has beemxtensively reported, wittisyn pathology
shown toextendalong white matter tracks regionsdistantfrom the injection sitgt hasrecently
been shownvell-used antibodies targetiqpinosphorylatedsyn (pSer128/81A) croseeacts with
neurofilament subunit L that is abundant in white matter (Sacino et al. 20&AcHdreviously
reported'madels of propagation may incladefactof phosphorylatedsyn expression
associated with using these antibodigss observatiormay be a matter of dose threshofdhe
antibody as others have found no crgesactivity (Luk et al. 2012a, Paumier et al. 2015, Masuda
Suzikake et al. 2013, Tran et al. 2014, Gai@l.2013) including minimal Ber128/81Apositive

staining intransgeniasyn knock-out mousebrain and primary neuronal culturgsik et al.
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2012a, VolpicelliDaley et al2011) Regardlessthe specificity of theseantibodesrequires

further investigatiorandis animportant technical issue clarify.

Although the evidence f@rion-like propagation of asyn is extensive, variation exists in the
incubation period, patte of asyn pathology and mouse line uséar example, wwilst M83"*

mice develop extensiwesyn pathology following injection with recombinant fibrillasyn, in
othertransgenic mouse lines, such as Ma4gxpressindiumanasyn E46K mutation)psyn
depasition is largely restricted to the injection si&acino et al. 2014cYhis may indicate
artefactsassociated witlisyn aggregation with the expression of certain transgenesthat the
normal wildtype asyn cannot be patterned and amplified using the E46K mutated asyn.
Furthermore,tihas recently been reportigjection of pinal cord homogenate from wilgpe

mice induces robu€NSasyn pathology in M83" mice (Sacinet al 2015) suggesting inherent
characteristics' of thieansgenidM83 mousemay contribute tausyn pathology. Although
propagation.ofisyn pathologyhas also been reportedviild-type animalgLuk et al. 2012a,
Paumie et al. 2015, Masud8uzukake et al. 2014, MasuBazukake et al. 2013, Tran et al. 2014,
Sacino et .al. 2013, Sacino et al. 2014apilar results are unable to be achieiredther studies
(Sacino'et al. 2014ayhich may reflect the type of seed injected being unable to interact with the
native asyn. Anjimportant consideratiors ithatmousensyn containsa threonine at position 58d
given thatmost studies using transgeniyn mice express the transgeme a wildtype

background, speciespecific contributions by endogenausyn may be a confounding factor in
these studies. However receritiias beershown transgenic micexpressing wildtype human

asyn onga’knockut asyn background are also conducive@blS asyn propagation following
injection of human brain homogenate fr@hB and MSA patient§Berniset al.2015) giving

evidence,for asyn propagation being conservedbservatiorin various genetic backgrounds.

Similar to prions, lipids mayepresent cofactorto enhance thébrillization of asyn; lipid-rich
exosomes accelerateefibrillization of monomericusyn (Greyet al.2015)and appeato act by
stimulating primary nucleatiofGalvagnionet al.2015) Misfoldedasyn species may be produced
using’PMCA(Hervaet al.2014) however unlike PrP misfolding, aggregatiorugfn may be
induced easily from recombinant witgdpe proteinin theabsence ofo-factorsor serial rounds of
propagationPrions do not exclusively form amylo&hd may exist as various soluble and
insoluble'species, and similarly the capacitygfn to trigger misfolding is conserved in both
fibrillar and noramyloidogenic seeds (Sacino et al. 20T38e abilityto generateariousasyn
speciedrom the same starting materialvitro is reminiscent of straimariation amongsprions
Two populations ofisyn, ribbons and fibrils, exert differentiabgities to crossseed fibrilliation
of monomeriausyn or tau protein and induce toxicity immortalized cell§Bousset et a2013,
Guo et al. 2013). Following injection into rat brain, ribbons induce moredalptidleposition of

phosphorylatedsyn, whilst fibrils were shown to represent the most toxic species, causing cell

This article is protected by copyright. All rights reserved



death and associated motor impairment after inje¢ferlaertgt al. 2015)Brain tissue from
MSA patients exhibited differences in triggering aggregation of asyn in vitro (Woerman et al.
2015)andasyn isolated from human PD bragthowdifferential PK-inducedcleavage produs
(Guo et al. 2013)ntriguingly, recent evidence also demonstrates differences in transmissibility
betweenusyn derived from various human conditioms.M83"" mice,inoculationwith human
MSA, but not PDorainhomogenatinducesdisease consisting déposited phosphorylated asyn,
progressive neurologic dysfunctiastrogliosis and microgliosi¥he aggregation afsyn in

these mice following inoculation with MSA brain extracspredominantly observed as
cytoplasmic inclusion$ocatedin neuronal populations, which is in contrast to its deposition in
oligodendraglia characteristic oOMSA (Prusiner et al. 2015 T he pathologicaphenotype induced
in these animals independent ototal asyn protein andnsteadcorrdates to the capacity of the
brain homogenate to induce aggregatioimmortalized cellexpressing tagged53T asyn. This
observation is ficontrasto PD brain tissuevhich was unable timduce aggregation in the same
modé of transgenic cells or transmit diseas®183"" mice The specific biochemical and
biophysical differences between MSA and-B&ivedasyn that translate these pathogenic
properties.is.unknowrkurthermore, the disease that develops in MS8écted mice is

transmissible, which causes disease when inoculated into your§j ME2

Mounting evidencappears to draw parallels betweagn, A andPrP>°, with studies supporting
prionlike seeding, propagation and transmissibititypatogenicproteirs ausing disease
howevercaveats exisassociated with these of transgenic mice to adequately model dis¢ase
exampleythe possibility of other agents aside feeym to causes aggregatioaises important
consideratioawhenevokingprion-like mecharsms and reflects hazards associated with using
transgenic mice where aggregation of protein is an inherent characteristic obtiedt Biudies
that use transgenic mice that remain asymptomatic may alleviate these issues, however it is not
clear whetherxpressing lower levels of the transgene are entirely innocuous. In prionegiseas
transmission’of disease into susceptible syjge animals may readily be achieved, asresent
bona fidemodels of disease. €heforethe goldstandard fomvestigatingprion-like propagation
and transmissionf misfolded proteirwould require theise of nortransgenic animal®Numerous
data support the ability of certain asyn species to propagate and transmit disease in witgpe mice
(Luk et al. 2012a, Paumier et al. 2015, Mas8daukake et al. 2014, Masu8azukake et al.
2013, Tran'et'al. 2014, Sacino et al. 20h®Wwevelin the case ofAp, equivalentstudies require
the use.oefransgenic APRnimals(Figure3).

If conclusiveevidencearisesshowingothermisfoldedproteins constit@a prion,therewould
undoubtedlybe substantial implicatiosion thehealth and safetyegulationsof these diseases
However t is importanto bear in mindhatprionsderived from different preins will likely have

differentbiochemical characteristicRecently it has been showmisfoldedasyn are markedly
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easier to decontaminat®m surfaces ando not require thetringent techniques required for
decontamination gbrions(Boussegt al.2015) and as such the potential fontoward public
health riskssuch asunintentional transmissioof misfoldedasyn, seems unlikelyThis

observation reflects fundamental differences instinectureof these proteins and stability of the
misfolded isoformAlthough AB andasyn arelargelyunstructured proteinthe GPtanchored

PrP has a weldefinedtertiary structure,andPrP andPrP* arestable proteinsas suchthe
activation energy required fanisfolding of PrP” into PrP*is high. This is in contrast tsyn and
AR where the activation energy required is low andpttien-like ‘misfolding’ of proteinreflects

the aggregatioof protein andts ability to form amyloid. In this regard, the size of the infectious

unit of PrP may differ fromusyn and Ap.

Neurotoxicity of misfolded protein

A consistenfeaturethat accompaniehieaccumulation of protein irhe CNSis the progressive
damagesandidoss of neuroAdthoughdiseasespecificdifferences are found in the tempo and
localization of neurotoxicitypetween proteinopathiesimilarities are found which may indicate
conservedsmechanisms underlie the generation of cell.ddathmayreflectconserved
fibrillization properties, wherébril formation involves thenisfolding of monomeric proteiand
extension.intovarious species (oligomers, protofibrils) prior to its mataratio mature fibrils
(Figurel). Giventhe current attention on the prion concept in proteinopathies, extrapolation of
knowledge,of folded proteins may prove rewarding in deciphering general méarot

mechanisms:

Historically, the presence aifisfoldedproteirsin the brain le to he beliefthatthesheer
aggregation of protein wassponsible for neurotoxicity proteinopathieshowevetodaythis is
considered an oversimplification. In prion disease, large variation éxi$ts protein deposition
seen inthe CN&tpostmortem wherein some caseseurodegeneration occurs witlinimal
PrP*load(Medoriet al. 1992, Collingeet al.1990) Transgenic mice expressing mutations
associated with familial prion disease have less aggregated protein in theatbeaminal stage
diseaseompared terion-infectedwild-type mice (Mansoet al.1999) or PrPCis entirely
absen{Hsiaoet al. 1990) Prion infection in micexpressing PfPlacking a GPfanchorcauses
disease characterizég a long incubation period prior to the developn@rdiinical symptoms,
despite Targe amounts of Pfaccumulation in the CN&hesebret al. 2010) In addition, ider
certain-conditios, subclinical infection can occur whePeP>° propagation occurs without the
development.of clinical symptoms or neurodegration Mice infected with hamster prions
remain asymptomatic despite having prion titres in their brain equivalent{stageldisease in
conventional micéHill et al.2000) Other states afubclinical infection are achieved when low
inoculum or oral infection routes are ugd@thackrayet al.2002, Thackragt al.2003, Collinset

al. 2005) The PERK arm of the unfolded protein response (UPR) hagiethas a pertinent
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signalling pathway associated with neurodegeneration in prion diddasnoet al.2012)and
treating prionrinfected mice with compounds targeting this pathveaserses cognitive deficits
andimproves synaptic markers independent of amyloid (darenoet al.2013, Hallidayet al.
2015) Kinetic studieslsoreveal a divergence between infectivity and toxiaitith the two
occurringin separate phasasdiseas¢Sandbergt al.2011, Sandbergt al.2014, May<et al.
2015)

Disassociation between protein aggregation and neurotpidaimilarly observed ilPAD and
synucleinopathiesn human AD brain, cell loss is not associated with regions of protein
deposition (Giannakopoule al. 2003, Bennetét al.2004)and in certain transgenic animal
models|of AD deathcan occuin the absence of amyloid formati¢@arlsonet al. 1997)
Likewise_insolubleasyn does not correlate well with the degree of neurodegeneration in human
brain(Hugheset al. 1992, Tompkins & Hill 1997, Parkkinest al.2005) This observation
extends.to.animal models where in transgenic rodent and fly models of PD, cell lossuwaim

the absence of protein aggregat{@uluck et al.2002, Masliah et al. 2000yhese studiesuggest
thatthedeposition of misfolded protein is unlikely to be the toxic agent and instapdbenan

unrelated endpoint to disease pathogenesis.

In prion diseasépxicity is it not considered associated with a loss of function of the protein
becausd’rPknockout miceexhibit no neundegenerative phenotygBueleret al. 1992, Mallucci
et al.2002nlnsteadneurotoxicity is linked to prion replication, in view of theding that only
cells that*€xpress PrPnaybe damaged biprP. PriorrinfectedPrP knoclkout micehosting
graftedPrRexpressindissue only develop neurodegeneration in thedxgtessing tissue, whilst
PrP deposition is idesprad acoss the brairfBrandneret al. 1996) Similarly, ablation of PrP in
mice withestablished prion infection terminatdisease development and revedmical
symptons, despitethesemice harbourindevels of PrB®in the brain equivalent to erelage
diseaséMallticci et al. 2003)These studies give strong evidencetf@rconversiorof PrB to
PrP*° and not the sheer aggregation of protein, being a major component to neityofbiese
findings may be relevant to neurotoxic mechanisms of asyn and AB misfolding, and thus unifying

knowledge may help shed light on general toxic mechanisms of folded protein.

Toxicoligomers

Some of the,strorestevidence exists for small soluble aimgersof misfolded proteirbeing the
neurotoxic agent in proteinopathidhese species ahighly unstablecompared to the organized
B-sheet rich structures formed by mature fibrils apdiktue of size, smaller aggregates have a
higher relative exposed surface area than larger mature aggigzfste& Dobson 2006)Indeed,

it has been suggted the recruitmerntf misfolded protein into aggregates is a mechanism
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employed by the cell teequester small toxic specesay from vitalcellularcompartments
where theycausesubstantialamageThis may represent a common mechanism shared amongst

the various proteinopathies.

Ap oligomers

In human AD brain, eurodegenerationas been correlated to the pool of solubfiespecies
(McLeanet al. 1999, Mc Donaldet al.2010) a finding which is consistent with the fact the
particularly aggresiveAD-associated\rctic mutationproducedarger quantities of pfibrillar
speciegNilsberth et al. 2001)The toxicity of AB in cultured cells is enhanced in heterogeneous
populations ofAp species compared to discrete species, with the toxicity of protofibrils being
linked to the expression of monomeric prot€lanet d. 2011) This finding suggests ongoing
fibril formation involving interactions between misfolded species and monopiig pertinent

to toxicity. In wild-type mice oligomericAP preparationsbut not insoluble amyloid plaque cores,
alters sypaptic.platicity by blocking long term potentiation (LTP) and activating long term
depression(TD) (Walshet al.2002, Shankaet al.2008) Theyalsotrigger dendritic spine
retraction(Lacoret al.2007, Shankaet al.2007) reducedendritic spine densit{fShankaet al.
2008)andcause memory deficifgShankar et al. 2008, Lesaeal.2006) Collectively these

studies give strong evidence for oligomexig being the neurotoxic species

The mechanisms underlying oligomeic-induced toxicity has also been studiethere the N
Methyl D-Aspartate (NMDA) and metabotrophic glutamatémGlu5) receptors have been
associated with the development of LTP &fd respectivelyShankar et aR007, Shankar et al.
2008) Interestingly, the modulation of the mGlu5 receptor appears to involVewhih acts as

a receptor foAp oligomersand complexewith mGlu5(Laurenet al.2009) Accordingly, PrR
directed antibodies inhibiB-oligomerinducedtoxicity (Klyubin et al.2014) It has been
reportedPrP knoclkut mice are resistant to toxicigjicitedby AP oligomers(Lauren et al. 2009)
howeverfollow up studies have been unable to observe ssttiking effect(Balducciet al.

2010, Calelleet al.2010, Cisseet al.2011, Kesselst al.2010) Aside from acting omeuronal
receptorsAp oligomersmayalsocause toxicity bynducing hyperphosphorylation of tau, leading

to collapse of microtubuleytoskeleton and neuritic dystropfdin et al.2011)

The corfiormation of the toxiAAp species is still uncleamvestigations into the toxicity of
structurdly‘defined oligomerslemonstrat@eurotoxicityin cultured cellsncreases with oligomer
orderfor'species larger than a mononj@noet al.2009) a finding which is supported by studies
showing hesmallestoxic Ap species is the dimer (Shankar et28l08, Jin et al. 2011However
others report dimersorrelatepoorly with toxicity in cultured neuronand insteadrimers and
tetrameranay be thesmallestioxic agens (Janaet al.2015) Trimers are also believed to be the

basiccomponent oAp*56 (Lesne et al. 2006 nonfibrillar 56-kDa Ap oligomeric species that
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has also been implicated in toxicifhis species is naturally present in human brainG®H
where it correlates with soluble tau and negatively correlates with several synatgtioin
cognitively intact individualgHandokoet al.2013, Lesnet al.2013) In rats Ap*56 induces
transientcognitive dysfunction independent of amyloid deposition and neurondllesse et al.
2006)and as suchAp*56 may contribute to the early deficits seen in AD, prior to the
accumulation of proteimdicative of diseasd&siven AB*56 is likely to be a dodecamer (based on
its apparenmolecular weighbn SDSPAGE), further support for it being the toxic agentoes
from studiedhighlighting the role of largeligomeric structuresf Ap aspotenttoxic oligomers
(Gonget;al. 2003, Bitaret al. 2003, Bernsteiet al.2009) Howevergiven thatthere is no
evidenceAB*56 alonecaninducepersistent neurological dysfunctidts generation is not

considered necessdigr toxicity associated withhf accumulation

asyn oligomers

In humanDLB. brain, the presence of asyn aggregateat presynaptic terminglsather than LBs,
correldes with decreases in presynaptic markers and dendritic spin&tasser & Schulz
Schaeffer,200Z)Similarly, soluble oligomers afeund enriched in regions of PD brain found to
have deregulated markers of protein synth@egciaEsparcieet al.2015) In rodentsthe
expression of mutant asyn that preferentially forms oligomers is more toxic than mutations which
more readily form fibril{Winneret al.2011) In primary neuronal cultures and transgen
invertebrate Caenorhabditislegans and Bsphilia melanogast@¢model systems, the
expressiomef aants of asyn that increase its propensity to oligomezé and decrease the
formatienof fbrils are more toxic than wiltlype asyn (Karpinaret al.2009) Misfolded asyn
specieproducedn the presence of a compound that praadbrmation of large fibrillar
aggregates and reduces oligomer speamibshitsreduced seeding potential and toxicity to
cultured cells compared to untreated fibilam et al.2016) Various oligomeric species
produced from synthetic witdype asyn display varying degrees of toxicity to cultured cells
(Danzeretal’2007)andcompared t@reparations dfibrillar asyn, primary neuronal cultures
treated with purified oligomerispeciesactivate higher levels aéactive oxygen specié€henet
al. 2015) Collectively these studies give strongadmiice for oligomers being the most toxign

species.

Studies haveiinvestigated the mechanism of toxicity by asyn species. Prefibrillar asyn oligomers
have beeshown tocausemitochondrial impairmenfLuth et al. 2014)andgolgi fragmentation
and trafficking malfunctioin association with reduced cell viabilifzosaviet al.2002)in vitro.
The identification of mitochondria as a tarf@tasyn oligomers aligns with a plethora of data
linking mitochondria dysfunction to syoleinopathies; in human PD bradleficits are found in
mitochondrid complex | activity(Schapireaet al. 1989, Parkeet al. 1989, Janetzkgt al. 1994)

and several genes that cause familial PD are associated with mitochondria functiohidgnc
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PINK1, LRRK2 ParkinandDJ-1 (Camilleri & Vassallo 2014). Additionally chemicals that induce
mitochondria dysfunction are capable of manifesting PD in haagin animal models irthe
absence of asyn deposition (Langston & Ballard 1983, Burret al. 1983, Betarbegt al. 2000)
Therefore it is possiblhat mitochondra dysfunctioris a central mechanism associated with

toxicity in the variog subsets of synucleinopathies.

Another{potential site for asyn oligomer-induced damage is the cellular membrane. It is well
known asyn has a high affinity to bind to lipid species (Ruiperezet al.2010)and n cultured

neurons exogenously added asyn oligomers can form clusters on the cell membrane and associate

with the o3 subunit of Na’/K*-ATPase, causing alterations to the distribution of the receptbr a
deficits in N& gradient and pumping potenti@hrivastavat al.2015) This finding aligns with
otherin vitro studies suggesting pore formation or leak channel as toxic mechanisms by asyn

oligomer or pratofilil speciegDanzer et al. 2007, Vollest al.2001) Given that mutations in the
gene encoding the a3 subunit of Na'/K*-ATPase are associated with rapidset dystonia
Parkinsonisn{de Carvalho Aguiaet al.2004, Rodackeet al.2006, Clapcotet al.2009) an

adverse interaction wittisyn andthe receptor is likely to be relevant to at least a subset of human

synucleinopathy conditions.

Although asyn oligomers have been shown to be toxi¢o neuronsthey may not represent the only
toxic asyn species. Fibrils also form clusters on neuronal membranes and associate with the o3
subunit ofN&/K*-ATPase with higher affinity than oligomeShrivastava et al. 2015)hey are
also reported to exhibit the highest degree of toxicity compared to oligometilaomsrwhen
injected into rat brain (Peelaerts et al. 2015); an observation that is supported abirs&iteo
studiegBousset et al. 2013, Piari al.2012) Therefore the relevance of oligomeric, and larger

asyn species to toxicity needs further investigation.

PrP oligomers

Although difficulties in producing and isolating oligomeric PrP spelaée®e hamperestudies on
toxic'PrRoligomersiit is likely the structure of oligomers are conserved amongst amyloid
forming proteins. Support for this comes from the finding that synthetic digbare capable of
binding oligomeric species of amylefdrming protein irrespective of primary sequence including
PrP, asyn;"ABand islet amyloid polypeptideAPP) (Kayedet al.2003) Similarly, compounds

that binds;to'and inhibit oligomer formation have been reported efficatidath prion and P
animal' modelgWagneret al.2013)

Studies using synthetic PrP shetvongsuppat for smallaggegates beingthetoxic species

Species reminiscent of oligomers have increased toxitiytro (Kazlauskaiteet al. 2005,
Novitskayaet al.2006, Simoneau et al. 200a0din vivo (Simoneau et al. 200€pmpared to
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larger fibrillar speciesDuring PrP~ misfolding it is believedmonomericPrP adoptsrao-helical
conformationprior to its dimerization rad extension into oligomengdanseret al.2001)
Monomeric recombinant-helical PrPis highly toxic to murineneuronal but not fibroblast cell
cultures and causes toxicity a dosedependent mannerhen injected into mouse braiBhouet
al. 2012) These studies are supported lyekic studiesshowingoligomeric specieBcreaseawith

the development of clinical disease in priafected micgMays et al. 2015)

Although theevidence for oligomers being the toxic agent is compelling, no commaeghanism
of action has been identifie@ihis may be a result of the differertendogenous locaition of
theproteinsandor different biochemical amorphologcal properties ofthe putative toxic species.
The latter factor is particully relevant gven thatoligomers’refers to essentially any species
larger than a. monomer and thus represents a wide range of various sized Gpexiahatthese
specieXist in/equilibrium with each othetistinguishingone species as toxic over dmer will
bechallenging.This wasreflectedby studies showing the reported putative toxficdimer
rapidly aggregates into metastaptetofibrils (O'Nuallainet al.2010)that may be more toxic in
nature. A additionalconsiderations the potential for artificial manipulation of fibrillization by
laboratory processes or reageiitse popular laboratory solvent SDS is capable of inducing
artificial aggregation oAp (Bitan et al. 2005)andasyn (Giehmet al.2010) whichin thecase of
asyn follows an atypical fibrillization pathwaylhus thein vitro generation of oligomers or

preparations ftissue arémportantconsiderations when deciphering the tesgecies

Conclusion

A growing body of evidence is finding parallels between AP, asyn and the well-studied Prf¥.
Studies showhatsimilar to prions, seeds of AB and asyn are capable of olucingaggregation in
normal proteirthatpropagate within the CN$hat in some cases leadsdiseasén susceptible
animals.The concept of straimariationmay also be a conserved feature of these proteins, where
differences in structuref misfolded peciesincite unique disease phenotypesri@€nt evidence
suggestsertain asyn speciesaremore prionlike than others, wheria contrasto asyn derived
from PD'brainMSA-associatedsyn is efficient at propagating vitro andin vivo, causing
diseasen susceptible transgenic mi@lerusiner et al. 2015Yhis is an interesting finding given
that similarto priondiseasethe clinical progression #lSA is rapid in onsetwhereas AD and
PD aresslower progressimisordersAlthough compellingthere are experimentabuosiderations
in current'studies, such as the ability of transgenic animals to accurately modes disdassess
prion-like characteristics of aberrant proteimberefore, inportant future studieshould include
the use wiletype animals and robust biochemical techniques that investigedédferent species

of pathogenic proteiaggregatedo define those that are most proficiahpropagating, seeding
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and caumg toxicity. Further examinatiowill, no doubt, shed important light on these issues

which may ultimately lead to the expansion of the prion concept.
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FIGURE'BEGENDS

Figure 1. Nucleation-dependent model of prion replication. Misfolding of normal cellular

prion protein, PrP converts it into its infectious,iskaseassociated isoform PiP PrP°
induces nucleatiodependent misfolding in other PrAeading to amplification and
propagation of transmissible prions. The growing aggregates extend into oligomers,
protofibrils and then fibrils that form the proteaggregates characteristic of disease. A
natural .component of prion propagation is breakage of the growirtj &§regate, which

produces more nucleation sites for templated misfolding.

Figure 2."Disease-associated accumulation of misfolded protein in the central nervous
system«The accumulation oPrP AB andasyn in the central nervous system is associated
with prion,yAlzheimer's and synucleinopathy disease, respectively. Thedeingr can
accumulate in both intraand extracellular compartmentsrigurons or other glial cell types,

such as oligodendroglia.
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Figure 3. Propagation of misfolded protein in rodent modes following intracerebral
inoculation of a misfolded seed. Propagation of P® AB and osyn has been studied in

various mouse models. Images represent the endogenous aggregation of protein in the brai
of rodents that occurs over their lifetime (green line) and aggregation that oaibomsnig

the injection of a seed (red line) (A) Witdpe mouse models do not spontaneously develop
protein aggregation over their lifespan and the induction of a seed induces aggregation of
protein '(B) Transgenic mouse models that spontaneously develop protein aggragathe
incorporation.of the seed accelerates the deposition of protein. (C) Transgerse models

that do not_spontaneously develop inclusions over the experimental timeframéeand

induction‘of ‘ayseed induces protein aggregation.
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