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‘OpkKog Tou Innmokpatn

"Opxilopot otov AToAAwva Tov lotpd kot otov AckAnmd kot oty Yyeio kot otnyv
TOVAKEW Kol 6° OAOVG TOVG Bg0Vg EMIKOAOVIEVOS TNV UOPTUPIO TOVE, VO TNHPHOM®
TIOTA KOt TN dVVOUN Kol TV Kpion Hov avtd Tov OpKo Kol TO SLUPBOANLO LoV aLTO.
Noa feopd avtdv mov pov didaée avty ™V TéYVn {060 Pe TOVg YOVELG POV Kol Vo
HopaoT® Hall TOL TO LITAPYOVTIA OV KOl TO YPHUATA LoV OV EXEL AVAYKN GPOVTIOAS.
Noa 0ewpd TOVE amoydVovg TOv {00VG HE T  AdEAPLN LLOV Kol VO TOLG SLOAEM TNV TEYVN
avt) av Bélovv va 1N pdbovv, ywpic apolPr] kot cupuBOANO Kol Vo HETAOMC® HE
napayyeAiesg, odnyieg Kot GUUPBOVAEG OAN TNV VITOLOITN YVAOGT OV KOl 6T ToUdLE LoV
Kol oTo Toudld ekgivov mov pe didaée Kot 6Tovg GAAOVG HabNTEG TTOL £XOVV KAVEL
ypomt) cvpevia pali pov Kot 6~ avTovg oL £xovv opKichel GToV 1TPIKO VOO Ko
o€ KavEVaY GAAO Kol va BEpamed® TOVG TAGYOVTEG KATA T SUVOLT LoV Kot TV Kpion
pov ywpig moté, ekovcing, va Tovg PAAY® 1 va tovug adiknow. Kot va pun ddcw moté
o€ kavéva, £€0Tm KL av pov 1o (ntMoet, Bavatneopo eapuaKo, oVTE Vo dMoW® TOTE
tét010. GLUPOLAN. Opoimg va un Sdow ToTé o€ Yuvaika edppoko Yo v’ amofdiel. Na
dwmmpniom o ™ (o pov kor v T€)vn pov kobopn wor ayvhy. Kot va pn
YEPOLVPYNC® Thoyovteg amd AlBovg aAld v apno® v TPaEn ovTn Yoo TOVG
ed1kovs. Kot 67 6mota omitior Kt oV [, Vo UTm Yo TV OQEAELN TV TOCYOVI®V
armopevyovtag kdbe exovolo adikion kot PAAPN Ko kdOe yevemnown mpaén ko pe
yovaikeg Kot pe avopeg, ehevBepovg kar dovAovg. Kot 6,11 dw 1 axobow katd tnv
doxnomn Tov emayyEALOTOC OV, 1] KL €KTOG, Vi TN (o1 TV avOpdTOV, ToV deV TPEMEL
moté€ vo. Kowvomoinfel, vo GIOTNG® Kol va, TO TNPNC® HUCTIKO. AV ToV OpKO LoV 0VTO
TNPNO® ToTA Kot Ogv Tov abfenom, €ife v amoAadom yio TavTa TNV EKTIUN G OA®V
TV ovOpOTOV Yo T (N HOL KO Yo TV TELVN HOL, oV OLmG Tapafd Kot afeTnom

TOV OPKO OV V0L LTTOGT® Ta. avTifeTo amd avtd.



Curriculum Vitae

Education

December 2018: PhD candidate at the Medical School of the National and Kapodistrian
University of Athens under the supervision of Prof. Leonidas Stefanis MD, PhD and Dr.
Alexia Polissidis, PhD studying the effect of stress in alpha synuclein-induced

neurodegenerative processes.

September 2016 — August 2018: Fundamental Neuroscience, Research Master in Cognitive
and Clinical Neuroscience, Maastricht University, The Netherlands [Grade: 7.89/10].

2010 - 2015: Degree in Biology, Aristotle University of Thessaloniki [Grade: 8.38/10].

Research Experience

1. October 2020 — May 2021: Volunteer (part time) in the BRFAA’s Covid-19 diagnostic
center in collaboration with the Hellenic National Public Health Organization.

2. June — August 2019: Visiting PhD student at the Mailman School of Public Health,
Department of Environmental Health Sciences at Columbia University under the supervision
of Dr. Diane Re.

3. November 2017 — August 2018: Research Internship titled: “Re-engineering a CRISPR-
based epigenetic editing toolbox to study the role of 5-HT neurons in Alzheimer’s Disease
in an in vitro model of human neural progenitor cells” at the Laboratory of Cancer
Epigenetics and Biology Program (PEBC) in the Bellvitge Institute for Biomedical Research
(IDIBELL), under the supervision of Dr. Raul Delgado Morales and Dr. Daniél van den Hove.

4. October — November 2017: Course on Laboratory Animal Science, (ex. Art.9 Experiments
on Animals Act, FELASA A and B accredited) in The Netherlands.

5. February — May 2015: Erasmus Mobility for Placement Project at the Centre for
Integrative Physiology (School of Biomedical Sciences) of the University of Edinburgh, under
the supervision of Dr. Emanuel Busch, studying the physiology of neural circuits and
behaviour in Caenorhabditis elegans.

6. August — October 2014: Practical training at the Laboratory of Experimental Neurology
and Neuroimmunology, 2" Department of Neurology of the University Hospital "AHEPA",
Thessaloniki, under the supervision of Dr. Nikolaos Grigoriadis.

Distinctions

% Highest grade in the Summer Graduation (1*among 30) and 5" highest grade among
the 100 graduates of the academic year 2014 — 2015 during my Bachelor’s studies.

@

< InlJune, 2022, | was awarded a scholarship by the State Scholarships Foundation (IKY)
until the completion of my PhD.

+» Travel Award from the Japan Neuroscience Society to participate and make an oral
presentation at the 46™ Annual Meeting.



++ Travel Award from the Mediterranean Neuroscience Society to attend CISS2024
Catania International Summer School of Neuroscience 2024

Participation in Seminars / Conferences

e FENS Featured Regional Meeting (Thessaloniki, Greece, 2015)
e EuroTau Meeting 2018 (Lille, France, 2018)
e Synuclein meeting (Porto, Portugal, 2019) [poster presentation]
o 28th Meeting of the Hellenic Society for Neuroscience
(Heraklion, Greece, 2019) [poster presentation]
e 15th International Conference on Alzheimer‘s & Parkinson‘s Diseases (AD/PD
(online, 2021) [e-poster presentation]
e 29th Meeting of the Hellenic Society for Neuroscience
(online, 2021) [e-poster presentation]
o Neurobiology of Brain Disorders Conference GRC
(Barcelona, Spain, 2022) [poster presentation]
e The 46" Annual Meeting of the Japan Neuroscience Society
(Sendai, Japan 2023) [oral presentation]
e 30th Meeting of the Hellenic Society for Neuroscience
(Athens, Greece 2023) [poster presentation]
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Euxaplotieg

Ma tnv oAokAnpwaon tng mapouoag S6akToplkng SlatplPhg xpeldotnke n Bondela
KoL N oupBoAn MoAAwv avBpwrwyv ava ta xpovia. Otdavovtag oto TEAOG TNG SLadPounG Kot
KoLtalovtog iow, VIWBw apKETA TUXEPOG YLA TOV TPOTIO LLE TOV omoio e€eAixBnke n mopeia
Uou oto gpyacthplo. MapdTL oL TaPAYOVTEG TTIOU CUVTEAECQV GE OUTO NTav TOAAOL Kall
Sladopetikol, Omwe Ba avadEpw Kot TapakATw, OAa Eekivnoav Kot pUOLKA eMLoTpEdouV
OTNV ETLOTNMOVLK Hou urteUBuvn, Ap. Ahe€la MoAucidn. Ao To Yeyovog OTL e eTEAeEE Kall
ULE EUMLOTEVTNKE VLA TNV TIPAYLATOTIOLNGN TNG EPEVVNTLKAC POTACNE TTou N (Sla elxe
OUAAGBEL, HEXPL TOV XPOVO TIOU adLEPWOE YLa va. LE EKTTALOEVOEL, TNV EPYACLOKN TNG NOWKN
KOLL TLG TTOAUAPLOEC EUKALPLES YIO CUVEPYAOLEG KL YLOL TNV TIEPALTEPW ETILOTNOVIKY €EEALEN
TIOU pou pooédepe, n AAegia NTav mavta ekel. Méow tnGg aAAnAeniSpaong pag OAa autd ta
XPOVLO, QUTO TIOU QTTOKOULOA ATAV Lo 0XEoN TIou BaotloTav oTnVv €KLV EMKOWVWVIA, TNV
gumoToolvn KoL TNV Kotavonon.

21N ouvéxela, Ba NBela va suxoplotiow Beppd tov eTBAETOVTA pou, Ap. Aswvida
Ytedavry, TOU Hou £6WOE TNV EVKALPLO VO EKTTOVHOW TN SlatplPr LoU O€ £va TOGO KOAO —
oo EMOTNUOVLKNA KABWE Kat arod amon avlpwrivou Suvapikol — epyaothplo. EmutAéoy,
N MPooNAwGH Tou Kal To evdladEpPov TOU yLa TNV €PEUVA KaL TNV EMLOTAMN, 08 cUVSUACUO
LE TNV AUECN KAl AUEPLOTN UTIOOTNPLEN Tou, 6€ Ba pmopol oAV TTAPA VO ATTOTEAEGOUV
TPOTUTIO KATA TN SLAPKELX TOU SLEAKTOPLKOU HOoU. 2 QUTO To onueio, Ba BeAa emiong va
£UXOPLOTAOW KoL Ta U0 AN EAN TNG TPLUEAOUC LOU ETLTPOTNG, EEKIVWVTACG OTtd TNV
Xplotiva AdAa — n omola mpwtn pe €depe o€ emadn pe tnv Ahetia — kat tnv Katepiva
Avtwviou, TIC OMOLEG EKTLUW YL TNV EMLOTNUOVLKH TOUG KATAPTLON KAL TOV XOPAKTPA TOUG.
Audotepeg BorBnoav otnv oAokApwaon Tou SLEAKTOPLKOU e TO oXOALA KAl TIG UTtoSeielg
TOUG, OAAQ KOl EUTIPAKTWG, EVW XAPN O€ QUTEC elya TNV eUKaLpia va ywwplow Kol Toug
e€alpetikoug poltnteg Toug, NauvAiva MavAidn, Xapn Mnpakatoélo kat Nnwpyo NtovAa.

Emionc, euyaplotw oAU ta untdAouta péAn tng emtapeAolg e€ETACTIKAG LOU
ETILTPOTING, TIOU SEXTNKAV VA CULUETACYXOUV KOL VAL LUE TLIUAOOUV LE TNV TIOPOUGLA KOL TLG
TIAPATNPOELG TOUG OXETIKA UE TN SLatpLpn Hou, toug Ap. Xpoluoo lewpylo, Lashuel Hilal,
BAdyou Ztuliavn kat MaAnkapd Kwvotavtivo. ESw Ba Bela va k&vw £181kn pveio otov Ap.
XpoUoo yLa TIg MOAUTLUEG GUUPBOUAEG TOU Kal T eVOOppUVTIKA TOu AdyLa, KaBwg Kal otnv
epeuvnTpla MNaocepun Koupavn yla tnv kabopLotikr Toug cuvelodopd otn dnuocieuon evog
Koppatiol amo t Souleld mou mapouctaletal edw. Oa Bela miong va euXapLOTHOW TOUG
ouvepyateg pag Yogesh Singh (University of Tlbingen), kaBwg kat toug Xplotiva
Mavtloupadvn kal lewpylo Kokoto (EBviko kat Kamodiotplakd Navemiotrpio ABnvwv).
TéAocg, Sev Ba pmopoloe va Asinel n avadopd otov GiAo — Kal E0XATWE CUVEPYATN —
PadanA Ztpoyyulod, Tou omoiou n mpoBupia kat n mpoodopd NTav KABOPLOTIKES O TTOAAA
KOMHATLO TNC SlatplpnG.

To &18aKTtopLko auto opwe &e Ba eixe oAokAnpwbel xwpig tn BorBeta kaL Tt
cuvepyoaoia pag oslpdc avBpwnwy mou Bewpw OTL AmoTeAoUV T paXOKOKOALA Tou IIBEAA.
Avadépopal puoLkd oto mpoowrtikd TG Movadag Zwikwv Mpotunwv: BayyéAn Mnaddda,
Baow Pilou, MavAo Ale€dako, Niko Koutooywwpyo, Kwota Naoyién, Maiuillavo Xopxe,
EuBuun Napwvn kat Mavvn Anépyn, Le Toug omoioug mépaca MOAEG eBSOUASES KATW Ao



TN yn Kot oL omoiot fAtav navra Stabgaol kot podbupot va pe SleukoAUvouv Kat puoLKAa va
pou cupmnapaoctadolv oe onoladnmote SuokoAio avékumte. EMMA£oy, £va TEpAOTLO
EUXOPLOTW OTOUC epyalOpevoug tng Movadag Mikpookoriag, AsAn Tdoo, Maykakn ZTapdtn
Kot EAévn Pnyava, yla Tig apetpnteg ¢popeg mou pe Bonbnaoayv, tnv adlAAeUTTn TPOGOXN, TNV
UTIOLOVI] KOLL TOV EMOYYEALATLONO TOUG.

Quolka, n KaBnuepLVoTNTA OTO Epyaotrplo g Ba rtav n Wdla xwplig Toug
avOpWIOUC HE TOUG OTOLOUG CUVUTIRPEALE, EPYOOTKAUE TIAAL TTAAL, XAPHKALLE YLO TA
TELPALLOTA TIOU TIRYAV KOAQ KOL AITOYONTEVUTHKALE KOL TIELCUWOAE YLoL AUTA TTOU eV
netuyav. Exovrag nepdosl anod dtadopetikd epyaoctrpla — o EAAGSa Kol eEWTEPIKO —
KOTA T SLAPKELA TWV OTIOUSWV pou, elal olyoupocg OTL eival omdvio o€ £va 1000
TOAUTIANBEG epyaoTnpLo va TepLtplyupilecat amno téoa afloloya atopa. Ano tv Opoocw
Kopwvaiou, mou amotelel Tnv mpoowmornoinon tng cuvadeidikotntog, tn Mapia Qouka pe
TNV OTEAELWTN UTTOUOVI), TOL OVEEAVTANTA KPUP A OTOK KAL TNV LKAVOTNTA VA EXEL TO VOU TNG
O€ OTIOLO TIEPAUA TPEXEL OTOUG YELTOVIKOUG TIAYKOUG TEPOL OO TO SIKA TNG, Tov MIYAAN
Kévtpo kat tnv Aidlav Netpomoulou, Twv omoiwv n Bonbela, amod tn LEUBPAVOKOTITIKA £WG
Ti¢ ELISAs, umnpée cwtnpLa, TNV AIMOUOVWHEVN OTOV TTAYKO TG — OAAG dpeca SimAa oou o€
neplmtwon avaykng — Mavol AeavSpou, £wg Ta TLo EUTELPA LEAN TOU EpyacTnplou, Tn
Mapiva Mamadomnoulou, tnv Katepiva Melayxpotwvou, tThv Mavtia Kapapmnétoou, mavia
SlaBéoipa va cupBoulelouv Kal va cUVELGPEPOUV PE TIC yVWoeLg Touc. Dualka, be Ba
umopouoa va pnv avoadepbw ota actapdtnta péEAn tTng opadacg Zuholpn, Oaidpa, Mapla,
AQuNTpO, OWG Kal otnv idla tnv Mapia ZuAoupn, aAAd Kol otoug epeuvntég Hardy Rideout,
Evayyehio EppavounAibou kat Kwaota BekpéAn, kabwg kat otnv texViko/onueio avadopag
Tou gpyaotnpiou, Mativa Maviatn. Akopa, £va dLaitepo euxaplotw otnv Mewpyia
Nteppuevtl{dkn yLa tnv umootrpLEn Kat thv kabodrynor) tng Katd To cUVTOUO MEPACUA LOU
amno tn Néa Yopkn. TEAOG, €va TEPAOTLO EUXOPLOTW OTA LEAN TOU YKPOUTT pag, Atovion
MNaAépuo, Katepiva KapaAn kat Xpilotiva Avtwviou, e TOUG OTtoloug MEPACO OUETPNTES
WPEG KOL TwV omolwv n SoUAsLd, n adlampaypdteutn npoodopd kot fonbela cuveéRaiav
KOOOPLOTIKA OTNV EMLTUX OAOKANPWGN TOU SL8AKTOPLKOU.

TéAog, Ba nBela va euxaploTiow Toug avBpwroug mou e otnpilouv pe kabe
Suvato Tpomo Kat elval ekel og KABe pou BrApa: T UNtépa pou lwavva, Tn cuvipodo pou
EAlodBet, kaBwg kot toug piloug pou otnv EAAGSa katl oto e€wteptko. Mot 6AOUC auToUG
TOUG aVBpWTOUC VIwBW guyvwpooUvn TEPa amo KABe mAaiolo, aAAd n oAokArpwaon Tou
S16aKTopLlKoU olyoupa amoteAsl pLo mMPWTNG TAEEWE sVKaLpia va Toug ekdpAcw TNV ayann
pou.



2TO OWUATELO Kol 08 OAoUC¢ TOUC avBpwITOUC TOU aywvioTnKo
Kat aywvifovtal yla KAAUTEPEC CUVINKEC OTNV EPEUVA



Abbreviations

3MT: 3-methoxytyramine
6-OHDA: 6-hydroxydopamine
Asyn: alpha-synuclein

AU: arbitrary units

BAC: bacterial artificial chromosome transgene (overexpressing the human full-length

wildtype alpha-synuclein protein)

CMS: chronic mild stress

CNS: central nervous system

CORT: corticosterone

CRUST: chronic unpredictable stress
CUMS: chronic unpredictable mild stress
CRF: corticotropin releasing factor

DA: dopamine

DAB: diaminobenzidine

DAPI: 4',6-diamidino-2-phenylindole
DL: dorsolateral

DLB: dementia with Lewy bodies

DM: dorsomedial

DOPAC: 3,4-dihydroxyphenylacetic acid
ENS: enteric nervous system

EPM: elevated plus maze

FST: forced swim test

GABA: gamma-aminobutyric acid

GC: glucocorticoid

GFAP: glial fibrillary acidic protein

Gl: gastrointestinal tract

GR: glucocorticoid receptor

HPA: hypothalamic-pituitary-adrenal
HVA: homovanillic acid

Ibal: ionized calcium binding adaptor molecule 1
IBD: inflammatory bowel disease

IBS: irritable bowel syndrome
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IM: intramuscular

IP: intraperitoneal

KO: knock-out

LB: Lewy body
L-DOPA: levodopa

LC: locus coeruleus
LPS: lipopolysaccharide

METH: methamphetamine

MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

MR: mineralocorticoid receptor
NA: noradrenaline

NOS: nitric oxidase synthase

OF: open field

PD: Parkinson’s disease

PFC: prefrontal cortex

PFF: pre-formed fibrils

PPI: prepulse inhibition

RN: raphe nucleus

ROS: reactive oxygen species
pS129: serine 129 phosphorylation
SDS: sodium dodecyl sulfate

SNg: substantia nigra

SNpc: substantia nigra pars compacta
Tg: transgenic

TH: tyrosine hydroxylase

Tx100: triton-x-100

V: ventral

VTA: ventral tegmental area

WT: wild type
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NepiAnyn

Mia ouUvdeon petafl TOU XPOVIOU OTPEC KAl TNG TaBoyEéveonc TnG vOoOoUu TOU
MNapkwvoov (NN) €xel apyxiost va avaduetal. NAnbwpa otowxelwv umootnpilouv OTL N a-
OUVOUKAE(vN, pla mpwteivn mou eviomiletal ot cUVAPEL] TWV VEUPWVIKWY KUTTAPWY,
oxetiletal aueoa pe tnv maboyéveon tng NM. Qotooo, Sev eivol akOUO YVwOTO €AV TO
cvoTnUa Tou otpeC SuoAettoupyel mpwv fi/kat katd tn NI, av n a-cUVOUKAEivn gUMAEKETAL
oe autl tn SuoAslToupylo Kal av CUUPBAAAOUV Omo KowoU otn veupoekdpUALON Tou

xapaktnpilel tn vooo.

Mpokeluévou va OLEPEUVACOUUE TA TOAPATIAVW EPWTNUATA, aAflOAOYNOAUE TN
Aettoupyla Tou Afova Tou oTpeC oe SlayovidlakoUg E£mMipueg Tou UTepekdpalouv tnv
TIANPOUC URKOUG avBpwrtvn a-cuVOUKAEivn (asyn BAC emipUEC) Kol TTPAYUATOTOLCOLE HLa
TOAUTIAEUPN atvoTuTik afloAdynon TG AELTOUPYLOG TOU GUOTAHOTOG TOU OTPEC KOL TNG
NN émewta amoé tnv £kBeon ot xpovio otpeg. H umepékdpacn tng avBpwmivng a-
OUVOUKAEivNg odnyel oe Suoheltoupyla Tou Gfova umoBoaAdpou-unoduong-emvedpldiwv
(HPA) otoug emipueg, evw TO XpOVIo ampOBAenTo oTpeC KABWC Kal n Xpovia xopnynon
KOPTIKOOTEPOVNG EMLOELVWVOUV CNUOVTLKA TV €KPUALON TTOU TTOpATNPEITOL KOTA UKOC TOU
afova péAlalvag ouciag — paBdwtol cwHatog, TNV EKPpacn TG PwodopuUAMWUEVNG a-
OUVOUKAEivNnG otn B£on 129 (pS129) kat tn veupodAeypovr), odnywvtag otn Hetapaon - ano
£va mpodpopo oe évav gudavh - Kvntiko datvotumo mou oxetiletal pe tn NIM. 18waitepo
evlladEépov MOPOUCLAleL TO OTL N XPOVLX XOPNynon KOPTLKOOTEPOVNG oToug asyn BAC
emipveg mpokaAel Suthaclaopud g ékdpacng tng pS129 otov utoBAGAAUO, ULa TTEPLOXH TOU
gykepalou mou amoteAei Tov KUpLo pubuLoTH TG avtibpacng oTo OTPEG, EVW O UTMOKAUTIOC,
TieEPLOXN TOU AsLToupyel TO00 WG pUBULOTAG OO0 KAl WC OTOXOG TNC avTIidpaong oTo OTPEG,
napouctalel emiong auénuéva emimeda pS129 kot odnyel oe oAhayéc oe Oeikteg

ONMATOS0TNONG TOU OTPEG.

Ytov unokapmno Twv BAC (wwv, N alMnAenidpacn petafl TOU XpOVIOU OTPEC KAl TNC
avOpwrivng a-cuvoUkAgivne Slatapdoosl TtV  €KPpacn YoviSiwv Kol KUTTAPLKWY
LOVOTIOTLWYV TIOU OXETITOVTAL E TNV QVATITUEN TWV VELPWVWY, TN AslToupyia Twv cuvapewv
kot t veupodiofifacn, aMayég mou umodelkvUouv  e€acBevnuévn  eykedoALkn
OUVSECIUOTNTO KOL OUVOTTTIKY ETLKOWVWVIO KOL QTTOVTWVTAL OTL VEUPOEKDUALOTLKEC
Slotapayec. EmumAéov, TOo XpOVIO OTPEC EVETEWVE TIEPATEPW OUTEC TIC OSLATOPAXES,
odnywvtag o UTIEPEKPPAON AVTLOEELOWTIKWY KABWG KoL LOVOTIATLWY TIOU OXETI(OVTOL UE TN

AeLtoupyla TWV ULITOXOVSPLWY TIPOKELUEVOU VA AVTIOTABULOTEL TO AUENUEVO KUTTAPLKO OTPEG.
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Ta nopandvw amnoteAéopata umodnAwvouv OTL 0 cuvSUAOUOC OTPeG Kal abBoloyiag mou
odelleTal otnV a-cuVoUKAEgivn, emttaxUveL Tn SUCAELTOUPYLA TWV CUVAPEWY KaL TNV EEEALEN

tng NI.

TéNog, evw n umepékdpaon TNG a-cuUVOUKAEivng otoug BAC emipueg odnyel og éva
TMPOodIA HIKPOBLWUATOG KAl LETAUBOALTWY TTAPOUOLO E AUTO TIOU OMAVIATOL 08 AoBeVeig Ue
NM, kot Ta SUo MPWTOKOAA TIPOKANONG OTPEG 08nyolV otnv unepékdpacn Twv (Suwv
mMAnBuouwv pikpoBiwv T600 otoug BAC 600 kal otoug aypiou tumou (WT) emipued.
EmutAéov, tOo oTpeg aMAnAemdpd pe to BAC yovoTUTO, QMOKAAUTITOVTOC ONLOVTLKEG
petaPorég otoug MAnBuaouolg Subdoligranulum kou Peptococcus. MapdtL n enidpacn Tou
OUOCTNUATOC TOU EVTIEPOU KABWG KoL Ol TMOPATNPOUMEVEG OANAYEG ota emimeda Twv
peTaBoAlTwy Kal Twv SladopeTikwy MANOBUCUWY TOU HLKPOBLWHATOG gival TIOAUTTAOKES Kal
TmoAveninedeg, Ta gupnuUaTa auUTA mapouctalouv TNV gukalpia va toutomolnBolv, va
anopovwBouv kat va aflodoynBolv cuyKeKplpéva BoKTtnplakd £i6n yla T emlAuLeg n
EUEPYETIKEG ETUIOPACEL] TOUC OTNV ATMOKATACTACN TNG $uoloAoykng Asttoupylag Ttou

EVTEPOU KOl TNG eVPBlwoNg, Kal EUUETQ, N eEMidpaoT] TOUC OTn VEUPOEKDUALD.

JUVOALKQA, TQ OMMOTEAECUATA MOG CUVOEOUV TNV €Midpach TOU OTPEC UECW TNG
avaduopevne SucAeltoupylog Tou afova ULKPORLWHUOTOG-EVTEPOU-EYKEPAAOU HE TNV -
OUVOUKAEIVN Kal TapéXouv oTolXEla yla To OTL Ta auénuéva emimeda YAUKOKOPTLKOELS WV
propolV va oupPdlouv otn veupoekdUALON TIOU TPOKAAEiTOL amd TNV A-GUVOUKAELVN,

06nNywvtag TEAIKA amo €va tpoSpopo o £vav gpdavr ToPKIVEOoVIKO GalvoTuTo.
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Abstract

An emerging connection between chronic stress and the pathogenesis of Parkinson’s
disease (PD) is gaining increased attention. Despite the plethora of evidence linking the
presynaptic neuronal protein alpha-synuclein (asyn) to PD pathogenesis, it remains unclear
whether stress system dysfunction is present in PD, if asyn is involved, and if both together

promote neurodegeneration.

To explore these questions, we evaluated stress axis function in transgenic rats
overexpressing full-length human asyn (asyn BAC rats) and performed multi-level stress and
PD phenotyping following two different paradigms of chronic stress exposure. While the
transgenic rats overexpressing human wildtype asyn are characterized by hypothalamic-
pituitary-adrenal (HPA) axis dysregulation, chronic unpredictable stress and corticosterone
exposure further intensify nigrostriatal degeneration, increased serine129 phosphorylated
asyn (pS129), and neuroinflammation, ultimately leading to phenoconversion from a
prodromal to an overt motor PD phenotype. Notably, chronic corticosterone in asyn BAC
rats leads to a robust, twofold increase in pS129 levels in the hypothalamus, the master
regulator of the stress response, while the hippocampus, both a regulator and target of

stress, also shows elevated pS129 asyn and altered stress signaling.

In BAC rats, chronic stress and human asyn disrupt genes and cellular pathways
linked to neuronal development, synaptic function, and neurotransmitter signaling in the
hippocampus, indicating impaired brain connectivity and synaptic function—archetypal
features of neurodegenerative diseases. Chronic stress further amplifies these disruptions,
leading to compensatory upregulation of mitochondrial and detoxification pathways,
highlighting increased cellular stress suggesting that the combination of stress and asyn

pathology accelerates synaptic dysfunction and the progression of PD.

Additionally, asyn overexpression in BAC rats reproduces a microbiota profile of
genera and metabolites similar to those observed in PD patients, with both stress paradigms
leading to the upregulation of the same microbiota populations in BAC and WT rats. Stress
interaction with the BAC genotype, reveals significant changes in Subdoligranulum and
Peptococcus populations. While the impact of enteric system changes and microbiome shifts
is complex, these findings provide an opportunity to identify and evaluate specific bacterial
species for their potential protective or harmful effects on restoring normal gut function and

eubiosis, and indirectly, on neurodegeneration.
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Taken together, our findings link stress to asyn through microbiota-gut-brain axis
dysregulation and provide evidence that elevated circulating glucocorticoids can contribute
to asyn-induced neurodegeneration, ultimately triggering phenoconversion from prodromal

to overt PD.
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l. Introduction

1. Epidemiology & symptoms of Parkinson’s disease

On an aging planet where neurological disorders have become the major cause of
disability, Parkinson’s disease (PD) notoriety grows along with the number of patients
worldwide (Carroll, 2019). It is estimated that the prevalence of PD has more than doubled
since 1990, thus exceeding the growth of Alzheimer’s disease (Dorsey et al., 2018). PD is a
neurodegenerative disorder characterized by the loss of dopaminergic neurons in the
substantia nigra pars compacta (SNpc) and by the presence of cytoplasmic alpha-synuclein
(asyn)-rich inclusions termed Lewy bodies (LBs) (lllus. 1). The hallmark motor symptoms of
PD are bradykinesia, rigidity, resting tremor, and late postural instability (Bloem et al., 2021).
While the incidence of PD rises with age, along with the manifestation of the characteristic
motor symptoms, a prodromal phase of the disease may be lurking for up to two decades
before diagnosis (Schapira et al., 2017). A number of non-motor symptoms, such as
autonomic, sleep, neuropsychiatric, cognitive, olfactory and gastrointestinal (Gl)
dysfunctions, manifest years before the onset of the more typical motor symptoms and
might even inflict a heavier burden than motor symptoms, especially in late stage PD
patients (Prakash et al.,, 2016; Hermanowicz et al., 2019). Interestingly, male sex is
associated with higher disease incidence, prevalence, earlier onset, more severe motor

symptoms, faster progression and more frequent cognitive decline (Meoni et al., 2020).

lllustration 1. Substantia nigra from PD patients stained for asyn; a) Pigmented nerve cells, each containing an
asyn-positive LB (thin arrows). Lewy neurites (thick arrows) are also immunopositive (scale bar, 20 mm). b) A
pigmented nerve cell with two asyn-positive LBs. Scale bar, 8 mm. c) Asyn positive, extracellular LB (scale bar, 4
mm). Source: Spillantini et al., 1997.
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2. Key moments in PD research highlighting the role of asyn in the disease

The year 1997 was seminal for PD research since the protein asyn was identified as a
main component of LBs (Spillantini et al., 1997) while a mutation in SNCA - the gene
encoding asyn - was characterized as the first genetic locus causing PD (with a penetrance of
approximately 85%) in a well-studied Italian family, the Contursi kindred (Polymeropoulos et
al., 1997). Since the discovery of the A53T mutation (Polymeropoulos et al., 1997), seven
more point mutations located in the SNCA gene have been linked with PD pathogenecity in
an autosomal dominant manner; A30P (Kriiger et al., 1998), E46K (Zarranz et al., 2004),
G51D (Lesage et al., 2013), H50Q (Appel-Cresswell et al., 2013), A53E (Pasanen et al., 2014),
A53V (Yoshino et al.,, 2017) and A30G (Liu et al., 2021). While in some of these highly
penetrant PD mutations symptoms appear early and the disease has a rapid progression
taking a heavy toll on cognition, the total number of mutation carriers is rather low. Apart
from point mutations in the asyn gene, duplication and triplication of SNCA were also found
to cause PD (Chartier-Harlin et al., 2004; Singleton et al., 2003). Though the etiology of PD is
multifaceted, ample evidence point towards complex interactions of genetic variants with
environmental risk factors and aging, with the majority of cases being idiopathic (iPD) and
familial cases accounting for approximately 10% of all cases (Van Den Eeden et al., 2003;
Gasser, 2009). While over 20 disease-causing gene loci have been linked to PD, genome-
wide association studies (GWAS) and next generation sequencing (NGS) studies have
identified 90 independent variants - many of which are of unknown significance - that
increase the risk of iPD (Blauwendraat et al., 2019; Cali et al., 2019). While it was suspected
that genetic variability in the promoter of the gene encoding asyn contributes to the risk of
developing PD, a GWAS identified SNCA as a major risk locus across Caucasian and Asian
populations of iPD patients (Farrer et al., 2001; Simdn-Sanchez et al., 2009). Additionally,
polymorphisms associated with PD adjacent to the SNCA locus may increase neuronal asyn
expression levels (Soldner et al., 2016). In 2003, asyn was first traced in culture media and in
extracellular biological fluids (including CSF and plasma), showing that asyn is normally
secreted both in vitro and in vivo (El-Agnaf et al., 2003). Following the identification of asyn-
positive LBs in grafted fetal mesencephalic DA neurons years after transplantation in PD
patients, it was found that asyn can spread via endocytosis to neighboring neurons, thus
providing the first evidence of cell-to-cell asyn propagation (Kordower et al., 2008; J.-Y. Li et
al., 2008; Desplats et al., 2009). Around the same time, it was shown for the first time - in
vitro - that asyn can be secreted by exosomes in a calcium-dependent manner, aggravating

PD-related pathology (Emmanouilidou et al., 2010). Moreover, synthetic asyn fibrils (PFFs)
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efficiently seed the aggregation and fibrillization of soluble endogenous asyn in vivo, leading
to transynaptic spreading of pathological asyn in anatomically interconnected regions,
recapitulating a neurodegenerative cascade and the main pathological features of the
disease (Luk et al., 2012; Karampetsou et al., 2017). A year following the discovery that asyn
can cross the BBB in both directions (Sui et al., 2014), it was reported that following
intravenous (IV) injection, different asyn strains spread to the CNS, displaying different
seeding and pathology-inducing capacities resembling traits of different synucleinopathies
(Peelaerts et al., 2015). Apart from discoveries regarding the genetics or spreading of asyn,
the recent development of the seeding amplification assay (SAA) is a breakthrough in the
field of diagnostics thanks to the ability of the method to detect PD with high sensitivity and
specificity by amplifying small amounts of misfolded asyn aggregates in CSF from PD
patients, even before the onset of clinical symptoms. The SAA was able to detect sporadic
PD with a sensitivity of 88% and a specificity of 96% among normal controls, also displaying
high sensitivity in detecting PD among individuals with prodromal conditions such as rapid
eye movement (REM), sleep behavior disorder and loss of smell. This advancement in
diagnostic capability is crucial as it allows for earlier [than traditional methods like DaTscans
(de la Fuente-Fernandez, 2012)] detection and intervention, potentially leading to better
patient outcomes (Siderowf et al., 2023). Finally, performance of a SAA for misfolded asyn in
CSF and brain tissue, detected most patients with LB pathology at Braak stages 3 and all the
patients at stage >3, also enabling the assessment of the severity and progression of the

disease providing information regarding pathology burden (Bentivenga et al., 2024).

The existence of pathogenic variants and of multiplications in the SNCA gene
suggests that asyn plays a causal role in PD. A deeper understanding of native asyn function
is essential, not only to enhance therapeutic approaches aiming at the reduction of
extracellular and/or intracellular asyn or to promote the native over the pathological states,
but also to decipher the initiation and development of the disease. Findings from the use of
various KO cell and animal models, such as triple KO mice lacking all the members of the
synuclein family (alpha-, beta- and gamma-synuclein) (Greten-Harrison et al., 2010; Anwar et
al., 2011) or conditional KO mice (Ninkina et al., 2020), converge toward the fact that loss of
asyn does not lead to neurodegeneration. Additionally, findings from population-based
studies support the notion that lower asyn levels are associated with a lower risk of
developing PD; individuals with deletion of one SNCA allele do not exhibit features of PD

motor symptoms or dementia (Blauwendraat et al., 2019).
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On the other hand, genetic, pathological and molecular evidence support the
hypothesis that elevated asyn levels are central to the misfolding process, with increased
protein accumulation driving aggregation through oligomerization, fibril formation and
eventually creation of the characteristic inclusions (Courte et al., 2020; Vasili et al., 2022).
Characteristically, SNCA gene triplication cases have a more severe disease phenotype
compared to duplication cases providing support for a gain-of-function effect of asyn
(Singleton et al., 2003). However, it is also possible that misfolding and aggregation can
occur through mechanisms that are not directly related to protein levels with these

alternative theories not being necessarily mutually exclusive.

At this point, it is important to note that since spontaneous pathology has not been
replicated neither in genetic nor in environmental models showing aggregation, current
modeling relies on either genetic modifications or experimental conditions that induce
aggregation artificially. Most PD models rely on overexpressing asyn or using external
triggers to induce aggregation, rather than replicating the spontaneous aggregation
observed in human disease (Lazaro et al., 2014; Girdldez-Pérez et al., 2014). Despite the
lower occurrence of genetic PD, the advantage of studying these cases - from a molecular
perspective - is that they offer valuable insights into the pathoetiology and the development
of the disorder. For this reason, animal models based on mutations and/or multiplications of
disease-causing genes such as SNCA are more accurate in terms of translatability and can be
used as a starting point from where researchers can study PD by incorporating other

important aspects of the disease, such as aging or environmental factors.

While the involvement of asyn in PD cannot be disputed, a deeper understanding of
its contribution to the disease will be significantly enhanced by elucidating its normal

physiological functions.

3. Introduction to asyn and its physiological roles

Asyn is a small, natively unfolded protein, consisting of 140 amino acids divided into
three main protein regions: the N terminus (residues 1-60), the non-amyloid-f component
(NAC) region (residues 61-95), known for its tendency to form aggregates and the C
terminus (residues 96-140) (lllus. 2). Despite being abundant in pre-synaptic terminals
across the CNS (Maroteaux et al., 1988; Iwai et al., 1995), asyn is also present in various
other locations including the gut (Qualman et al., 1984; Wakabayashi et al., 1988, 1990;
Braak et al., 2006), the red blood cells (Barbour et al., 2008), the heart (lwanaga et al., 1999;

Orimo et al., 2008; Fujishiro et al., 2008), the muscles (Askanas et al., 2000), but also in
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different subcellular compartments, including the nucleus (Pinho et al.,, 2019). In vivo
targeted expression of asyn in the nucleus results in a more pronounced PD-like phenotype,
compared to cytoplasmic asyn expression. Nuclear expression of asyn is characterized by
increased loss of dopaminergic neurons along with greater motor impairments as well as
formation of inclusions containing high molecular weight (HMW) asyn species (Du et al.,
2024). Moreover, asyn nuclear inclusions lead to transcriptomic changes such as increased
expression of p21 -a master regulator of senescence whose overexpression promotes cell
death (Mansour et al., 2023)- and of genes related with senescence-associated secretory

phenotype, gliosis, inflammation and DNA damage (Du et al., 2024).
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lllustration 2. Schematic representation of the asyn protein structure, consisting of 140 amino acids and three
distinct regions: the N-terminal amphipathic domain, where PD mutations (A30P/G, E46G, H50Q, G51D,
A53T/V/E) are located, the central NAC region, responsible for aggregate formation and the C-terminal domain,
which is involved in post-translational modifications (Y125, S129).

A number of studies focusing on the physiological role of asyn in the nerve terminals
provide evidence that it is involved in maintaining synaptic integrity and plays an important
role in the regulation of dopamine (DA) biosynthesis and pre-synaptic release (Abeliovich et
al., 2000; Perez et al., 2002; S. Chandra et al., 2004), as well as of other neurotransmitters
such as norepinephrine (Yavich et al., 2006) and glutamate (Gureviciene et al., 2007). A
number of the proposed roles for asyn in synapses, such as regulating synaptic plasticity, DA
levels and synaptic vesicles trafficking, are related to asyn’s ability to interact with cell

membranes (Burré et al., 2018). Despite being structurally disordered in solution, asyn
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adopts a partially structured form when bound to membranes. Presynaptically, asyn binds to
synaptobrevin-2 (VAMP2), a key component of the SNARE complex, to promote its
assembly. This interaction facilitates the docking and fusion of synaptic vesicles; essential
processes for the release of neurotransmitters (Burré et al., 2010). Additionally, asyn shows
a particular preference for small, highly curved synthetic vesicles through its N terminus (Bell
& Vendruscolo, 2021). Both N and C termini interactions are regulated by calcium which
facilitates the localization of asyn at the presynaptic terminal. Calcium or asyn levels
imbalance can lead to synaptic vesicle clustering ex vivo and in vitro (Lautenschlager et al.,
2018). While clathrin-mediated endocytosis is the physiological mechanism of vesicle
retrieval (Granseth et al., 2006), asyn and poly-unsaturated fatty acids also contribute to
endocytosis by the recycling of synaptic vesicles upon neuronal stimulation (Ben Gedalya et

al., 2009).

Moreover, asyn is physiologically involved in maintaining DA homeostasis by
regulating the levels of DA transporter (DAT) between cell surface and intracellular
compartments via clathrin-mediated endocytosis (Kisos et al., 2014). While asyn localization
in the nerve terminals is well documented, asyn KO in animals has little to no effect on
synaptic neurotransmission, while asyn overexpression leads to decreased synaptic vesicle
density at the active zone and impaired re-clustering of synaptic vesicles after endocytosis.
Interestingly, the aforementioned physiological defect in synaptic vesicle recycling is
observed before any obvious signs of neuropathology (Nemani et al., 2010). Recently, a long
sought physiological action of asyn was observed in vivo as the protein was found to both
facilitate and depress DA release, depending on the length of the intervals between bursts of
action potentials. These findings, influenced by specific temporal patterns of neuronal
activity, seem to be independent of the presence of other members of the synuclein family
or of presynaptic calcium levels. Rapid facilitation of DA release is hypothesized to rely on
enhanced fusion of synaptic vesicles at active zones during exocytosis while depression is

attributed to synaptic exhaustion (Somayaji et al., 2020).

DAT is responsible for the reuptake of DA from the synaptic cleft back into the
presynaptic neuron, a process critical for the termination of DA signaling and recycling.
Transient interaction between DAT and asyn at the plasma membrane leads to increased
DAT-mediated membrane depolarization and DA efflux leading to decreasing the uptake of
the neurotransmitter (Swant et al., 2011; Butler et al., 2015). Additionally, cellular stress and

damage induced by asyn aggregates can further reduce DA; in a Drosophila model of

25



synucleinopathy, human asyn accumulated in presynaptic terminals causing a reduction in
key synaptic proteins like cysteine string protein, synapsin and syntaxin 1A. These alterations
impair neuronal function, resulting in behavioral deficits in Drosophila and dopaminergic
neuron degeneration both in aging Drosophila and in brain samples of dementia with LB
patients. These findings suggest that asyn-induced presynaptic dysfunction initiates
synaptopathy, contributing to behavioral deficits and eventual dopaminergic neuron loss
akin to synucleinopathies' early stages (Bridi et al., 2021). Localization of DAT on the plasma
membrane or in the intracellular space is frequently influenced by interactions with
trafficking and regulatory proteins. Under physiological conditions, asyn regulates DAT
activity by anchoring the transporter to the microtubular network while in early stages of PD
pathogenesis, asyn finely modulates the dopaminergic synapse by controlling the subcellular
distribution of key proteins, including DAT (Wersinger & Sidhu, 2005; Bellucci et al., 2011;
Butler et al., 2015).

Studies have shown that the abundance and composition of cell surface N-methyl-D-
aspartate (NMDA) receptors (NMDARs) are altered in experimental Parkinsonism models
and in PD patients. The involvement of asyn in promoting clathrin-mediated endocytosis
implies the protein’s potential role in regulating NMDAR trafficking from the cell surface to
intracellular compartments (Ben Gedalya et al., 2009). The first evidence of asyn and
NMDARs interaction were reported following the discovery that asyn can induce endocytosis
of surface NR1 subunits of the NMDARs through a mechanism involving clathrin and RAB5B,
resulting in NMDA-induced cell death in dopaminergic cell cultures in vitro (Cheng et al.,
2011). Moreover, asyn oligomers, especially those present in the plasma of PD patients,
enhance the ability of asyn to induce GIuN1 subunit internalization, potentially via a clathrin-
mediated endocytosis pathway (Yu et al., 2019). In the striatum, asyn levels increase with
age, showing a negative correlation with GIuUN1 expression while cells treated with asyn
oligomers exhibit a greater reduction in NMDA-evoked calcium influx compared to those
treated with monomers, with this reduction being reversed by a clathrin inhibitor. These
findings suggest that age-related accumulation of asyn monomers and oligomers affects the
reduction of surface NMDAR expression differently in specific brain regions (W. Yang et al.,
2020). Oligomeric asyn can directly impact synaptic transmission and plasticity in PD models
by reducing NMDAR-mediated synaptic currents and impairing corticostriatal long-term
potentiation of striatal spiny projection neurons (SPNs), with injections of asyn in the
striatum, leading to selective targeting of the NMDR subunit GIUN2A both in vitro and ex

vivo (Durante et al., 2019). Rabphilin-3A (Rph3A) is a synaptic protein originally identified as
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being associated with synaptic vesicles, playing a role in regulating exocytosis and
endocytosis at presynaptic sites. In excitatory dendritic spines, Rph3A is necessary for
maintaining synaptic NMDARs by directly interacting with the GIUN2A regulatory subunit
(Burns et al., 1998). While intrastriatal injection of asyn PFFs in mice leads to an early loss of
striatal synapses accompanied by reduced synaptic levels of Rph3A and disrupted
interaction between Rph3A and NMDARs, both Rph3A overexpression and the use of a small
molecule disrupting the Rph3A/asyn complex, prevent the loss of dendritic spines in SPNs
and the early motor defects. The involvement of Rph3A in mediating asyn-induced synaptic
toxicity across different brain regions is also confirmed in primary hippocampal neurons in
vitro (Ferrari et al., 2022). These findings support the hypothesis that asyn selectively
impacts the function of specific NMDARs across different neuronal subtypes, suggesting that
the unique characteristics of postsynaptic receptors may play a crucial role in determining

synaptic vulnerability of different neuronal populations (Calabresi et al., 2023).

4. Post-translational modifications of asyn

While asyn found in LBs is predominantly hyperphosphorylated, there is a number of
post-translational modifications including nitration (Paxinou et al., 2001), ubiquitination
(Nonaka et al., 2005) and C-terminal truncation (W. Li et al., 2005) affecting asyn’s
properties. While phosphorylation at the serine-129 site (pS129) of asyn is the most
commonly studied phosphorylation (Anderson et al., 2006), other sites such as serine-87
(587) (Paleologou et al., 2010) and tyrosine-125 (Y125) (Lu et al., 2011) are additional sites

that can be phosphorylated and have been detected in LBs.

4a. Serine-129 phosphorylation of asyn

Phosphorylation of asyn at the serine-129 (Ser129) is a known pathological hallmark
of synucleinopathies, significantly impacting its aggregation, toxicity, and interaction with
cellular membranes. Under normal physiological conditions, only a small fraction of asyn is
phosphorylated in different brain regions, indicating intrinsic regulation. Neuronal activity
increases pS129 asyn, triggering essential protein-protein interactions at synapses while
preventing pS129 blocks asyn activity-dependent synaptic function. It is suggested that
pS129 induces conformational changes that facilitate interactions with binding partners
(Parra-Rivas et al., 2023). Over 20 years ago, mass spectrometry measurements found pS129
to be significantly elevated in synucleinopathy lesions. Moreover, pS129 promotes the
formation of fibrils in vitro, suggesting a crucial role for this modification in the pathogenesis

of neurodegenerative disorders characterized by filamentous protein aggregation (Fujiwara

27



et al., 2002). Mutation of serine (Ser129) to alanine (5129D) (preventing phosphorylation at
this site) suppresses dopaminergic neuronal loss induced by human asyn expression in a
Drosophila model. Conversely, substituting Ser129 with aspartate (S129D) (mimicking
constitutive phosphorylation) intensifies asyn toxicity. Inhibition of pS129 significantly
enhances aggregate formation, highlighting its critical role in pathology development.
Interestingly, increased inclusion bodies pathology correlated with reduced toxicity,
potentially shielding neurons from asyn’s detrimental effects (L & Mb, 2005). While small
amounts of pS129 asyn are present in the soluble fraction of both healthy and PD brains,
ubiquitination is solely observed in LBs and mainly on phosphorylated synuclein, suggesting
it occurs after the accumulation of pS129 asyn in LBs. This pattern of phosphorylation,
truncation and ubiquitination is also consistently seen across the brains of PD patients
carrying the A53T mutation and in Multiple Systems Atrophy (MSA), indicating a common
pathogenic pathway for both genetic and sporadic LB diseases where the preferential
accumulation of naturally occurring pS129 asyn is the primary mechanism leading to LB
formation (Anderson et al., 2006). A direct in vivo link between pS129 asyn and disease
progression was uncovered using an adeno-associated virus (AAV) to overexpress human WT
asyn and two different human asyn mutants (S129A and $129D). Notably, following AAVs
injections in the substantia nigra (SNg), the non-phosphorylatable form of asyn (S129A)
worsened nigral pathology, whereas phosphorylation of Ser129 prevented asyn-induced
degeneration along the nigrostriatal pathway (Gorbatyuk et al., 2008). Detailed analysis of
the amino acid sequence of all the synucleins across humans and other species, indicates
that most of the potential phosphorylation sites are highly conserved, suggesting that
phosphorylation may be crucial for regulating physiological functioning in both healthy and
diseased states (Oueslati et al., 2010). In vitro experiments reported that pS129 increases
the conformational flexibility of asyn and prevents fibrillogenesis, without affecting its
membrane-bound structure. However, phosphorylation mimicking mutants S129A or S129D
do not reproduce the effects of actual phosphorylation at the Ser129 site on the structural
and aggregation properties of asyn, indicating that results obtained using these mimics
should be interpreted cautiously (Paleologou et al., 2008). In rats injected with recombinant
AAVs expressing either WT human or asyn mutants S129A/D, both WT and mutant asyn led
to significant dopaminergic cell loss, with only minor reductions in nigrostriatal terminal
density and tyrosine hydroxylase (TH) expression without any further differences among the
different conditions. Additionally, there were no differences observed in asyn aggregation or

distribution between WT and Ser129 mimicking mutants (McFarland et al., 2009). These
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findings, suggesting that both Ser129 mutants and WT asyn induce dopaminergic
neurotoxicity with the same intensity, differ from previously reported results, possibly due
to neuronal toxicity linked to AAV-mediated over-expression of GFP in the SNg. Another
factor possibly obscuring the differences in neuronal loss caused by asyn and the S129
mutants is that the immunohistological analysis was conducted in an earlier time point
compared to other studies (Oueslati et al.,, 2010). More recently, a study comparing the
pathogenecity among WT, pS129 and phosphorylation incompetent fibers reported that
phosphorylated fibrils promoted greater formation of asyn inclusions in the SNpc, worsening
cortical pathology, DA neuron loss and fine motor deficits at an earlier time point
additionally triggering early changes in the innate immune response and enhancing asyn

fibrils uptake by neurons (Karampetsou et al., 2017).

Most studies investigating the pathogenesis and development of PD typically focus
on the presence of pS129 asyn in specific brain regions. However, this approach neglects
recent findings elucidating both the physiological properties of pS129 asyn (Parra-Rivas et
al., 2023) and its appearance throughout the progression of the disease. In PD and DLB brain
homogenates, pS129 asyn was found to inhibit fibril formation and seed aggregation, while
results from cell culture experiments support a lower seeding propensity and an attenuated
toxicity upon treatment with pS129 asyn, compared to non-phosphorylated asyn (Ghanem
et al., 2022). Additionally, asyn PFF-injected mice were characterized by aggregated WT asyn

with relatively little pS129 asyn, at least during earlier time points (Ghanem et al., 2022).

5. Role of asyn in heurodegenerative pathology

Overall, asyn's structural flexibility and neurophysiological complexity are reflected
in its multitude of roles. Its ability to undergo post-translational modifications and rapid
conformational changes, and interact with a wide range of protein partners makes it
challenging to decipher the molecular consequences of asyn aggregation at synaptic sites,
particularly during the early stages of synucleinopathies (Longhena et al., 2019). In the
following section, the role and contribution of asyn in the pathophysiology of PD will be

reviewed.

5a. Lysosomal effects of asyn

While asyn is degraded in the lysosomes, at the same time lysosomal functions
appear to be hindered by the presence of asyn. Under physiological conditions, WT asyn is

translocated to the lysosomal membrane where it binds to LAMP2A, a selective receptor for
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chaperone-mediated autophagy (CMA). Overexpression of LAMP2A in vitro leads to CMA
upregulation, decreased asyn turnover and selective protection against WT asyn
neurotoxicity while overexpression of the lysosomal receptor in vivo, in the SNg protects the
nigrostriatal axis against asyn-induced dopaminergic neurodegeneration (Xilouri et al.,
2013). On the other hand, LAMP2A downregulation in the SNg of adult rats, resulted in
progressive loss of TH+ neurons, severe reduction in DA levels/terminals in the striatum,
increased gliosis and motor deficits further supporting that CMA dysfunction may underlie
PD pathogenesis (Xilouri et al., 2016). SNCA gene mutations A53T and A30P, along with DA-
modified asyn, appear to inhibit degradation by resisting internalization due to stronger
binding, thus blocking CMA not only for asyn but also for the rest of the substrates which
follow this pathway for degradation (Cuervo et al., 2004; Martinez-Vicente et al., 2008;
Xilouri et al., 2009). In this case, macroautophagy increases but in the presence of elevated
asyn levels, unlike in other situations, this compensatory degradation mechanism appears to
be harmful, resulting in neuronal death (Xilouri et al., 2009). Macroautophagy is the major
lysosomal pathway used by cells to degrade proteins within the cytoplasm. It differs from
CMA since it handles nonspecific, large-scale degradation of cytoplasmic materials and relies
on vesicular trafficking rather than directly importing substrates into lysosomes. Asyn
overexpression impairs macroautophagy in mammalian cells and in transgenic (Tg) mice via
Rabla inhibition (Winslow et al., 2010). Overexpression of Rabla restores Golgi body
structure, trafficking and activity of hydrolases (which is disrupted by asyn in
synucleinopathies reflecting lysosomal dysfunction) and decreases pathological asyn in iPS

midbrain neurons (Mazzulli et al., 2016).

Gaucher's disease is the most common lysosomal storage disorder, with
Parkinsonism being one of its most characteristic features (Neudorfer et al., 1996; Sidransky
& Lopez, 2012). The GBA1 gene encodes the lysosomal enzyme glucocerebrosidase (GCase)
that breaks down glucosylceramide (GlcCer) into glucose and ceramide. When GBA1
mutations occur, they lead to GCase a deficiency or malfunction. As a result, GlcCer
accumulates within cells, particularly in macrophages, leading to the symptoms and tissue
damage associated with Gaucher's disease (Lwin et al., 2004; Sidransky & Lopez, 2012). The
severity of Gaucher's disease can vary depending on the specific mutations in the GBA1 gene
(Sidransky et al., 2009). Interestingly, heterozygous mutations in the GBA1 gene are among
the most prevalent genetic risk factors for PD, with an estimated occurrence rate of 7% to
10% in PD patients (Neumann et al., 2009; Schapira, 2015). Reduced GCase activity and

subsequent lysosomal dysfunction leads to asyn accumulation and subsequent
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oligomerization of the protein. In turn, increased concentration of asyn oligomers may
disrupt ER-Golgi trafficking of WT GCase, further inhibiting the activity of the enzyme,

creating a pathogenic loop (Cooper et al., 2006; Mazzulli et al., 2011; Bae et al., 2015).

While the normal function of the leucine-rich repeat kinase 2 (LRRK2) protein
remains elusive, LRRK2 mutations are the most common, known cause of autosomal
dominant PD (Singleton et al., 2013). The G2019S LRRK2 mutation induces modest but
significant changes in lysosomal morphology and acidification, decreasing autophagic
activity, accumulation of insoluble asyn and increasing asyn release. These changes are
reversed by LRRK2 kinase activity inhibitors, providing new evidence regarding the possibility
of LRRK2 involvement in late-onset pathogenesis of familial PD via mechanisms regulating
lysosome functioning and asyn homeostasis (Schapansky et al., 2018). Finally, lysosomal
dysfunction results in higher levels asyn release through exosomes and associates with an

increase in asyn transmission to neighboring cells (Alvarez-Erviti et al., 2011).

5b. Effects of asyn on mitochondria

Mitochondrial dysfunctions inducing bioenergetic imbalance, calcium signaling
dysregulation and morphological changes, may significantly contribute to the onset and
progression of PD. Recessive mutations associated with early-onset forms of PD include loss-
of-function mutations in the genes PINK1 (encoding PTEN-induced putative kinase 1), PARK2
(encoding parkin) and PARK7 (encoding protein deglycase DJ1) (Surmeier et al., 2017). The
loss of function in each of these genes has been linked to impairments in mitochondrial
function and mutation carriers typically develop levodopa (L-DOPA)-responsive PD,
indicative of mitochondria-dependent degeneration of dopaminergic neurons in the SNpc
(Bonifati, 2012). Since endogenous asyn closely interacts with mitochondria in many
different sites, it is possible that asyn plays a role in the regulation of mitochondrial function
under both normal and pathological conditions (Vicario et al., 2018). Overexpression of asyn
leads to mitochondrial fragmentation, resulting in a greater ratio of mitochondria removal
through mitophagy (Chinta et al., 2010; Choubey et al., 2011). Monomeric and oligomeric
forms of asyn accumulate both in the outer and the inner mitochondrial membranes of
mitochondria (Kamp et al., 2010; Nakamura et al., 2011; Robotta et al., 2014). There, they
firmly interact with cardiolipin, a phospholipid enriched in mitochondrial membranes,
strictly required for asyn interaction (Ghio et al., 2016). Additionally, asyn in the inner
mitochondrial membrane directly interacts with complex | of the respiratory chain, inhibiting

its activity (Chinta et al., 2010; Devi et al., 2008; Liu et al.,, 2009; Nakamura et al., 2011;
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Stichel et al., 2007). Mitochondrial fragmentation and complex | activity inhibition, disrupt
the potential of the mitochondrial membrane resulting in increased production of reactive
oxygen species (ROS) and subsequently in neuronal cell death (Vekrellis et al., 2011). WT
forms of Parkin and PINK1 can inhibit the adverse effects of mitochondrial fragmentation
caused by asyn, but still lead to increased mitophagy (Kamp et al., 2010). More recently, a
new conformationally distinct pS129 asyn species was identified not only in a cell culture
model treated with asyn PFFs but also in the brain of PFF-injected mice and in PD patients’
brains. This species was generated following incomplete autophagic degradation of pS129
asyn and was characterized by high neurotoxicity leading to mitochondrial damage, fission
and mitophagy, thus highlighting the importance of both lysosomal pathways and proper
mitochondria functioning in PD (Grassi et al., 2018). Similarly, in exogenously PFF-seeded
primary neurons, the majority of pS129 asyn was membrane-bound and associated with
mitochondria and cellular respiration defects, thus revealing a connection between two
major pathogenic events. These findings were reproduced both in neuronal and animal
models not requiring exogenous PFFs as well as in postmortem brain tissues of patients from
a range of alpha-synucleopathies, apart from PD (Wang et al.,, 2019). A mitochondria-
targeted asyn construct in differentiated human dopaminergic neurons leads to severe
ultrastructural deformation of the inner mitochondrial cristae membranes, swelling and
depletion of respiratory function, while asyn overexpression results in loss of mitochondrial
membrane potential and production of ROS (Ganjam et al., 2019). Interestingly, caspase
inhibition ameliorates mitochondrial respiratory function and cellular ATP levels, negating
the asyn-induced cell death (Ganjam et al., 2019; Vekrellis et al., 2009). Apart from the
caspases, another potential therapeutic target for PD is the protein SIRT3, member of the
sirtuins family, which is deemed essential for cell survival, metabolism and longevity.
Downregulation of SIRT3 results in increased ROS and mitochondrial dysfunction (Park et

al., 2020).

5c. Effects of asyn on the cytoskeleton

Several lines of evidence converge on the hypothesis that oligomerization of asyn
could affect the stability of the cytoskeleton, possibly leading to the neuronal degeneration
which characterizes PD (Vekrellis et al., 2011). Addition of asyn oligomers in cell medium
results in decreased tubulin polymerization and alterations in mitochondria function and cell
morphology. While internalization of the exogenously added asyn is deemed as a critical

step for these adverse effects, direct interaction between the oligomers and tubulin is not
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observed (Chen et al., 2007). Evidence from studies performed both in vitro and in vivo,
attest that asyn interacts with tubulin, possibly through the region spanning from residue 60
to 100 to bind to this microtubule-forming protein (Zhou et al., 2010; Amadeo et al., 2021).
Interaction of the two proteins in murine striatal boutons might be substantial for the
normal functioning of synapses (Amadeo et al., 2021). While asyn oligomers seem to
selectively affect tubulin sparing actin microfilaments and intracellular trafficking unrelated
to microtubules in degenerating neurites (Lee et al., 2006), WT asyn binds actin, contributing
to its depolymerization while A30P asyn increases actin polymerization, disrupting
physiological cell functions such as cell migration and endo- / exo-cytic trafficking, altering
cytoskeletal dynamics (Sousa et al., 2009). Moreover, increased asyn in the extracellular
environment leads to heightened presence of glucose-related protein (GRP78) in the plasma
membrane of neurons. Asyn interaction with GRP78 activates a signaling cascade ultimately
dysregulating actin turnover and subsequently synapse function, possibly initiating the

pathogenic process that eventually advances to neurodegeneration (Bellani et al., 2014).

Since we have already reviewed the effects of asyn in mitochondria, it is interesting
to examine how asyn can additionally disrupt cell energy metabolism through new
mechanistic routes, once again involving proper mitochondrial functioning. Transfer of
mitochondria from PD patients to healthy neuronal cells, in which endogenous
mitochondrial DNA was depleted, led to reduced ATP levels, increased ratio of
free/polymerized tubulin and accumulation of asyn oligomers. This phenotype was
normalized following the use of a microtubule-stabilizing drug (Esteves et al., 2010).
Additionally, in a Drosophila model overexpressing human WT asyn, the actin filament
network was destabilized by mislocalization of the critical mitochondrial fission protein
Drp1, which in turn led to mitochondrial dysfunction and neuronal death. Interestingly, the
same actin cytoskeletal abnormalities were present in the brains of asyn Tg mice and alpha-
synucleinopathy patients (Ordonez et al., 2018). Following the identification of microtubule-
associated protein tau as an asyn ligand -with the interacting domains being localized to the
C terminus- it was proposed that asyn further catalyzes the phosphorylation of tau at
residues Ser262 and Ser356 via protein kinase A (PKA), indirectly destabilizing the axonal
microtubules (Jensen et al., 1999). Intriguingly, the existence of abundant filamentous tau in
the postmortem brain tissues of PD patient has been reported repeatedly (Duda et al., 2002;
Kotzbauer et al., 2004). PD linked asyn mutations A30P, E46K and A53T but also MPTP
exposure were found to promote tau Ser262 phosphorylation, possibly via GSK3B, causing

microtubule instability (Duka et al., 2006; Qureshi & Paudel, 2011). Importantly, the
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presence of asyn was mandatory to observe MPTP-induced increases in phosphorylated Tau
levels (Duka et al., 2006). Apart from mutations or environmental insults, overexpression of
human asyn in old Tg mice was also accompanied by progressively greater levels of
phosphorylated tau and subsequent tau and MAP1 dissociation from the cytoskeleton, along
with increased levels of free tubulin and actin, all signs indicating cytoskeleton remodeling

and destabilization (Haggerty et al., 2011).

Finally, LRRK2 overexpression promotes abnormal asyn aggregation and
accumulation only in A53T but not in WT mice, synergistically leading to disruption of
microtubule dynamics, Golgi organization and the ubiquitin-proteasome pathway, possibly
playing a role in regulating the progression of A53T asyn-induced neuropathological

abnormalities (Lin et al., 2009).

5d. Effects of asyn on calcium homoeostasis

Excessive influx of calcium into cells leads to cytotoxicity through multiple pathways.
High intracellular calcium levels activate various enzymes, such as proteases, phospholipases
and endonucleases. Proteases like calpains degrade essential cytoskeletal and structural
proteins, disrupting cellular integrity. Phospholipases break down membrane lipids, leading
to loss of membrane integrity and function. Endonucleases can cause DNA fragmentation,
resulting in genetic damage. Additionally, elevated calcium levels disturb mitochondrial
function by opening the mitochondrial permeability transition pore, leading to a loss of
mitochondrial membrane potential, decreased ATP production and release of pro-apoptotic
factors. This cascade of events can initiate apoptotic or necrotic cell death pathways,

ultimately resulting in cytotoxicity and tissue damage (Berridge et al., 2003).

Interestingly enough, autosomal dominant A30P and A53T SNCA mutations may
promote the formation of ion-permeable pore-like oligomeric structures, termed
protofibrils. In contrast to monomeric or fibrillar asyn, these pore-like oligomers have the
ability to bind synthetic vesicles with a B-sheet-rich structure, leading to membrane
permeabilization with deleterious effects for the cells, offering a possible mechanistic
explanation for the appearance of early-onset PD due to the aforementioned mutations
(Volles et al.,, 2001; Lashuel et al., 2002). Moreover, L-DOPA-treated PC12 cells
overexpressing A30P or A53T SNCA were characterized by disrupted vesicular pH, compared
with those expressing WT asyn, leading to a marked increase in the levels of cytosolic

catechol transmitters; an effect that may in turn trigger cellular oxyradical damage
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(Mosharov et al., 2006). Following the development of new protocols to synthesize different
types of asyn oligomers, it was found that heterogeneous oligomer populations coexist in
equilibrium under physiological conditions in vitro, contributing to cell damage in different
ways (Danzer et al., 2007). Data from Danzer and colleagues support the amyloid pore
hypothesis formulated by Lashuel and Lansbury based on their own experimental results
with the use of synthetic vesicles, showing a pore-forming mechanism of asyn protofibrils
(Volles et al., 2001; Lashuel et al., 2002; Lashuel & Lansbury, 2006; Danzer et al., 2007). The
influx of extracellular calcium indicates that asyn may form pores in living cells similarly to
the formation of membrane-spanning pores created by pore-forming toxins (Bouillot et al.,
2018). These findings imply that asyn oligomers disrupt the homeostasis of cellular ions,
leading to caspase activation and cell death through the formation of membrane pores, a
pathogenic mechanism that could also occur in vivo. Large asyn oligomers have also been
found to increase synaptic transmission mediated by AMPA receptors both pre- and post-
synaptically, leading to exacerbation of intracellular calcium imbalance and subsequent

excitotoxic nerve cell death (Huls et al., 2011).

As previously discussed, susceptible neuronal populations such as catecholaminergic
neurons may be particularly susceptible to calcium level fluctuations due to their distinct
reliance on L-type Cav1l.3 calcium channels to maintain their constant, rhythmic pacemaking
(Chan et al., 2007). The activation of L-type calcium channels in the plasma membrane
during regular autonomous pacemaking causes oxidative stress, leading to a transient, mild
mitochondrial depolarization or uncoupling that was specific to the susceptible
dopaminergic neurons in the SNg (Guzman et al.,, 2010). Additionally, apart from the
calcium-buffering calbindin, other intracellular machinery such as the sarcoendoplasmic
reticulum Ca?*-ATPase (SERCA) pump is affected. SERC is an ATP-driven enzyme essential for
actively transporting calcium ions back into the sarcoplasmic or endoplasmic reticulum, thus
regulating intracellular calcium homeostasis. Mitochondrial uncoupling leading to reduced
ATP production or carbonylation due to oxidative stress, has been found to significantly
reduce SERCA enzymatic activity in DJ-1B mutant flies as well as in a human cell PD model

based on DJ-1-deficiency (Solana-Manrique et al., 2021).

Se. Effects of asyn on neuroinflammation

Postmortem analyses of PD patients’ brains are characterized by signs of widespread
inflammation, displaying increased glial activation along with infiltration of immune cells

originating from the periphery (Weiss et al., 2022). Despite the undoubtly central role of
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neuronal cell death in the disease, today PD is perceived as a multi-system disorder, with
characteristic non-motor symptoms. Symptoms such as gastrointestinal (GI) tract
dysfunction, among others, are now known to be linked to neuroinflammation. Thus,
immune system dysfunction and glial cell activation are examined as significant contributors
to the pathogenic environment and not as a mere response to neurodegeneration (Tansey
et al., 2022). Inflammatory features most likely originate from Gl dysbiosis, resulting in gut
permeability and increased circulation of pro-inflammatory cytokines and microbial
metabolites which in turn activate both the innate and the adaptive peripheral immune

systems (S. Lim et al., 2016; Tansey et al., 2022).

There is substantial evidence indicating that microgliosis and astrogliosis play a
major role in the development of synucleinopathies. Mutant or aggregated forms of asyn are
known to cause enhanced activation of microglial and astroglial cells, leading to the release
of cytokines and oxidative stress (Klegeris et al., 2006; E.-J. Lee et al., 2010; H.-). Lee et al.,
2010; Rojanathammanee et al., 2011; Roodveldt et al., 2010). Additionally, recent findings
indicate that the reactivity of microglial and astroglial cells contributes to dopaminergic
degeneration and may mediate the progression of neurodegeneration (Fellner et al., 2011;
G. M. Halliday & Stevens, 2011). Even though the mechanisms driving microglial and
astroglial activation are not well understood, toll-like receptors (TLRs) are suspected to play
a role based on their upregulated levels in PD (Fellner et al., 2013). TLRs belong to the family
of pattern recognition receptors and are crucial components of the innate immune
response. They recognize pathogen-associated molecular patterns and endogenous
molecules, including misfolded proteins. TLRs are expressed on innate immune system cells,
including microglial and astroglial cells. While TLR4 is upregulated in alpha-synucleinopathy
postmortem brain tissue, in vivo experimental TLR4 deficiency leads to decreased asyn
clearance by microglia (Stefanova et al., 2011). Evidence shows that both unaggregated and
aggregated forms of asyn can activate TLR4 receptors on microglia and astroglia, triggering a
pro-inflammatory response. This activation leads to chronic neuroinflammation in PD,
potentially contributing to the degeneration of dopaminergic neurons (Fellner et al., 2013).
Dysfunction of dopaminergic neurons in PD is believed to be partly due to pro-inflammatory
responses from glial cells (Béraud et al., 2013). TLR4 has been shown to facilitate the
microglial clearance of asyn which might be neuroprotective in certain situations (Stefanova
et al., 2011). Asyn also activates Toll-like receptor 2 (TLR2) on microglia, leading to the
production of inflammatory cytokines while in various brain regions of PD patients, TLR2

expression is reported to be increased (Dzamko et al., 2017). Apart from being involved in
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the innate immunity by recognizing pathogens, TLR2 also participates in neuronal autophagy
regulation and asyn clearance. TLR2 activation leads to the accumulation of asyn aggregates
in neurons by inhibiting autophagic activity via the AKT/mTOR pathway. Conversely, TLR2
inactivation lead to activation of autophagy, enhanced clearance of neuronal asyn and
consequently lower levels of neurodegeneration, both in vivo and in vitro (Kim et al., 2015).
Interestingly, only B-rich oligomers of asyn, and not other forms of the protein, activate glial
TLR2 receptors (Kim et al.,, 2013). This may account for the stronger pro-inflammatory
response of microglia to DA-aggregated asyn compared to unaggregated asyn (Béraud et al.,

2013).

By further exploring the role of microglia in the pathogenesis of PD, it was recently
reported for the first time that A53T human iPSC-derived microglia show an increased
intrinsic tendency for pro-inflammatory activation, following exposure to LPS and interferon-
v in vitro (Krzisch et al., 2024). Transplantation of these mutant human microglial cells to
mouse brains under non-inflammatory conditions, results in a strong decrease of catalase
expression leading to increased oxidative stress (Krzisch et al., 2024). Catalase is a key
antioxidant enzyme that reduces oxidative stress by breaking down cellular hydrogen
peroxide into water and oxygen. Deficiency or malfunction in catalase levels is believed to
contribute to the pathogenesis of numerous degenerative diseases associated with aging

(Nandi et al., 2019).

Finally, following correlation of hyper-phosphorylated asyn oligomers, but not
monomers, with sustained inflammatory responses, both in vitro and in postmortem brain
samples of PD patients, it was reported that in vivo activation of the p38/ATF2 signaling
pathway in microglia and of the NF-kB pathway in astrocytes results in the upregulation of
astrocytic T-type Cav3.2 calcium channels, altering the astrocytic secretome and promoting
the expression of the anti-inflammatory and neuroprotective protein IGFBPL1 (Leandrou et

al., 2024).

6. Asyn aggregation and propagation

Apart from the existence of brain banks, often lacking complete medical histories of
patients, current knowledge about the development of pathology in clinical PD (L-DOPA-
responsive, with typical clinical characteristics without any markers suggestive of other
disease) relied on sparser, smaller collection of brains from well-documented individuals

who have been followed over time (Surmeier et al., 2017). These patients are characterized

37



by an over 50% loss of SNpc dopaminergic neurons while the majority also displays Lewy
pathology, consisting of cytoplasmic spherical eosinophilic inclusions in the perikarya of
nerve cells, known LBs and spindle or thread-like inclusions, termed Lewy neurites, located
within neuronal processes (Gibb & Lees, 1988). Interestingly, Lewy pathology can also be
present in the brain of individuals without clinical PD symptoms (Berg et al., 2014). In late-
stage patients pathology appears within specific nuclei in the caudal medulla, i.e. the dorsal
motor nucleus of the vagus (DMV) and the intermediate reticular zone, while pathology is
also frequently found in the nucleus tractus solitarius, gigantocellular reticular nucleus,
raphe magnus, locus coeruleus (LC) and subcoeruleus. Further rostrally, Lewy pathology is
found in the dorsal and the median raphe nuclei, in the pedunculopontine nucleus, the
SNpc, and in the ventral tegmental area (VTA). In the diencephalon and telencephalon,
pathology is commonly observed in the magnocellular nuclei of the basal forebrain, the
tuberomammillary nucleus of the hypothalamus, the lateral hypothalamus, the intralaminar
nuclei of the thalamus, the olfactory and basolateral portions of the amygdala, the anterior
olfactory nucleus, the insular, the cingulate and prefrontal cortices, and the CA2 area of the

hippocampus.

According to the hypothesis proposed by Braak and colleagues, PD pathogenesis
may begin in the peripheral nervous system and subsequently spread to the CNS (lllus. 3)
(Braak et al., 2003). This hypothesis suggests that the initial pathological changes,
characterized by the formation of LBs containing asyn, occur in the enteric nervous system
(ENS) (specifically, in the dorsal vagal nucleus), the olfactory bulb (in the anterior olfactory
nucleus) and the lower brainstem. Non-motor symptoms such as constipation and olfaction
deficits often occurring during the early stages of PD support this notion of peripheral
involvement. Presence of LBs in the ENS of PD patients was first reported following the
identification of inclusions in the esophagus and the colon of two different PD patients
(Qualman et al., 1984). Since then, Lewy pathology has been reported in numerous studies,
being present in almost the entire gut of PD patients, including the myenteric (Auerbach's)
plexus and the submucosal (Meissner's), following a rostrocaudal gradient within the Gl
tract, with more pathological aggregates found in the upper, compared to the lower gut
(Wakabayashi et al., 1988, 1990; Braak et al., 2006). Interestingly, LBs are already present in
the intestinal perikarya and neurites from 2 to 5 years or even up to 8 years prior to the
onset of PD (Shannon et al.,, 2012; Hilton et al.,, 2014). More recently, a group of
enteroendocrine cells named neuropods were discovered expressing asyn and forming

direct synaptic connections with vagal afferents (Chandra et al., 2017; Kaelberer et al.,
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2018). These connections create a synaptic pathway to the SNg and the striatum, suggesting
that asyn fibrils might originate in enteroendocrine cells, spread to the myenteric plexus and

eventually reach the CNS (Han et al., 2018).

Braak staging of Parkinson’s disease
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lllustration 3. Braak staging of PD: The presymptomatic phase is characterized by the presence of Lewy neurites
and bodies in the brains of individuals who have not yet shown symptoms. During the symptomatic phase, the
neuropathological threshold is surpassed (represented by the dashed red line). The increasing slope and intensity
of the colored areas below the diagonal indicate the progression and worsening of pathology in susceptible brain
regions (right), while the severity of the pathology is represented by the darker shading. Adapted from Braak et
al., 2004.

The vagus nerve, the major component of the “axis” bridging the brain with the gut,
has been shown to engage in active retrograde transport of recombinant asyn forms in
preclinical studies. Following injection of recombinant asyn into the intestinal wall, the
protein is first detected in the DMV (Holmgvist et al., 2014) before further spreading in brain
areas involved in the pathophysiology of PD, leading to loss of dopaminergic neurons, motor
and non-motor symptoms. Intriguingly, the aforementioned PD-like symptoms were absent
from vagotomized asyn deficient (SNCA -/-) animals (Kim et al., 2019). The possible
involvement of the vagus nerve in the pathogenesis of PD is corroborated by findings of asyn
accumulation in the bowel of pre-clinical patients (Hilton et al., 2014) and by studies in
cohorts of Danish (Svensson et al., 2015) and Swedish (Holmqyvist et al., 2014; Liu et al,,
2017) patients having undergone total truncal vagotomy, with a potentially protective

effect.

As we have already discussed, Braak and others have proposed that distribution of
Lewy pathology evolves over time from specific starting points evolving alongside the

symptoms (Braak et al., 2004; Beach et al., 2009); pathology spreading is characterized by six
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different stages progressing from pre-symptomatic (1 & 2) to early (3 & 4) and finally late
symptomatic stages (5 & 6). However, in only about half of clinical PD patients, LBs are
distributed according to Braak’s staging model (Kalaitzakis et al., 2008; Halliday et al., 2012).
Additionally, in PD with typical clinical characteristics, patients with familial and patients
with idiopathic PD have distinct patterns of Lewy pathology or, in other cases, little to no
presence of LBs (Doherty et al., 2013). This is noteworthy; however, it underscores that,
despite substantial research and comprehensive mapping of brain regions susceptible to
Lewy pathology, the precise sequence and extent of their involvement in disease

progression are still not fully understood (Surmeier et al., 2017).

While the body-first hypothesis aligns with the Braak staging system, in many cases
pathology initially appears in structures within the CNS (most likely in the amygdala,
followed by the SNg and LC) with no prior involvement of the ANS (Borghammer et al.,
2021). Based on human post-mortem neuropathological datasets and summarizing clinical,
imaging and other findings, Borghammer and colleagues proposed the body-first (caudo-
rostral) and brain-first (amygdala-centered) subtypes of LB disorders. In the body-first
subtype, autonomic symptoms and REM sleep behavior disorder appear in the prodromal
phase along with sympathetic and parasympathetic denervation and LC degeneration, at
time of diagnosis, hyposmia is very frequent, dopaminergic denervation and motor
symptoms are more symmetrical, and the progression rate of dementia and motor
symptoms is faster of diagnosis. On the other hand, in the brain-first subtype, autonomic
symptoms and REM sleep behavior disorder first appear after diagnosis along with
sympathetic and parasympathetic denervation and LC degeneration, and at the time of
diagnosis, hyposmia is less frequent, dopaminergic denervation and motor symptoms are
more asymmetrical and the progression rate of dementia and motor symptoms is slower

(Borghammer et al., 2021).

Luk and colleagues were the first to provide in vivo evidence that upon inoculation
of asyn PFFs into the brains of mice, pathology can propagate from one neuron to another
and lead to cell death (Luk et al., 2012). Since then, it has been shown multiple times that
asyn PFFs, either synthetic or extracted from human PD patient LBs, can propagate from the
site of stereotaxic injection to synaptically connected neighboring structures, leading to the
formation of Lewy-like pathology (Masuda-Suzukake et al., 2013; Peelaerts et al., 2015;
Recasens et al.,, 2014). These observations gave rise to the idea that PD is a prion-like

disorder (Olanow & Prusiner, 2009; Olanow & Brundin, 2013). This hypothesis is appealing
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because it suggests a unified mechanism for the development of Lewy pathology in PD,
aligning with Braak's hypothesis that Lewy pathology spreads retrogradely through the
brain's synaptic connections. The idea that asyn spreads retrogradely in proportion to
synaptic connection strength, does not align with actual patterns of Lewy pathology. For
example, despite strongly innervating LC, regions like the cerebellum or midbrain reticular
nucleus show little to no Lewy pathology in human PD patients (Surmeier et al., 2017).
Similarly, brain areas with strong connections to the SNg such as the striatum and the globus
pallidus externa, do not display significant pathology, challenging the notion that
connectivity predicts the spread of pathology (Watabe-Uchida et al., 2012). On the other
hand, a new Tg mouse model that expresses human A53T SynGFP shows that aggregation
begins in axons and spreads retrogradely to the cell body along with clear evidence of
retrograde, trans-synaptic propagation through connected motor system pathways.
Furthermore, the model reveals a progression from neuronal to astrocytic inclusions, with
astrocytes outliving their neuronal counterparts (Schaser et al., 2020). Supporting this,
another study found that asyn aggregates first appear in the olfactory system and vagus
nerve before spreading to other brain regions in PD. Using a mathematical model based on
mouse brain connectivity, researchers showed that this spread follows neural networks,
initially retrograde and later anterograde, accurately predicting the progression of asyn

pathology (Mezias et al., 2020).

Interestingly, endogenous asyn seems to hold a crucial role in the process of
fibrillary asyn spreading, using the latter as a template (Luk et al., 2012; Masuda-Suzukake et
al., 2013; Volpicelli-Daley et al., 2011). In numerous in vitro and in vivo synucleinopathy
models, PFF-induced toxicity spreading is dependent on the endogenous asyn, with SNCA
expression levels closely correlating with the relative vulnerability of different hippocampal
neuron subtypes. Additionally, only early therapeutic intervention with ASOs resulted in
neuroprotection, indicating that neurotoxicity occurs once a critical threshold of pathological
burden is surpassed in vulnerable neurons. Taken together, these findings revealed that
endogenous asyn heterogeneity may play a role in explaining the selective vulnerability seen
in synucleinopathies (Luna et al., 2018). On the other hand, while endogenous asyn does not
play a role in the effect toxic stimuli such as PFFs have in the cargo of exosomes, its presence
as exosomal cargo is essential for the facilitation of disease transmission (Melachroinou et

al., 2024).
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Today we know that synthetic asyn PFFs can induce asyn pathology (detected by
pS129) spreading retrogradely and anterogradely, arguing that pathology propagation in
humans could be bidirectional (Arotcarena et al., 2020; Schaser et al., 2020; Uemura et al.,
2021; Wang, Shinkai, et al., 2021). But while pathology propagation can be independent of

cell type, its persistence and toxicity may be cell-type specific (Henrich et al., 2020).

Finally, on the debate of whether greater levels or more insoluble/aggregated asyn
are responsible for the pathogenesis of PD, a study using laser-capture micro-dissection in
surviving TH+ neurons in the SNg of sporadic PD patients, found that SNCA mRNA levels are
significantly higher (Grindemann et al., 2008). Additionally, a more recent study examining
the effects of seeding human iPSC-derived dopaminergic neurons with endogenous asyn
PFFs amplified in the presence of PD brain homogenates, reported an increase in SNCA
mRNA levels (Tanudjojo et al., 2021). These findings indicate that protein aggregation
upregulates asyn expression, further promoting aggregation and creating a self-perpetuating

pathogenic cycle (Burré et al., 2024).

These in vivo findings were recapitulated by an SAA study examining CSF and brain
tissue from patients with LB pathology, showing that brain deposition of misfolded asyn

precedes the formation of LBs and Lewy neurites (Bentivenga et al., 2024).

7. Factors influencing neuronal vulnerability, disease progression and development

The mystery still remains as to why some neuronal populations are more vulnerable
(e.g., SNpc dopaminergic neurons) while others (e.g., VTA dopaminergic neurons) tolerate
pathology without succumbing (Burré et al., 2024). Neuropathology studies of brains from
individuals with mutations in PARK2, the gene encoding the Parkin protein causing the most
common form of autosomal recessive young-onset PD (Periquet et al., 2003), reveal severe
neuronal loss in the SNg, variable neuronal loss in the LC and relatively rare LB pathology
(Doherty et al., 2013). In animal models of PD, replicating Lewy pathology - specifically the
formation of LBs and Lewy neurites - poses significant challenges. While some Tg mice
expressing human asyn do develop asyn the aggregates formed tend to be more diffuse and
less organized compared to those seen in human patients (Lim et al., 2011). Moreover, in a
different study, Tg mice carrying a bacterial artificial chromosome with the human SNCA
gene exhibit an age-related loss of DA neurons, without the presence of inclusions (Janezic
et al., 2013). This suggests that physiological abnormalities or even neuronal loss can occur

without the need for protein aggregation. Traditional toxin-based models inducing
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dopaminergic neuron death generally do not produce Lewy pathology. These models are
primarily focused on replicating the neurodegeneration and motor symptoms of PD rather
than the underlying protein aggregation (Bové & Perier, 2012). In animal models where viral
vectors are used to overexpress asyn in the brain, LB-like inclusions can form, though these
inclusions also often differ in structure and distribution compared to those found in human
PD (Luk et al., 2012). These observations challenge the idea that neuronal degeneration is
driven by the spread of Lewy pathology through a neuronal network defined by synaptic
connections and suggests that degeneration of neurons in the SNg may not necessarily rely

on Lewy pathology.

One of the most distinct characteristics of the neurons susceptible to degeneration
is their long, highly branched axons containing a great number of transmitter release sites
that serve to coordinate spatially distributed networks (e.g., the basal ganglia or the spinal
cord). However, not all neuronal populations characterized by long axons with extensive
arborization are vulnerable in PD. For example, despite their highly branched axons with as
many release sites as SNg DA neurons, striatal cholinergic interneurons do not degenerate or
show Lewy pathology, suggesting that there are more contributing factors leading to the
disease (Surmeier et al., 2017). Another common trait among vulnerable neuronal groups in
PD is their distinctive physiology characterized by slow, tonic activity in vivo (Surmeier et al.,
2012). As expected, the most extensively studied neurons of this type are the dopaminergic
neurons in the SNg, which generate broad action potentials without any excitatory synaptic
input . Their only difference compared to DA neurons in the VTA - which are significantly less
vulnerable despite also being characterized by autonomous broad spiking - is that SNg
located DA neurons are characterized by greater voltage-dependent Cavl channel currents
and weaker intrinsic calcium buffering due to lower levels of calbindin. Calbindin is a critical
calcium-binding protein that helps regulate intracellular calcium levels by binding free Ca?*
and preventing calcium overload (Chan et al., 2007; Foehring et al., 2009; Guzman et al.,
2009; Philippart et al., 2016). The combination of large oscillations in intracellular calcium
concentrations - due to broad neuronal spiking - accompanied by relatively free interaction
with other intracellular proteins, low calcium buffering capacity and high metabolic activity,
make these neuronal populations particularly vulnerable to oxidative stress, mitochondrial
dysfunction and disrupted calcium homeostasis; all of which are key factors in the

pathogenesis of PD.
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Recently, a new conceptual model for PD pathogenesis was proposed, categorizing
all the disease-associated factors into three categories, depending on their potency and
importance for the onset and/or the development of the disease. Thus, agents or events
capable of initiating the disease were characterized as “triggers”. Triggers such as viral
infections or environmental toxins are necessary to spark the disease process in the brain
and/or peripheral tissues but are not enough on their own for the spreading of the disease.
For this next stage, factors such as aging or leaky gut barrier enabling the disease to develop,
that is to spread and significantly affect the CNS, are termed “facilitators”. Finally,
“aggravators” directly promote the neurodegenerative process (e.g., asyn cell-to-cell
propagation) and often have a domino effect that exacerbates pathology and spreads the
disease beyond the basal ganglia (Johnson et al., 2019). Thus, it becomes clear that apart
from the initial event leading to asyn aggregation, there is a much bigger landscape of
factors contributing to the development of the disease which should be taken into account

during the planning of the experiments for higher translatability and relevance in the results.

8. The gut-brain axis: A key player in PD

Despite the seminal discoveries in the field of neurobiology regarding asyn and PD,
the aforementioned research fields can further benefit from studying the gut microbiome
(i.e., the genetic material of the trillions of microorganisms we host in our gastrointestinal
tract). Since the original observations of digestive problems (e.g., constipation) preceding
the manifestation of the characteristic motor symptoms of PD (Adams-Carr et al., 2016) and
the formulation of Braak’s hypothesis proposing the enteric route as the gateway of the
pathology into the CNS (Braak et al., 2003), recent years have seen a surge of publications
underlying the importance of the bidirectional communication between microbiota and the
brain and the adverse results of disrupting this symbiosis (from 161 publications/year in
2013 to more than 1600 in 2023 according to PubMed using the keywords: “gut brain axis”).
To put this interaction between different organisms in perspective, human bodies are
comprised of more microbial than human cells while in terms of genetic material, revised
estimations support that human genes consist less than the 1% of the total genes in the
human organism (Sender et al., 2016). Based on continuous technological advances in the
fields of sequencing and “big data” sciences, recent preliminary studies report that analyzing
the biodiversity of microbes in the gut can reveal the presence of various common diseases
— including PD — more accurately than human genomics (i.e., GWAS) (Tierney et al., 2020)

and can also be used as a predictor for clinical risk (Salosensaari et al., 2021).
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With multiple studies qualitatively and quantitatively mapping the gut microbiome
of patients in search of a microbiota - composition characteristic of PD, consensus has yet to
be reached (for a detailed review, please see Cryan et al., 2020). For this reason, meta-
analyses play a crucial role in synthesizing data from multiple studies, providing clarity and
helping to establish consistent patterns and conclusions in this rapidly expanding field
(Nishiwaki et al., 2020). Apart from the composition of the microbiome, short chain fatty
acids (SCFAs), one of the main metabolic products by some gut microbiota, are also being
investigated (Unger et al., 2016). SCFAs are organic fatty acids with less than six atoms of
carbon atoms mostly represented by acetic (C2:0), propionic (C3:0) and butyric (C4:0) acid,
in a proportion of approximately 3:1:1 (Cummings et al., 1987). SCFAs are produced through
the fermentation of dietary fibers and serve several essential functions in the gut, including
regulating inflammation, maintaining intestinal barrier integrity and influencing the nervous
system through the gut-brain axis (Duan et al., 2024). In PD, alterations in SCFA levels have
been observed, with decreased concentrations of fecal SCFAs, particularly butyrate, being
linked to increased gut permeability, inflammation and potential disruptions in the gut-brain
axis (Unger et al., 2016; Aho et al., 2021; X. Yang et al., 2022). SCFAs can also influence brain
function directly by crossing the BBB and modulating neurotransmitter synthesis and
signaling (Oldendorf, 1973; Dalile et al., 2019). For instance, they can affect DA metabolism
by interacting with receptors in the CNS (Sharma et al., 2015; Hamamah et al., 2022).
Furthermore, the imbalance of SCFAs in the gut may be associated with motor and non-
motor symptoms of PD (Chen et al., 2022; Wu et al., 2022). An animal study has shown that
oral administration of SCFAs to germ-free mice promotes asyn mediated activation of the
microglia and motor symptoms. Additionally, colonizing asyn-overexpressing mice with fecal
samples of PD patients leads to neuroinflammation and motor deficits; a phenotype that is

ameliorated after treatment with antibiotics (Sampson et al., 2016).

Given their diverse roles in inflammation, gut permeability and brain function, gut
microbiota are considered a potential target for therapeutic intervention in PD. The field is
still in its early stages and interpreting data can be challenging because microbiome
composition is affected by numerous factors, including diet and exercise (Cryan et al., 2020).
Since alterations in the human microbiome represent a risk factor for PD, prospective
longitudinal studies in big cohorts and population-wide microbiome sequencing might
elucidate the mechanisms and the dynamics of the microorganisms colonizing the Gl tract

and their metabolites. Such knowledge will serve a dual role; early diagnostics, before
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pathophysiological events can lead to - possibly irreversible - changes, and therapeutics, via

diet alterations or the use of antibiotics or super-donor fecal microbiota transplantations.

9. A brief introduction to stress and its physiological response

While the physiological and endocrinological mechanisms underlying the stress
response have always existed, the term “stress” per se, is surprisingly recent. While Hans
Selye first described the “Diseases of adaptation” and the general adaptive syndrome in
1936, it was only after the Second World War that the term “stress” prevailed (Hutmacher,
2021). Despite the many different scientific fields sharing the same term, in biomedical
sciences, stress is defined as the disruption of homeostasis by an external factor or
perceived stressor. This definition encompasses a wide range of stressors, including physical,
chemical, or psychological factors that can trigger a biological response and is attributed to
Selye. The stress response is shaped by a mix of genetic, developmental and environmental
factors. Both the intensity and duration of the exposure to stressors are crucial. When a
stressor surpasses certain limits and disrupts the state of dynamic equilibrium of the
organism, adaptive homeostatic systems are activated and triggers compensatory responses

to facilitate the restoration of the equilibrium (Chrousos, 2009).

10. Acute stress response and the role of the CNS

Acute stressors exert a well studied “fight or flight” response in an organism, which
is based on a series of well-studied changes in physiological processes, guided by the CNS
and affecting multiple organs. Briefly, this standardized innate response results in the focus
of attention, the arousal of the brain, the heart and the skeletal muscles through increased
flow of oxygen and nutrients and the concurrent suppression of appetite, growth and
reproduction. Focusing on the CNS, various stress centers — such as the sensory cortex —
relay the stimulus perceived as a stressor to the LC in the brainstem, through the
hypothalamus. This leads to an increased rate of noradrenergic (NA) activity, contributing to
heightened alertness and attentiveness, particularly within the LC/NA system. When a
stimulus is perceived as a threat, the stress response intensifies. This includes a more
pronounced and prolonged activation of the LC and a simultaneous activation of the
sympathetic nervous system. In this process, preganglionic neurons release acetylcholine

(ACh) which in turn binds to receptors on the cells of the adrenal medulla, leading to the
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release of adrenaline, and to a lesser extent, NA, contributing to the “fight or flight” stress

response.

11. Adaptation to prolonged stress and the HPA axis

Apart from the effects of adrenaline and NA release, which constitute the immediate
response, if the stressor persists, the body attempts to adapt via a physiological response
orchestrated by the activation of the HPA axis (lllus. 4). Corticotropin-releasing factor (CRF)
neurons located in the paraventricular nucleus (PVN) of the hypothalamus, innervate the
pituitary gland, which is not covered by the BBB. The release of CRF in the pituitary gland
stimulates the synthesis and secretion of adrenocorticotropic hormone (ACTH), which in
turn is released in the bloodstream, marking the initiation of the endocrine response of the
HPA axis. Through the blood circulation, ACTH reaches the adrenal cortex, resulting in the
synthesis and release of glucocorticoids (GCs) into the bloodstream. While humans produce
cortisol as the main GC, rats produce corticosterone due to their lack of the adrenocortical
zona fasciculata enzyme 17-a hydroxylase (CYP17). Thus, taken together, the hypothalamus,
pituitary and adrenal glands constitute the 3 parts of the axis and are the key players in the
organism’s response to physical or psychogenic stressors. GC secretion has a systemic effect
on the body, affecting multiple tissues and causing changes in the physiology and behavior

of the organism.

© Corticotropin-releasing factor (CRF)
@ Adrenocorticotropic hormone (ACTH)
@ Glucocorticoids (GCs)

HPA axis

Hypothalamus

o
Adrenal cortex

lllustration 4. Activation of the HPA axis begins when the hypothalamus releases CRF in response to stress. CRF
stimulates the pituitary gland to secrete ACTH, which then triggers the adrenal glands to release GCs (cortisol in
humans, corticosterone in rodents). GCs act on various tissues to regulate metabolism, immune responses, and
help the body adapt to stress. Once sufficient cortisol levels are reached, negative feedback mechanisms inhibit
further activation of the HPA axis (red lines), maintaining balance.
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12. Circadian regulation and variability in GC secretion

GC hormones are not released by the organism only when under stress; under
physiological conditions, GC secretion is synchronized by the circadian rhythm, being
released following hourly ultradian pulses with higher levels of the hormone released to
ensure there is energy at the start of each active period (being diurnal, humans tend to be
active when the sun is up and rest when it's down, while the opposite is seen in nocturnal
rodents commonly used as animal models in biomedical studies). Thus, increased GC levels
avert the onset of sleep. The frequency and the amplitude of the GC pulses are altered due
to pathological events such as infections or injuries followed by inflammation,
neuropsychological disorders (e.g., depression), or during the natural course of aging.
Naturally, GC secretion is mediated by the response to a stressor which can have either a
physical aspect, i.e., environmental (e.g., extreme temperatures), physiological (e.g., illness
or injury), biological (e.g., pathogens or parasites), chemical (e.g., toxins) or a psychogenic
aspect, i.e., psychological (e.g., novel environment), social (e.g., social isolation), or
reproductive (e.g., changes in mating availability). Thus, to assess the physiological stress
response, the easiest way is to measure the GCs, having previously taken into consideration

the temporal and mechanistic aspects that govern its secretion.

13. Mediators and effects of GCs in the CNS

In the CNS, GCs act at many different levels, ranging from gene transcription and cell
signaling to behavioral changes. Their actions are mediated by two receptors; namely the
mineralocorticoid (MR) and the glucocorticoid (GR) receptor. MR and GR belong to a
superfamily of nuclear receptors of transcription factors. While GR is ubiquitously expressed
throughout most of the brain regions and different cell types, MR displays a more limited
expression pattern, in structures of the limbic system (such as the hippocampus, the
amygdala, the prefrontal cortex and the paraventricular nucleus (PVN) of the hypothalamus)
and in neurons of the solitary nucleus in the medulla oblongata of the brainstem. MR is also

expressed in glial and ependymal cells of the choroid plexus.

14. Negative feedback and termination of the stress response

When the stressor is no longer posing a threat, GCs are also responsible for the
attenuation of the stress response via the activation of a negative feedback loop which acts
in different centers of the brain and the stress axis. As we have already discussed, this loop
closes via the binding of the GCs on the GRs and MRs. Since the MRs are already occupied

due to their much higher affinity for GCs and their more limited distribution, it is up to the
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GR expressing cells to restore GC levels back to normal. The main brain region regulating the
release of GCs is the hippocampus. Given the excitatory nature of the major hippocampal
efferent projections, it has been suggested that inhibition might be facilitated by groups of
inhibitory neurons located in the hypothalamus or other areas. Indeed, the hypothesis that
these brain areas would be excited by connections from the hippocampus and send signals
to CRF cells in the PVN were corroborated by functional evidence showing that the
connection between the hippocampus and the BNST plays a role in inhibiting the HPA axis
(Cole et al., 2022). Interestingly, the role of higher limbic structures in regulating the HPA
axis seems to be limited to the response to psychological stressors, rather than physiological
stressors. This conclusion is based on various studies involving lesion experiments and
Tg mice with conditional KO of the GR in the forebrain cortical and limbic regions (Diorio et
al., 1993; Furay et al., 2008). Apart from the hippocampus, CRH neurons located in the PVN
play a crucial role in initiating the activation of the HPA axis, making them the expected
target for GC negative feedback. Experiments in the hypothalamic PVN have shown that
corticosterone and the synthetic GC, dexamethasone, can quickly suppress excitatory
glutamatergic synaptic inputs to the parvocellular neurosecretory neurons. These findings
shed light on the mechanism of rapid GC feedback inhibition of hypothalamic hormone
secretion, which occurs through endocannabinoid release in the PVN (Di et al.,, 2003).
Interestingly, while endogenous GCs exert their self-suppressing role through the PVN,
synthetic GCs such as dexamethasone, which is a GR agonist, elicit negative feedback
through the ACTH cells of the anterior pituitary gland (Chong et al., 2017). By inhibiting the
secretion of CRH and ACTH, the body can effectively limit the duration of tissue exposure to
GCs. This helps to minimize the negative effects of these hormones — e.g., catabolism,
lipogenesis, reproductive issues and immune suppression- since the stressor is no longer
threatening homeostasis. Naturally, it takes up to 2 hours to restore homeostasis since GRs
are intracellular nuclear receptors which exert their functions through the alteration of gene
expression; while on the other hand, GC levels peak within the first 30 minutes following a

stressful event (Spencer & Deak, 2017).

15. Evolutionary perspective on the stress system

From an evolutionary perspective, every vertebrate produces corticosteroids and
possesses proopiomelanocortin, the precursor molecule of ACTH. Peptide sequences akin to
those of human ACTH can be found in a wide range of organisms, including mammals,
amphibians, reptiles, insects, mollusks, and marine worms. ACTH has been extensively linked

to other signaling molecules, including CRH, epinephrine, norepinephrine, cortisol, and
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cytokines, all of which play a vital role in defensive systems. It's fascinating how the genetic
sequences for these molecules have remained unchanged for millions of years, while still
playing important roles in the immune system (Nesse et al., 2016). The stress responce
system is capable of responding to a wide range of stimuli, including both threats and
challenges, as well as novel stimuli and positive social opportunities. However, today, most
aspects of the stress response tend to be linked more strongly with negative rather than
positive arousal. The main reasons are that stress response can be energetically costly, it
disrupts other beneficial behaviors and that certain adaptations providing an advantage in
the presence of threats, can also result in tissue damage (Nesse et al., 2016). In other words,
the harm caused by stress responses does not always stem from "abnormal" stress. For
example, the advantages of a stress response that enhances the chances of capturing prey
can sometimes outweigh the drawbacks. However, a stress response making sure that prey
will manage to escape from a predator, is worth any potential costs. On average, a well-
designed regulatory mechanism will activate a stress response when the benefits outweigh
the costs. According to a signal detection analysis, the principle of the "smoke detector"
explains why many stress responses may appear excessive or unnecessary. This analysis is
based on how natural selection shapes the mechanisms that regulate defense responses
(Nesse, 2005). In the environment of our ancestors, where stressors were mostly physical,
the stress response system proved to be more valuable than it is in our modern world.
Today, societies are primarily confronted with social and mental challenges, resulting in the

HPA system's actions often leading to more negative outcomes (Nesse et al., 2016).

16. Implications of stress system dysregulation

Having reviewed the physiological role of the stress system in restoring homeostasis
and preserving the dynamic equilibrium which characterizes living organisms, it is time to
examine the adverse effects of the stress response system dysregulation. By now, we have
seen that the stress system has both a circadian activity and also reacts to stimuli when
needed. An optimal level of baseline activity, along with precise and timely reaction of the
stress system to stressors, is crucial for experiencing a state of well-being, achieving task
performance and fostering social interactions (eustasis). Conversely, if the stress system's
basal activity and/or responsiveness are incorrect, both in terms of intensity and duration,
this could hinder growth, development and physiologic body composition. This could also be
a contributing factor to various behavioral, endocrine, metabolic, cardiovascular,
autoimmune and allergy problems (allostasis/cacostasis) (lllus. 5). The progression and

intensity of these conditions are influenced by (epi)genetics or by the resilience of
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individuals to stress, their exposure to stressors during crucial stages of development, the
presence of detrimental or beneficial environmental factors and the timing, magnitude and
duration of stress. Stress, when mediated by certain factors, can cause either acute or
chronic pathological, physical and mental problems in susceptible individuals. Acute stress
can induce allergic reactions, abnormal blood vessel activity, hyper/hypo-tension, various
types of discomfort, gastrointestinal symptoms, as well as panic attacks and psychotic
episodes. Chronic stress can lead to various physical, behavioral or neuropsychiatric
symptoms. These may include anxiety, depression, difficulties with thinking and decision
making, cardiovascular system problems, metabolic disorders, degenerative brain diseases,
osteo-penia/porosis and sleep disorders (for a thorough review of the disorders of the stress
system, including the conditions stemming from altered HPA axis activity, please see

Chrousos, 2009).
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lllustration 5. Homeostatic systems follow an inverse U-shaped dose-response curve, with eustasis
representing the optimal, balanced state in the middle. On either side of this optimal range, suboptimal effects
can occur, leading to poor adaptation, referred to as allostasis or more accurately, cacostasis. These suboptimal
adaptations may be detrimental to the organism in both the short and long term. Source: Chrousos, 2009.

17. The role of stress in neuronal vulnerability and PD

The hypothesis that stress may trigger PD by increasing the vulnerability of certain
types of neurons to an early cell death has been around for a long time and has received
renewed consideration since it affects the CNS at many different levels (Smith et al., 2002).
In 1886, the renowned neurologist Sir William Gowers noted in his book "Manual of Diseases
of the Nervous System" that “prolonged anxiety and severe emotional shock often precede
the onset of tremor"”, a prominent motor symptom of Parkinson's disease (then referred to
as "paralysis agitans") (Gowers, 1887). Today, it is understood that chronic stress and stress
hormones impact the CNS at various levels, including transcriptional regulation, cellular

signaling, synaptic function, neurotransmission, glial function and behavior (Carroll et al.,
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2011). As | tried to convey earlier in the introduction, stress is one of the most significant
influences on behavior and performance. As it was nicely reviewed by Metz (2007), while
traditionally stress was thought to primarily impact the limbic system, affecting learning,
memory and emotions, recent findings show that stress also influences motor system
function and can affect movement disorders since GRs are found throughout the motor
system, in brain regions such as the striatum and motor cortex, making these circuits
particularly sensitive to stress hormones. Stress and GCs can alter various aspects of motor
performance, with skilled movements being particularly vulnerable to disruptions, though
stress can also impact locomotion and posture, while the activation of the HPA axis can also
affect movement and lead to emotional changes. The dopaminergic system plays a key role
in how stress affects motor function, potentially linking stress to dopamine-related motor
diseases like PD (Metz, 2007). Clinical observations suggest that stress can trigger or worsen
Parkinsonian symptoms. In the case of the first known instance of early-onset PD following
major stress, an otherwise healthy 38-year-old woman without prior neurological issues or
trauma, developed a sudden resting tremor in her left forearm one week after discovering
her husband’s affair, with EMG and PET test results being indicative of early PD and
symptoms significantly improving with anti-parkinsonian medication (Zou et al., 2013).
Similar results were acquired following chronic severe restraint stress of otherwise healthy
adult WT rats. After two weeks of stress, young adult WT rats had a significant reduction in
the number of DA and noradrenergic neurons in the SN and the LC, respectively, with the
neuronal loss reaching up to 61% after 16 weeks in the SN, along with increased microglial
activation and oxidative stress (Sugama et al., 2016). Regarding the worsening of symptoms,
a study comparing stress-resilient to stress-sensitive PD patients during the COVID-19
pandemic, found that high stress-reactive patients had greater anxiety and non-motor
symptoms while resilient patients had better quality of life, social support and cognitive
abilities. Disease-specific factors like motor severity and medication use did not affect stress
response. In addtion, while the pandemic did not accelerate PD progression, it worsened
depressive symptoms in highly stress-reactive patients (van der Heide et al., 2024).
Moreover, while chronic stress has been definitively linked to the development of
neuropsychiatric conditions such as depression (Hill et al.,, 2012), it may also lead to
dopaminergic neurodegeneration, a hallmark of PD, in vulnerable individuals (Djamshidian &
Lees, 2014), and could accelerate this degeneration in PD animal models (Hemmerle et al.,
2014; Wu et al., 2016). Currently, no study has thoroughly examined the risk that chronic

stress poses to PD, nor determined if it should be viewed as a trigger, facilitator, or
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aggravator of the disease (Johnson et al., 2019). Clinical observations suggest an abnormal
stress response, such as HPA axis dysregulation, but direct evidence of molecular and
glucocorticoid-related pathologies is lacking (Du & Pang, 2015). Asyn might be a significant
factor, however, it is still unclear whether the increased asyn burden directly contributes to
stress dysregulation or if the relationship is reciprocal. Table 1 summarizes all the animal
studies examining the interplay of PD and stress. Naturally, in the course of roughly four
decades spanning from the first publication in 1985 by Snyder and colleagues until this
dissertation, along with the scientific paper which is included here and was published in
2024 by Nakos Bimpos and colleagues, there has been a tremendous progress in the fields of
neurodegeneration and stress (Snyder et al., 1985; Nakos Bimpos et al., 2024). The growing
evidence that stress can elicit neurodegeneration provides the impetus for expanding our
understanding of the mechanisms underlying PD pathogenesis and discovering novel future

therapeutic avenues.
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Table 1. Overview of animal studies exploring the interaction between stress and Parkinson’s disease.

Study Species, sex, PD model Stress Protocol PD and HPA axis Proposed mechanism
age, N (and duration) related pathology
(Snyder et Sprague- 6-OHDA (150 — | Chronic acute stress (two 6-OHDA lesions led to decreased 6-OHDA lesioned animals could
al., 1985) Dawley male 250 pg) single | weeks after regaining dopaminergic nerve terminals but manifest akinetic symptoms
rats, N=194 lesion in normal weight post lesion): | transient motor deficits manifested following the effects —and
(age NA: cisterna Glucoprivation and food only after stressing lesioned animals. depending on the severity — of
animals magna or deprivation, osmotic Decreased norepinephrine levels in stress in the striatum, due to
weighted bilaterally in dehydration and water the hippocampus are not related with | inhibition of DA release or
250-280 g) the lateral deprivation, tail shock or stress induced neurological deficits. exhaustion of DA reserves.
ventricles cold exposure stress.
(Duration: NA, once/week)
(Urakamiet | Young adult MPTP IP Severe stress (one week A trend of decreased locomotor Akinetic phenotype following
al., 1988) C57BL/6J mice | injections post MPTP injection): activity was more apparent following | stress in MPTP mice could be
at 6-8 weeks (30mg/kg); single immersion stress in MPTP, than in saline mice. No | attributed to decreased DA levels
of age, N=20 everyday for 3 | immobilization stress for differences in striatal DA between and enhanced DA turnover in the
(sex NA) consecutive 15h in a water bath with a | saline and MPTP treated groups but striatum. DA and DA turnover
days temperature of 25°C transient decrease of DA in the might be enhanced only after
(Duration: single event) striatum of MPTP mice following stress due to increased
stress. DA turnover significantly higher | production or release of DA.
following stress with a greater
increase in the MPTP treated group.
(Keefe et al., | Sprague- 6-OHDA (175 — | Intermittent tail-shock (27 | After stress, 6-OHDA treated rats Stressed 6-OHDA-treated rats
1990) Dawley male 200 pg) lesion | days post lesion):constant | showed a significantly increased have a greater relative release of
rats (N and bilaterally in current pulses for 1 s every | extracellular DA, DOPAC and HVA DA possibly due to neurochemical
age NA: the lateral 10 s for a duration of 1 min | release in the striatum. Post-stress compensation combining a
animals ventricles was repeated every 5 min catalepsy test was negatively reduction of high-affinity
weighted for a total of 30 min) correlated with the amount of reuptake and increased synthesis
200-300 g) (Duration: single event) extracellular fluid DA. and release of DA.
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Table 1. continued

Study Species, sex, PD model Stress Protocol PD and HPA axis Proposed mechanism
age, N (and duration) related pathology
(Howells et Long Evans 6-OHDA (10 Chronic mild stress (one Apomorphine-induced running test to | Voluntary exercise exerts
al., 2005) male rats, ug) unilateral | week post lesion); evaluate the severity of the neurotoxic | neuroprotective action through
N=31 (age NA: | lesion into the | Immobilization of their lesion showed that runner group gene transcription, neurotrophic
animals medial running wheel for 1 h per rotated significantly less than non- factor release and upregulation
weighted forebrain day, a single 24h long food | runners and stressed runners. TH of DA receptors in the striatum.
222-405 g) bundle of the restriction and a single 7h staining in the SNg showed a trend of
left shift in the light/dark cycle | increased destruction of DA neurons
hemisphere (Duration: 2 weeks) in the non-runners and stressed
runners compared to the runners.
(L. K. Smith Long Evans 6-OHDA (8 pg) | Chronic restraint stress (20 | While both stress and CORT Stress associated changes, such
et al., 2008) | adult female unilateral min/day) or CORT treatments elevate open field activity, | as disruption of pro/anti-
rats, N=71 lesion of the administration (5 mg/day) | stress causes a significant increase of | apoptotic & neurotrophic factors
(age NA) nigrostriatal (Duration: 46 days, lesion Fluoro-Jade positive cells early after and alteration of DA neurons
bundle was at day 17) lesion and a significant acceleration of | metabolism, leading to altered
cell death. CORT treatment leads to susceptibility to 6-OHDA, might
consistently increased plasma CORT be independent to GC regulation.
levels and a significantly increased Attenuated neurodegeneration
GFAP intensity in the non-lesioned following CORT treatment could
SNg. be dose-dependent inflammatory
response or delayed cell death.
(Barnum et | Adult Sprague- | 6-OHDA (12 Chronic exogenous CORT Abnormal involuntary movements Exogenous CORT administration
al., 2008) Dawley male pg) unilateral administration (three were reduced in rats receiving the attenuated both the expression
rats, N=73 lesion of the weeks post lesion); Low high CORT dose on day 1 and in rats and development of L-DOPA-
(age NA: left medial (1.25 mg/kg), or high (3.75 | receiving either the high or the low induced dyskinesia possibly
animals forebrain mg/kg) dose of CORT dose of CORT on days 3 & 5. No through neuroinflammation
weighted bundle (Duration: 9 days) changes in ipsilateral rotations. IL-1 signaling, without modulating DA
225-250 g) gene expression increased in the metabolism.

lesioned side of L-DOPA treated rats.
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Table 1. continued

Study Species, sex, PD model Stress Protocol PD and HPA axis Proposed mechanism
age, N (and duration) related pathology
(Kelly et al., | Young Single dose of | Acute (20 mg/kg) or Chronic CORT enhances the meth- Chronic CORT administration
2012) C57BL/6J) male | meth- chronic (400 mg/L in amphetamine induced expression of affects multiple areas of the CNS
mice at 4-6 amphetamine | drinking water) pre- pro-inflammatory cytokines/ and may have a pro-inflammatory
weeks of age, | (20 mg/kg) treatment with CORT chemokines (TNF-a, CCL-2, IL-1B, LIF), | effect enhancing the neuro-
N=25 prior to METH injection activation of microglia (Isolectin B), inflammatory response to a
(Duration: single event or astrogliosis (GFAP), dopaminergic neurotoxic dose of
one week) neurotoxicity (significant decrease of methamphetamine, along with
TH+ neurons) in the striatum. Chronic | signs of increasing microgliosis
CORT pre-treatment also affects and astrogliosis.
frontal cortex and hippocampus.
(Hemmerle | Adult Sprague | 6-OHDA (10 pg | Chronic unpredictable Four weeks after the 6-OHDA Chronic stress concurrent with
et al.,, 2014) | Dawley male each); two stress; two stressors/day treatment, only the rats that were the neurotoxic insult induced
rats, N=36-40 | unilateral (at three different time stressed concurrently with the lesion neurodegeneration and worsens
(age NA: lesions into points; pre/post/mid- displayed a worse motor phenotype motor symptoms, implicating
animals the right lesion): cold exposure, and increased degeneration of TH+ cellular mechanisms regulating
weighted striatum restraint, vibration, cells in the SNg, compared to the non- | resistance and reactivity to
250-405 g) hypoxia, cold/warm swim, | stressed lesioned rats or with the rats | neurotoxic threats.
crowding, isolation that were stressed either prior or after
(Duration: 4 weeks) the lesion.
(de Pablos et | Wistar male LPS (2 pg); Chronic variate stress; Combination of LPS and stress Stress could be involved in PD
al., 2014) rats (N and single one stressor/day (following | significantly exacerbates damage pathogenesis via dysregulation of
age NA: intranigral the LPS injection): forced inflicted in the SNg via microglia the HPA axis, which is further
animals unilateral swimming, restraint, activation in a GC-dependant manner. | burdened with increased age.
weighted injection restrain at 4°C, isolation, A GR antagonist exerts a protective Stress could be inflicting greater
250-270 g) food deprivation, water role confining the degeneration of TH+ | damage in brain regions with

deprivation
(Duration: 9 days)

neurons in the SNg in the same levels
as in the animals that were only
treated with LPS.

higher GR density while in parallel
DAergic neurons become more
susceptible to damage.
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Table 1. continued

Study Species, sex, PD model Stress Protocol PD and HPA axis Proposed mechanism
age, N (and duration) related pathology
(Lauretti et Adult C57BL/6 | MPTP IP Chronic restraint/isolation | Pre-exposure to stress exacerbates Stress has a pro-inflammatory
al., 2016) male and injections stress (before the MPTP-induced motor deficits (rotarod | role in the onset and
female mice at | (25 mg/kg); administration of MPTP): test), TH+ neurons depletion and development of the Parkinsonian
7 months of once a day for | restraint for 6h/day astocytosis (GFAP) in the SNg. In the phenotype since DA system
age, N=40 7 consecutive | (Duration: 31 days) striatum, DA and DOPAC levels, and appears to be stress-susceptible.
days TH signal are reduced in MPTP
animals, regardless of previous
exposure to stress. D2DR increased
solely in the stressed group.
(Wu et al., Adult Tg and Tg mouse line | Chronic variable mild Stress increases CORT levels and Mutations and/or neurotoxins
2016) WT, male and | that over- stress; one stressor/day: anhedonia in both WT and A53T mice | disrupt neuronal functioning
female WT expresses the | food and water while it exacerbates motor while stress triggers or
mice at 6 human A53T deprivation, wet bedding-, | impairments, olfactory deficits, exacerbates PD progression by
months of age, | mutant asyn overnight illumination, nigrostriatal DA degeneration, increasing oxidative stress
N=90 (A53T mice) cage rotation, restrain at neuroinflammation (IL-1B, IL-6, IFN-y) | inflammatory processes. Female
4°C and tail pinch and microgliosis (Ibal) and increased mice either display estrogen-
(Duration: 31 days) asyn aggregates solely in Tg males. related resilience to stress-
induced neurodegeneration or
slower progression of pathology.
(Janakirama | C57BL/6J male | MPTP IP (25 Chronic mild stress (before, | Stress worsened the MPTP/p induced | Stress alone cannot incite
netal, mice, N=96 mg/kg) and amidst and after MPTP): motor and non-motor symptoms, inflammatory processes along the
2017) (age NA: probenecid cage tilting, wet bedding, antioxidant imbalance and molecular nigrostriatal axis. There is an
animals (250 mg/kg) empty cage, empty cage expressions (diminishes BDNF levels additive or synergistic interaction
weighted injections with water, light/dark cycle | and pTrkB, p-ERK/ERK, p-AKT/AKT and | between stress and PD exerting
25-30 g) twice per inversion, food or water p-CREB expression in nigrostriatal the combined insults via oxidative
week for 5 deprivation and lights on regions). Stress following MPTP/p had | stress and various other signaling
weeks during the dark phase the most detrimental effect, further molecules.

(Duration: 4 weeks)

worsening the symptoms.
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Table 1. continued

Study Species, sex, PD model Stress Protocol PD and HPA axis Proposed mechanism
age, N (and duration) related pathology
(Hao et al., Young adult 6-OHDA (8 pg) | Chronic restraint stress Restraint stress increases open field Apart from the alterations of DA-
2017) Long-Evans unilateral (pre- and post- lesion) for activity and impairs skilled reaching related proteins involved in
male rats, lesions of the 20 min/day (Duration: 6 accuracy, while restraint stress and synaptic and neuronal plasticity
N=24 (age NA) | nigrostriatal weeks) or bilateral surgical | clamped CORT partially protect TH induced by stress, GR
bundle removal of adrenal glands expression in both SNg and VTA and upregulation in SNg, VTA,
and CORT administration differentially modulate the expression | striatum and motor cortex could
(5 ml/day) of SYN, calcyon and GR mRNA in exert a protective effect as
midbrain and cortical areas. transcription factor or involved in
mitochondria functioning.
(2. Zhang et | Adult Tg and Tg mice line Chronic restraint test for 4 | Stress accelerated non-motor After stress, levels of protein
al., 2018) WT male mice | that over- hours/day (olfactory disorder), motor (rotarod RTP801 were found to be
at 10 months expresses the | (Duration: 4 weeks) and pole climb) and pathological PD increased especially in DA
of age, N=64 human A53T process (increased mono/oligomeric neurons in the SNg. Elevated
mutant asyn asyn, decreased TH+ neurons in the RTP801 reportedly blocked
(A53T Tg mice) SNg and decreased DA & DOPAC in the | autophagy, leading to the
striatum) in Tg mice, along with accumulation of oligomeric asyn
decreased proteasome degradation of | and ER stress. Inhibition of
protein RTP801. RTP801 alleviated the symptoms
of neurodegeneration.
(Mitsumoto | Adult C57BL/6 | MPTP IP Acute restraint stress In the mice that underwent stress Enhanced MPTP neurotoxicity in
& Mori, male mice at 8 | injection (following MPTP injection): | following treatment with MPTP, the striatum with the same levels
2018) weeks of age, | (20 mg/kg) single event decreased DAT and DA levels implicate | of MAO-B activity suggest
N=20 single dose (Duration: 2 hours) a severe loss of nerve terminals in the | increased presence of the

striatum due to increased MPP+, while
MAO-B activity remained unaffected.

neurotoxin via CRF induced
increased BBB permeability.
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Table 1. continued

Study Species, sex, PD model Stress Protocol PD and HPA axis Proposed mechanism
age, N (and duration) related pathology
(Wassouf et | Adult Tg mouse Chronic unpredictable mild | Stress causes hyperlocomotion while SNCA-overexpressing mice may
al., 2019) C57BL/6N model with a stress: restraint, cage tilt, Tg animals show increased anxiety in have a prolonged response to
female mice BAC rat confrontation, food the light/dark box, regardless of acute stressors compared to the
Tg and WT at containing the | restriction, water treatment. In stressed Tg mice, WTs leading to altered emotional
four months of | entire human | restriction, extended light exploratory activity increases in the processing. The limited impact of
age, N=32-40 | SNCA gene exposure and reversed EPM. In the striatum of Tg mice, genes | stress in the transcriptome of the
(including the | light/dark cycle related to GABA & cholinergic striatum and hippocampus may
5’/3’ flanking (Duration: 8 weeks) signaling, alcohol metabolism and be attributed to the absence of
regions) other environment-induced metabolic | chronic cortisol elevation in the
responses involved in PD are altered. blood after stress.
(Kong et al., | Sprague LPS single Chronic unpredictable mild | Only the LPS and the 2 weeks stress When the LPS model of DA
2019) Dawley male intranigral stress (before or after LPS): | followed by LPS groups show a robust | neurons degeneration (an animal
rats, N=48 unilateral tail pinch, foot shock, high increase of IL-1pB, IL-6, TNF-a, NLRP-3, | model of brain inflammation) is
(age NA: injection speed agitation, water ASC and Caspase-1 expression, along combined with chronic stress,
animals (5 pug) deprivation, forced with microglia (Ibal) activation and acceleration of the inflammatory
weighted swimming in 4 °C cold TH+ cell loss in the SNg. Stress response and activation of NLRP3
220-250 g) water, food deprivation, increases CORT in the serum and inflammasome may be based on
reversed light/dark cycle decreases GR and MR in the SNg after | different CORT levels and GC
(Duration: 1-3 weeks) the first two weeks. mediated microglia priming.
(Rudyk et al., | Adult Paraquat IP Chronic unpredictable Stress leads to lower locomotion and The adverse effects of paraquat
2019) C57BL6/) male | injections (10 | stress (3 weeks before higher blood CORT (further increased | are similar to those of an
mice at 3.5 mg/kg) (twice | paraquat injections begin): | by paraquat). Stress and paraquat environmental stressor in terms

months of age,
N=48

per week for 3
weeks)

rat odor, lights on during
dark phase, hair dryer air,
social stress, empty cage,
tail hang, cage tilting, tail
pinch, restraint
(Duration: 6 weeks)

synergistically reduce SPT and motor
coordination. Stress does not alter
paraquat induced DA neuron loss or
regional microglia activation in SNg
and reverses the paraquat reduction
of hippocampal GR levels.

of behavioral outcomes, HPA
activity and hippocampal
functioning, affecting both motor
and non-motor aspects of PD in
non-additive or synergistic
interaction with other stressors.
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Table 1. continued

Study Species, sex, PD model Stress Protocol PD and HPA axis Proposed mechanism
age, N (and duration) related pathology
(Burtscher et | Adult WT asyn PFFs | Chronic CORT (35 mg/L) PFF-induced hypoanxious phenotype In PFF mice, while SNg and motor
al., 2019) C57BL/6JRj (5 mg) administration in drinking | is reversed by CORT, which also leads phenotype are not affected,
male mice at 3 | unilateral water starting 4 weeks to decreased ipsi vs contra TH+ cells in | CORT aggravates neuronal
months of age, | injection into before PFFs stereotactic SNg, while no TH+ cell loss is observed | degeneration. Entorhinal cortex
N=36 the right injection until sacrifice in saline-injected PFF mice. PFF- was found to be particularly
dorsal (Duration: 90 days) caused brain asyn pathology is most vulnerable to asyn pathology in
striatum notably exacerbated in the entorhinal | the case of GC imbalance. Asyn
cortex following CORT. PFFs may have a preconditioning
role exerting a hormesis effect.
(Mitsumoto | Adult C57BL/6 | MPTP IP Confrontational housing MPTP treated stressed mice display Abnormal monoamine
etal.,, 2019) | male mice at 8 | single dose stress (single event, decreased DAT and TH and increased neurotransmission renders the
weeks of age, | (20 mg/kg) followed by MPTP GFAP protein levels in the striatum, DA neurons vulnerable while
N=14 injection) suggesting a dysregulation in nerve psycho-social stress induces a
(Duration: 24 h) terminal functions and signs of pro-inflammatory profile via HPA
astrogliosis. axis activation, suggesting that
stress-related disorders could be
a PD risk factor.
(Dodiya et Young adult Rotenone (10 | Chronic unpredictable During the first 6 weeks, stress Stress and rotenone-induced
al., 2020) C57BL/6 male | mg/kg/day) restraint stress (starting 6 increases colonic permeability and intestinal hyper-permeability
mice at 6-8 orally for 6 weeks before treatment disrupts key tight junction proteins leads to endotoxemia in the SNg
weeks of age, | weeks with rotenone begins) for | (ZO-1, occludin, claudin-1) while and peripherally along with an

N=28

2 h/day at different times
(Duration: 12 weeks)

rotenone alone reduces ZO-1. Stress
and rotenone synergistically disrupt
tight junctions leading to hyper-
permeability-induced endotoxemia
and change gut microbiota, reducing
Firmicutes and Actinobacteria and
increasing Verrucomicrobia.

altered microbiota profile. The
decrease of putative “anti-
inflammatory” and increase of
“pro-inflammatory” bacteria may
contribute to neuro inflammation
/ degeneration via a mechanism
including TLR4 signaling.
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Table 1. continued

Study Species, sex, PD model Stress Protocol PD and HPA axis Proposed mechanism
age, N (and duration) related pathology
(Diwakarla Adult Tg and Tg mouse line | Chronic isolation stress: Stress increases plasma CORT levels, While Tg mice have reduced
et al.,, 2020) | WT, maleand | that over- single-housed conditions exacerbates motor deficits and Gl anxiety-like behaviors and lower
female mice at | expresses the | (Duration: 10 months) dysfunction. Tg animals have baseline CORT, stress-increased
5 months of human A53T increased large asyn particles in CORT levels may be involved in
age, N=40 mutant asyn ganglion and enteric neurons and less | exacerbated gut and motor PD
(A53T Tg mice) nNOS neurons in myenteric ganglia of | phenotype through inhibitory
the ileum. Stressed Tg mice have less effects in the colon and DA
Hu+ neurons / ganglion in the colon. system imbalance respectively.
(Grigoruta et | Adult Tg and PINK1-KO rats | Predator-induced Stress increases anxiety-like behavior, | Stress phenocopies PD neuro-
al., 2020) WT male and psychological distress motor dysfunction and alters BDNF pathology aspects by disrupting
female Long- (Duration: 3 or 10 days) and expression of antioxidants in WT brain energy production.
Evans rats at and Tg rats alike, without signs of SNg | Unchanged CORT levels in Tg rats
9-11 weeks of neurodegeneration. Plasma CORT indicate dysregulation of HPA
age, N=58 increases only in WT rats. Stress and axis, presumably due to the
mitochondrial dysfunction, modestly absence of endogenous PINK1.
interact to exacerbate rotarod Female rats are more resilient
performance. Stressed female rats possibly due to neuroprotective
show less bioenergetic alterations. effects of estrogen.
(Tuonetal., | Adult Wistar 6-OHDA (20 Chronic mild stress (CMS) In the open field, crossings and Both CMS and 6-OHDA models
2021) male rats, ug) unilateral consisting of one stressor/ | rearings increase only in the stress & show neurotransmitter system
N=40-48 (age | lesioninthe day at different times every | 6-OHDA group, along with an increase | alterations, with oxidizing
NA) striatum day (starting 32 days in nitrite/nitrate concentrations in the | substances increasing in brain

before 6-OHDA lesion);
food deprivation, water
deprivation, restraint (+ at
4 °C), flashing light and
isolation

(Duration: 40 days)

striatum, decreased SOD in the
hippocampus and increased
myeloperoxidase activity in both
regions. Striatum is mainly affected by
6-OHDA, PFC by stress while
hippocampus is affected by both.

areas related to MDD and PD,
potentially being involved in
neurodegenerative and mood
disorder processes.
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Table 1. continued

Study Species, sex, PD model Stress Protocol PD and HPA axis Proposed mechanism
age, N (and duration) related pathology
(Wang, Xu, Adult C57BL/6 | MPTP IP Chronic mild (one MPTP leads to a 50% loss of TH+ Motor deficits and depression in
et al.,, 2021) | male mice at injections (30 | stressor/day) or strong neurons in the SNpc but has non- PD may be due to alterations of
8-10 weeks of | mg/kg/day) (two stressors/day) stress significant effects to mobility and the brain functional network and
age, N=105 consecutively | (10 days after MPTP); cage | depression symptoms. Stress impairs neurotransmitters other than
for five days tilting, sawdust dampening, | learning (MWM) while motor deficits dopaminergic impairment. Based
immersion in ice water, tail | (open field and rotarod), depressive on FST positive correlation with
clamping, inversion of symptoms (FST), GFAP in the striatum, | 5-HT receptors expression, 5-
light/dark cycle, food or 5-HT & DA levels, oxidation & HT1bR and 5-HT2cR are
water deprivation and inflammation markers and 5-HT & speculated to have a role in the
lights on for 24h GABA receptors mRNA are further development of the depressive
(Duration: 21 days) altered depending on stress severity. phenotype in PD.
(Idrissi et al., | Young adult 6-OHDA (5 pg) | Restraint stress (one week | Stress exacerbates motor deficits Stress may aggravate apoptosis
2023) Wistar male injection into after the 6-OHDA lesion) (open field, beam walking and rotarod | by increasing caspase-3 and AChE
rats at 7 to the left medial | (Duration: 7 days) tests) and anxiety in 6-OHDA. In the in 6-OHDA rats, later aggravating
8 weeks of forebrain striatum, 6-OHDA decreases DA levels, | motor coordination, possibly
age, N=32 bundle increases iron accumulation and through HPA axis hyper-activity
induces caspase-3, AChE and p53 and increased GC release. Anxiety
overexpression while after stress, p53 | might be due to monoamines -
remains unaffected in PD animals. especially DA - system imbalance.
(Alwani et Adult Bilateral Chronic social defeat stress | Asyn aggregation led to increased Progressive bilateral asyn
al., 2023) C57BL/6) injections of 90 days post-PFFs injection | locomotion (open field test), reduced | aggregation might lead to
male mice at asyn (Duration: 10 days) anxiety (light-dark box) and immobility | increased compensatory activity
12 weeks of preformed (tail suspension). Asyn aggregation and alterations in emotionally
age, N=48-76 (length of PFFs was more prominent in amygdala, PFC | regulated behavior. At this point,
~50 nm) into and SNg, with minimal aggregationin | modest DA neuron loss and asyn
the striatum the RN and LC and there was only aggregation at the brain regions
modest DA neuron loss along the of amygdala and PFC do not
nigrostriatal axis in PFF groups. affect stress susceptibility.
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18. PD and stress animal models

Three vyears after the identification of the SNCA gene mutation in 1997
(Polymeropoulos et al., 1997), the first Tg mouse expressing WT human asyn was generated.
This was a pivotal moment in PD research as alterations characterized by the formation of
intra-nuclear deposits and cytoplasmic inclusions were associated with loss of dopaminergic
terminals in the basal ganglia and with motor impairments, thus providing the first direct
evidence of asyn’s role in neurodegeneration in a Tg animal model (Masliah et al., 2000).
Sixteen more years had to pass by before a group used Tg animals to study the effects of
chronic variable mild stress in adult animals of both sexes reporting that stress triggers or
exacerbates PD progression by increasing oxidative stress and inflammatory processes
predominantly in male Tg mice, leading to an exacerbation of motor impairment, olfactory
deficits, nigrostriatal DA degeneration, neuroinflammation and microgliosis, along with
increased asyn aggregation (Wu et al., 2016). Before that, all the studies relied on the use of
neurotoxic agents of varying concentrations, applied either directly in the brain of the
animal models or administered peripherally. The two most commonly used substances are

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) and 6-OHDA (6-hydroxydopamine).

The neurotoxins MPTP and 6-OHDA were selected to create animal models of PD
due to their ability to selectively destroy dopaminergic neurons in the SNg, mimicking the
dopaminergic degeneration characterizing PD. MPTP, when administered to non-human
primates, mice, or other species, crosses the BBB and is metabolized by astrocytes to MPP+
(1-methyl-4-phenylpyridinium), which is then taken up by dopaminergic neurons via the DA
transporter (DAT). This leads to mitochondrial dysfunction, oxidative stress and subsequent
cell death, effectively replicating the motor symptoms and neurochemical deficits
characteristic of PD (Langston et al., 1983). Similarly, 6-OHDA is commonly injected directly
into specific brain regions, such as the SNg or striatum. 6-OHDA is selectively taken up by
catecholaminergic neurons through DAT and norepinephrine transporters, causing oxidative
stress and mitochondrial damage, thereby inducing dopaminergic neuron loss and
behavioral deficits (Ungerstedt, 1968). While both MPTP and 6-OHDA models are crucial for
testing potential neuroprotective and neurorestorative therapies it is understood that,
although they replicate the pathophysiological hallmarks of PD (Bové & Perier, 2012), they
offer little to no insight regarding the pathogenesis, the development, the progression or the

early diagnosis of the disease.



Compared to the rest of the studies using 6-OHDA to model PD pathophysiology, the
earlier studies appear to have used a much greater amount of the neurotoxin. 6-OHDA
lesions led to decreased dopaminergic nerve terminals and norepinephrine levels in the
hippocampus. Transient motor deficits manifested only after chronically acute stressing the
lesioned animals, with the authors of the study hypothesizing that the manifestation of
akinetic symptoms following the effects — and depending on the severity — of stress in the
striatum, resulted either due to inhibition of DA release or due to the exhaustion of DA
reserves (Snyder et al., 1985). Intriguingly, in a different study published five years later
using the same amount of 6-OHDA, the lesioned rats showed a significantly increased
extracellular DA, DOPAC and HVA release in the striatum. On the other hand, a single stress
event in the 6-OHDA-treated rats led to greater release of DA, possibly due to
neurochemical compensation combining a reduction of high-affinity reuptake and increased
synthesis and release of DA, with post-stress catalepsy being negatively correlated with the

amount of extracellular fluid DA (Keefe et al., 1990).

A number of studies included in Table 1, using a more moderate amount of 6-OHDA,
employ chronic restraint as a stressor. Restraint stress, whether acute or chronic, involves
confining an animal in a restricted space, which can significantly elevate stress hormone
levels and affect psychological well-being. Restraint stress has been extensively studied to
understand both the physical and psychological impacts of confinement, with findings
indicating alterations in neuroinflammatory pathways and behavioral changes such as
increased anxiety and depressive-like symptoms (Bains et al., 2015). Following an increase in
open field activity after 6-OHDA lesion, restraint stress causes a significant increase of
Fluoro-Jade positive cells early along with acceleration of cell death. Additionally, restrain
stress disrupts pro/anti-apoptotic & neurotrophic factors and affects the metabolism of
dopaminergic neurons, altering susceptibility to 6-OHDA, possibly in a way independent of
GC regulation (Smith et al., 2008). A different study notes an increase in open field activity
and impaired skilled reaching accuracy only after restraint stress was applied to 6-OHDA
lesioned rats, along with a further decrease of synaptophysin TH levels in SNg and VTA (Hao
et al., 2017). Finally, in a study published last year, chronic restraint stress following 6-OHDA
lesion exacerbates motor deficits and anxiety, while it influences apoptosis by increasing
caspase-3 and AChE, though without further affecting p53 expression, possibly through HPA

axis hyper-activity and increased GC release (ldrissi et al., 2023).



While natural stress response involves a complex systemic response that begins with
the activation of the HPA axis resulting in the stimulation of the adrenal glands to produce
CORT, this cascade reflects just one aspect of the stress response (McEwen, 2007).
Simultaneously, there is activation of the sympathetic-adrenal-medullary (SAM) axis, which
leads to increased epinephrine and norepinephrine levels, affecting cardiovascular and
energy metabolism (Herman et al., 2016). Moreover, stress induces alterations in immune
function and neurotransmitter systems, which can influence behavior and cognitive
processes. This complex response ensures that the organism adapts to the stressor, but it
also introduces variability in experimental outcomes due to the multiple pathways and
feedback mechanisms involved (Sapolsky, 1992). Direct CORT administration provides a
focused approach by isolating the effects of this GC hormone. When CORT is administered
externally, it bypasses the upstream components of the HPA axis, leading directly to changes
in GCR activation without the concurrent activation of the SAM axis or initial CRH and ACTH
release. This method allows for precise control over the timing, dose and duration of CORT
exposure, enabling researchers to study its direct effects on target cells and tissues (de Kloet

et al., 2005).

The effects of CORT administration were also examined as an alternative to the
restraint stress. In both cases, CORT administration either attenuated neurodegeneration in
a dose-dependent inflammatory response or by delaying cell death ( Smith et al., 2008), or
spared mobility and had rather the opposite effect than restraint stress, by increasing
synaptophysin (a synaptic marker) and TH levels and GR upregulation in SNg, VTA striatum
and motor cortex, possibly exerting a protective effect (Hao et al.,, 2017). Chronic
administration of different concentrations of CORT three weeks after 6-OHDA unilateral
lesion leads to attenuation of both the expression and development of L-DOPA-induced
dyskinesia, possibly through neuroinflammation signaling, without modulating DA

metabolism (Barnum et al., 2008).

The remaining three studies using 6-OHDA to model PD employ the chronic
unpredictable stress (CRUST) protocol. The CRUST protocol can be better understood by
separately analyzing each component of the term, which reveals insights into the protocol's
duration and predictability. Chronic stress involves repeated exposure to a stressor over a
prolonged period, leading to sustained activation of the HPA axis. Chronic stress exposure
has been shown to result in various long-term physiological and neurological effects,

including changes in neuroplasticity and increased vulnerability to psychiatric disorders



(McEwen, 2007). Severe (or acute) stress, in contrast, typically involves a brief but intense
exposure to a stressor that triggers a robust activation of the hypothalamic-pituitary-adrenal
(HPA) axis and the sympathetic nervous system. This acute activation results in a rapid
release of stress hormones such as CORT, which can be measured to assess stress response
(Herman et al., 2016). For instance, severe stress can be induced by acute foot shock or
forced swim tests, which are commonly used in studies investigating the immediate
physiological and behavioral effects of stress (Koolhaas et al., 2011). Predictable vs.
unpredictable stress protocols differ primarily in whether the timing and nature of the
stressor are known to the animal. Predictable stress, which allows animals to anticipate the
stressor, generally leads to less pronounced physiological responses compared to
unpredictable stress. Unpredictable stress, involving random exposure to various stressors,
is particularly effective in studying the effects of stress unpredictability on mental health, as
it prevents habituation and induces a more pronounced activation of stress-related

pathways (Grissom & Bhatnagar, 2009).

Applying CRUST at three different time points, pre/post and mid-lesion, combined
with two unilateral lesions into the right striatum revealed that the rats that were stressed
concurrently with the lesion displayed a worse motor phenotype and increased
degeneration of TH+ cells in the SNg, compared to the non-stressed lesioned rats or with the
rats that were stressed either prior or after the lesion (Hemmerle et al.,, 2014). In
experimental studies of PD, the timing of neurotoxin administration relative to stress
exposure can significantly influence research outcomes, reflecting different hypotheses
about disease progression and vulnerability. Administering a neurotoxin, such as 6-OHDA or
MPTP, before introducing stress models the scenario where an individual already exhibiting
PD pathology encounters additional environmental stressors. This approach is akin to what
many patients experience, where pre-existing neurological decline may be exacerbated by
subsequent stress, potentially accelerating disease progression. This sequence helps
researchers explore how stress might further the neurodegenerative process or impact
symptom severity in already compromised neurological systems, focusing on identifying
therapeutic interventions to mitigate these effects (Sulzer, 2007). Voluntary exercise exerts
neuroprotective actions through gene transcription, neurotrophic factor release and
upregulation of DA receptors in the striatum in another study applying CRUST one week post
6-OHDA lesion (Howells et al., 2005). Interestingly, application of a CRUST protocol followed
by 6-OHDA insult results in increased crossings and rearings in the open field test, along with

an increase in nitrite/nitrate concentrations in the striatum, decreased SOD in the
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hippocampus and increased myeloperoxidase activity in both regions. Overall, CRUST and 6-
OHDA models show neurotransmitter system alterations with oxidizing substances
increasing in brain areas related to MDD and PD potentially being involved in

neurodegenerative and mood disorder processes (Tuon et al., 2021).

When MPTP was used to model PD, half of publications presented in Table 1 used a
single event of severe stress. Following stress, the MPTP-treated animals presented an
akinetic phenotype and a bigger trend of decreased locomotor activity (compared to mice
treated with saline), along with a transient decrease of DA in the striatum and increased DA
turnover (Urakami et al.,, 1988). After a smaller dose of MPTP, decreased toxicity was
followed by acute restraint stress leading to a decrease of DAT and DA levels while MAO-B
activity remains unaffected, suggesting an increase in the presence of the neurotoxin via
CRF-induced increased BBB permeability (Mitsumoto & Mori, 2018). Work by the same
group, this time applying acute psychological stress before the administration of MPTP,
reports that mice display decreased DAT and TH and increased GFAP protein levels in the
striatum. This abnormal monoamine neurotransmission possibly renders the DA neurons
vulnerable while psycho-social stress induces a pro-inflammatory profile via HPA axis

activation, affirming stress-related disorders as a PD risk factor (Mitsumoto et al., 2019).

Pre-exposure to chronic acute restraint before the administration of MPTP
exacerbates the neurotoxic-induced motor deficits, TH+ neurons depletion and astocytosis
in the SNg. In the striatum, DA and DOPAC levels along with TH signal are reduced in MPTP-
treated animals, regardless of previous exposure to stress, while D2DR increased solely in
the stressed group (Lauretti et al., 2016). When MPTP administration is combined with
probenecid, a drug potentiating MPTP toxicity (Alvarez-Fischer et al., 2013), subsequent
CRUST protocol further worsens the MPTP/p induced motor and non-motor symptoms,
antioxidant imbalance and molecular expressions. MPTP/p followed by CRUST is reported to
have the most detrimental effect, further worsening the symptoms while CRUST alone
cannot incite inflammatory processes along the nigrostriatal axis. Thus, it is hypothesized
that there is an additive or synergistic interaction between stress and PD, exerting the
combined insults via oxidative stress and various other signaling molecules (Janakiraman et
al., 2017). Finally, a different study marked a 50% loss of TH+ neurons in the SNpc following
five consecutive days of MPTP injections, though without significant effects to mobility and
depression symptoms. Motor deficits, depressive-like symptoms , GFAP in the striatum, 5-HT

& DA levels, oxidation & inflammation markers and 5-HT & GABA receptors mRNA are
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further altered depending on a CRUST protocol of varying intensity. Moreover, based on
forced swim test results, correlation with 5-HT receptors expression, it is hypothesized that
depression in PD may be due to alterations of the brain functional network and

neurotransmitters other than dopaminergic impairment (Wang, Xu, et al., 2021).

A different study aiming to examine the interaction of PD with stress, used a single
dose of methamphetamine (METH) to model PD pathophysiology (Kelly et al., 2012). METH
is a potent psychostimulant known to increase the release and inhibit the reuptake of DA,
leading to elevated DA levels in the synaptic cleft. This excess DA can undergo auto-
oxidation or be metabolized into toxic reactive oxygen species (ROS), causing oxidative
stress and subsequent damage to dopaminergic neurons (Cadet & Krasnova, 2009). In
animal studies, a single high dose of METH increases DA release and inhibits its reuptake,
leading to elevated synaptic DA levels. This process induces oxidative stress and neuronal
damage, particularly in dopaminergic neurons in regions such as the striatum and SNg (Kita
et al., 2003). METH neurotoxicity involves not only direct damage to DA neurons, but also
significant neuroimmune activation. METH activates microglia and astrocytes in the brain,
leading to the release of pro-inflammatory cytokines (such as TNF-a, IL-1B, and IL-6), ROS
and nitric oxide (NO) (Flora et al., 2002; Thomas et al., 2004). This inflammatory response
creates a neurotoxic environment further damaging neurons due to the combined activation
of microglia and astrocytes amplifying the neurotoxic effects of METH, promoting
dopaminergic neuron degeneration similar to that seen in PD (Loftis & Janowsky, 2014).
Indeed, in the study we present in Table 1, chronic CORT administration enhances the
METH-induced expression of pro-inflammatory cytokines/ chemokines and the activation of
microglia and astrogliosis further decreasing the amount of TH+ neurons in the striatum

(Kelly et al., 2012).

Lipopolysaccharide (LPS), a bacterial endotoxin, is frequently used in PD research to
induce neuroinflammation and study its effects on dopaminergic neurons. When injected
into the brain, particularly in the SNg as in the studies we examined (de Pablos et al., 2014;
Kong et al., 2019), LPS activates microglia resulting in a robust inflammatory response
characterized by the release of pro-inflammatory cytokines such as TNF-a, IL-1B, and IL-6,
leading to oxidative stress and selective degeneration of dopaminergic neurons, mimicking
aspects of PD pathology (Castafio et al., 1998; Gao et al., 2002). Both studies used adult rats
of approximately the same age, based on their weights. In contrast to the earlier study that

only used less than half of the amount of LPS with CRUST preceding the unilateral
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intrastriatal injection, the latest study applied CRUST of varying duration at many different
time points, reporting that only the group that solely received LPS and the group that was
stressed two weeks prior to the LPS injection show a robust increase of IL-1p3, IL-6, TNF-a,
NLRP-3, ASC and Caspase-1 expression, along with microglia activation and TH+ cell loss in
the SNg (Kong et al.,, 2019). In the first study, combination of LPS followed by CRUST
significantly exacerbated damage inflicted in the SNg (de Pablos et al., 2014). Both studies
postulate that damage is exacerbated based on different CORT levels and GC mediated
microglia priming, further validating the value of LPS-induced models for investigating the

role of neuroinflammation in PD progression (de Pablos et al., 2014; Kong et al., 2019).

Paraquat, a widely used herbicide, is utilized in PD research due to its ability to
induce dopaminergic neurodegeneration, thereby mimicking key aspects of PD pathology.
Paraquat generates ROS through redox cycling, leading to oxidative stress and mitochondrial
dysfunction, both of which selectively damage dopaminergic neurons in the SNg. Studies
using paraquat in animal models, particularly rodents, have demonstrated that exposure to
this herbicide causes progressive motor deficits and dopaminergic neuron loss, similar to the
neurodegenerative process observed in PD patients (Brooks et al., 1999). Additionally, mice
exposure to paraquat has been associated with increased asyn expression and aggregation,
a hallmark of PD pathology (Manning-Bog et al., 2002), while in a Drosophila model
expressing human asyn and exposed chronically to paraquat, fly mortality rates along with
soluble, misfolded asyn not prone to fibril aggregation increased (Arsac et al., 2021).
Paraquat administration in adult male mice combined with a 6-weeks long CRUST protocol,
results to lower locomotion and higher blood CORT which is further increased by paraquat.
Stress and paraquat synergistically reduce SPT and motor coordination, while stress does not
alter paraquat induced DA neuron loss or regional microglia activation in SNg, but

interestingly reverses the paraquat reduction of hippocampal GR levels (Rudyk et al., 2019).

Rotenone is a widely used pesticide that has been employed in PD research as a tool
to model the disease in various animal species. Rotenone is a potent inhibitor of
mitochondrial complex |, which is a key component of the electron transport chain in
mitochondria. When rotenone is systemically administered, it leads to selective
degeneration of dopaminergic neurons in the SNg. This model mimics several key features of
PD, including motor deficits, dopaminergic neuron loss and the formation of LB-like
inclusions within surviving neurons (Betarbet et al., 2000). The neurotoxic effects of

rotenone are attributed to its ability to induce oxidative stress, mitochondrial dysfunction
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and impair energy metabolism. These mechanisms lead to increased production of ROS and
reduced ATP production, which are detrimental to the health of neurons. Chronic exposure
to rotenone in animal models can induce a progressive and irreversible Parkinsonian
syndrome, making it a valuable model for studying the pathophysiology of PD and for testing
neuroprotective therapies (Sherer et al., 2003). Interestingly, in the study we reviewed,
young adult mice received low oral doses of rotenone for 6 weeks while they were
undergoing a 12-week long chronic unpredictable restraint stress protocol. Restraint stress
and rotenone synergistically disrupt tight junctions leading to hyper-permeability-induced
endotoxemia and changes in the gut microbiome, reducing the population of the phyla
Firmicutes and Actinobacteria and increasing Verrucomicrobia. Stress and rotenone-induced
intestinal hyper-permeability leads to endotoxemia in the SNg and peripherally along with
an altered microbiota profile. The decrease of putative “anti-inflammatory” and increase of
“pro-inflammatory” bacteria may contribute to neuro- inflammation / degeneration via a

mechanism including TLR4 signaling (Dodiya et al., 2020).

While the rest of the publications up until today are based on Tg animal models, two
recently new studies use instead asyn PFFs to model PD. Interestingly, the more recent study
by Alwani and colleagues reported that bilateral injections of asyn PFFs in the striatum lead
to increased locomotion, reduced anxiety and immobility with more prominent asyn
aggregation in the amygdala, PFC and SNg and minimal aggregation in the RN and the LC.
Since there was only modest dopaminergic neuronal loss along the nigrostriatal axis in the
PFF groups, they hypothesize that compensatory mechanisms accompanied by alterations in
emotionally regulated behavior could have been activated, without any further susceptibility
to the chronic stress that took place 3 months after the stereotaxic injections (Alwani et al.,
2023). The other study using PFFs had considerable methodological differences despite the
use of adult male mice of around the same age. There, asyn PFFs were injected solely into
the right dorsal striatum with the injection being performed while the stress protocol,
consisting of chronic CORT administration in drinking water, was ongoing (Burtscher et al.,
2019). Unilateral PFF injections also lead to a hypoanxious phenotype which is reversed by
CORT and results to decreased ipsi vs. contra TH+ cells in SNg. While no TH+ cell loss is
observed in saline-injected mice, PFF-caused brain asyn pathology is most notably
exacerbated in the entorhinal cortex, following CORT. While SNg and motor phenotype are
not affected, CORT administration aggravates neuronal degeneration leading the authors to
hypothesize that asyn PFFs may have a preconditioning role exerting a hormesis effect

(Burtscher et al., 2019). As previously noted, the seminal paper that detailed the injection of
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asyn PFFs as a PD animal model was published by Virginia Lee and her team in 2012, more
than a decade after the creation of the first Tg animal model (Luk et al., 2012). In terms of
translatability, once again this approach only serves as a model of the pathological hallmarks
of the disease, representing only cases of brain-first PD, ignoring the processes that are
involved from the pathogenesis of the disease until the onset of the symptoms as well as
introducing an extra variability due to the differences in structure, morphology and seeding

capacity of the PFFs (Burtscher et al., 2019; Alwani et al., 2023).

One of the most commonly used Tg animal in PD research is the A53T asyn mouse
model, which overexpresses the human A53T mutant form of asyn (A53T mice). This model
exhibits many PD-like features, including the accumulation of pS129 asyn within neurons
and the development of severe motor impairments. These features appear in a progressive
manner, closely mimicking the human disease, which has made this model highly valuable
for research (Giasson et al., 2002). In A53T mice, stress accelerated non-motor, motor and
pathological PD processes, while inhibition of RTP801 alleviated the symptoms of
neurodegeneration, proposing that autophagy dysregulation is implicated in the disease
(Zhang et al., 2018). The Gl track of old A53T Tg mice is characterized by increased amounts
of large asyn particles in ganglion and enteric neurons and less nNOS neurons in myenteric
ganglia of the ileum. While Tg rats have reduced anxiety-like behaviors and lower baseline
CORT, stress-induced increase of CORT levels may be involved in exacerbated gut and motor
PD phenotype through inhibitory effects in the colon and DA system imbalance, respectively

(Diwakarla et al., 2020).

Of course, other models are also created or chosen based on how well they replicate
the particular features of PD that researchers are keen on investigating, such as LB
pathology, motor symptoms or specific genetic mutations. For this reason, among the Tg
animals used to investigate the interplay of PD with stress, PINK1-KO rats are also included
(Grigoruta et al., 2020). The PINK1 gene mutation is closely associated with PD, particularly
affecting early-onset forms. PINK1 plays a critical role in mitochondrial maintenance,
primarily through regulating mitophagy and mutations disrupting this function lead to the
accumulation of dysfunctional mitochondria, contributing to neuronal stress and death
(Valente et al., 2004). Additionally it has been shown that PINK1 mutations can result in
complex | deficiencies and impaired respiration in mitochondria, exacerbating dopaminergic
cell loss in PD (Clark et al., 2006). In PINK1-KO rats, stress increases anxiety-like behavior,

motor dysfunction and alters BDNF and expression of antioxidants in WT and Tg rats alike,
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without signs of SNg neurodegeneration. Unchanged CORT levels in Tg rats following stress
indicate dysregulation of HPA axis, presumably due to the absence of endogenous PINK1
(Grigoruta et al., 2020). A different Tg mouse, carrying a BAC containing the entire human
SNCA gene, displayed baseline increased exploratory activity increases in the elevated plus
maze. The limited impact of CUMS in the transcriptome of the striatum and hippocampus of
the SNCA-overexpressing mice may be attributed to the absence of chronic cortisol elevation
in the blood following the stress protocol. Remarkably, this was the one of the few studies
where a chronic stress protocol had little-to-no effect and the animals that participated in
the experiments were female (Wassouf et al., 2019). Likewise, only old female - but not male
- A53T mice that underwent CUMS display estrogen-related resilience to stress-induced

neurodegeneration or slower progression of pathology (Wu et al., 2016).

19. Sex-specific variations in stress and PD response

Incorporating both sexes in animal models for PD research is crucial for a
comprehensive understanding of the disease, particularly because non-motor symptoms
often manifest differently between males and females. This approach ensures that findings
are more broadly applicable and can guide more effective, gender-specific treatments. The
importance of using both sexes in PD research is underscored by the differences in how non-
motor symptoms - such as depression, anxiety and cognitive decline - appear and progress.
For instance, women with PD may experience more pronounced depression and anxiety
compared to men (Picillo et al.,, 2017). Additionally, hormonal influences, which vary
significantly between sexes, can affect disease pathology and response to treatments,
necessitating a sex-specific analysis to optimize therapeutic strategies (Gillies et al., 2014).
Despite the clear differences in symptomatology and progression between sexes, PD is more
prevalent in males. This higher incidence in males has been linked to several factors,
including environmental exposures, lifestyle choices and biological differences in
neuroprotection and neurodegeneration mechanisms. Men are more likely to be exposed to
certain environmental risk factors, such as pesticides and heavy metals, which are associated
with higher PD risk (Van Den Eeden et al., 2003). Moreover, estrogen has been suggested to
play a neuroprotective role in women, potentially delaying the onset or progression of PD,
which might contribute to the lower incidence in females until post-menopausal years when
estrogen levels decline (Rocca et al., 2008; Shulman & Bhat, 2006). A study investigating the
impact of estrogen on DA neuron health in postmenopausal women with untreated PD

found indications that higher estrogen exposure was linked to better preservation of DAT in
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the brain and less severe motor symptoms. Additionally, those with higher estrogen
exposure required slower increases in PD medication suggesting a protective role for

estrogens on the dopamine system in PD (Lee et al., 2019).

Experimental groups consisting of both male and female animals is definitely a move
in the right direction (Lauretti et al., 2016; Diwakarla et al., 2020), but it is still a risky
approach since experimental procedures might activate different mechanisms between the
two sexes that could generate confounding results. In the case of Diwakarla et al., the stress
applied in the A53T male and female mice consisted of chronic isolation achieved by
single-housed conditions (Diwakarla et al.,, 2020). A number of studies have shown that
stress enhances HPA axis baseline activity in males and isolated females, but this response is
mitigated in group-housed females, suggesting that social environment can lessen the
perception and physiological impact of stress (Brown & Grunberg, 1995; Westenbroek et al.,
2003; McCormick et al., 2005). Additionally, Diwakarla and associates reported that old A53T
mice had less nNOS neurons in myenteric ganglia of the ileum (Diwakarla et al., 2020). In a
different study of PD-like neurodegeneration caused by MPTP, young females had a greater
recovery in DA levels compared to males following the neurotoxic insult. However, in older
mice of both sexes, reduced DA levels persisted indicating that age and sex influence DA
concentrations along with the expression of inducible (iNOS) and neuronal NOS synthase
enzymes, highlighting increased MPTP's toxic effects and a slower recovery process in males
and older animals (Joniec et al., 2009). On the other hand, after using MPTP to model PD
Lauretti and colleagues report an increase in the steady-state levels of GFAP across the
nigrostriatal axis, which are further exacerbated in the groups that are stressed prior to
MPTP administration (Lauretti et al., 2016). While estrogen receptors are notably sparse
within the mouse striatum and SNpc and their distribution remains unchanged following
MPTP intoxication, suggesting that estrogen's protective mechanism on DA neurons may act
via nuclear receptor independent mechanisms (Shughrue, 2004), MPTP induced toxicity on
astrocytes varies depending on sex and brain region, mostly affecting male mesencephalic
astrocytes. MPTP exerts its neurotoxic effects specifically through changes in the expression
of cytochrome c oxidase isoform, leading to reduced energy production and increased
oxidative stress, both key features of neurodegenerative diseases (Sundar Boyalla et al.,
2011). Only two more - out of the remaining twenty-four studies [one study fails to report
on the sex of the animals participating (Urakami et al., 1988)] - separately examine the
interplay of PD and stress on both sexes (Wu et al., 2016; Grigoruta et al., 2020). These two

studies, using both male and female Tg animal models of PD, highlight neuroinflammatory,
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oxidative and bioenergic alterations between males and females while in each case, females
display greater resilience (Wu et al., 2016; Grigoruta et al., 2020). In females, estrogens
modulate microglia reactivity promoting an anti-inflammatory state that may confer
neuroprotection after the use of 6-OHDA (Siani et al., 2017). Moreover, male mesencephalic
neurons exposed to 6-OHDA have reduced expression of selected mitochondrial proteins,
lower ATP levels and higher ROS levels compared to female neurons (Misiak et al., 2010).
Finally, there was only a single publication included in the Table 1 where the experiments
were performed solely on female animals, though without any further comments about the

sex or the age of the rats (Smith et al., 2008).

20. The critical role of aging in neurodegenerative disease research

Considering age in PD research is crucial, due to its strong association with the
disease's onset and progression. PD primarily affects older adults, with the risk increasing
significantly after the age of 60 (Pang et al., 2019). This age-related prevalence suggests that
biological changes inherent to aging, such as increased oxidative stress, mitochondrial
dysfunction and protein accumulation, are integral to the disease's pathogenesis (Collier et
al., 2011; Pang et al.,, 2019). These factors underscore the necessity of age-specific
approaches in both the study and treatment of PD since age is not just a risk factor but a
critical element that shapes the entire landscape of PD from diagnosis to treatment. As it is
greatly reviewed by Klaestrup and colleagues, despite aging being the main risk factor for
idiopathic PD, most studies use young animals, neglecting age-related cellular and molecular
mechanisms. Recent research shows that aged animals are more susceptible to PD
pathology and neurodegeneration and exhibit a faster and more extensive disease
progression than younger ones, highlighting the importance of using aged animal models to
better reflect the clinical presentation of PD in older adults, despite the challenges involved
(Klaestrup et al., 2022). Since 3 months old (mo) rats and mice correspond to young adults,
10-14 mo rats and 12 mo mice correspond to middle-aged and 18 mo rats and 19mo mice
correspond to aged animals, the animals used in the vast majority of the studies presented
in Table 1, fall within the young adult range. More specifically, out of the 27 studies, 16
explicitly mention the age of the animals while in 8 studies the weight is mentioned as an
indirect way of roughly calculating the age of the animals. Three studies provide neither

direct nor indirect information regarding the age of the animals.

Based on the weights and the age provided in the study only four studies exceed the

6 months at the time when the animals are sacrificed (Lauretti et al., 2016; Wu et al., 2016;
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Wassouf et al., 2019; Burtscher et al., 2019) while the animals reach the age where the
animals are considered to be young adults only in two (Zhang et al., 2018; Diwakarla et al.,
2020). Despite some drawbacks of using older animals, such models would ultimately be
more advantageous in accurately reflecting the clinical disease in older adults, enhancing the

translational value, and reducing the likelihood of therapeutic failures in clinical trials.

21. Aims

Overall, the emerging microbiota-gut-brain (MGB) axis is sustained by mechanisms
of bidirectional communication involving endocrine, neural, metabolic and immune
pathways. The HPA axis plays a central role in stress response with the GCs traveling through
the bloodstream, modulating immune function, gut microbiome composition and gut
permeability. Conversely, gut microbiota influence the stress response via the secretion of
cytokines activating the HPA axis. Apart from the direct neural communication occurring
through the vagus nerve and the ENS - where microbes play a key role through the
production or metabolism of neurotransmitters or their precursors - microbial metabolites,
such as SCFAs, can reach to the CNS via the circulation and additionally affect it by

interacting with immune cells exerting pro-/anti-inflammatory effects.

To date, no study has comprehensively addressed the risk chronic stress confers,
and whether it should be considered a trigger, a facilitator or an aggravator of PD (Johnson
et al., 2019). Clinical evidence alludes to an abnormal stress response, i.e. hypothalamic—
pituitary—adrenal (HPA) axis dysregulation, however, direct evidence of molecular and
glucocorticoid-mediated pathologies is lacking (Du & Pang, 2015). Asyn poses a likely culprit
as exacerbated asyn pathology has been demonstrated in the A53T mouse model following
chronic mild stress (Wu et al., 2016) and in a model of seeded asyn pathology in mouse
striatum following corticosterone administration (Burtscher et al., 2019). However, it is
currently unknown if enhanced asyn burden itself is involved in stress dysregulation and vice
versa. To address this issue, we assessed HPA axis function in bacterial artificial chromosome
Tg rats that overexpress human full-length wildtype asyn (BAC). Nine month-old BAC rats
model a premotor hyperdopaminergic phenotype, representing a state prior to overt
neurodegenerative phenoconversion (Polissidis et al., 2021). Furthermore, we examined the
pathological and phenotypic consequences of both CRUST and chronic exogenous CORT
administration to explore whether chronic stress can act additively or synergistically with
asyn to incite changes related to asyn pathology, neuroinflammation, nigrostriatal

neurodegeneration, non-motor and motor behavioral deficits as well as changes in
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neurotransmission and in the microbiome. Finally, upon finding transcriptomic and
molecular perturbations in hippocampal stress signaling in BAC rats, we sought to
investigate if such changes are conserved in PD patient brains and could potentially be

involved in altered sensitivity to chronic stress in the context of PD.
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Il. Methods & Materials

1. Animals and ethics approval

All experiments were approved by the Ethical Committee for Use of Laboratory
Animals at the BRFAA (Permit no. 1043/20.02.2019) and complied to the ARRIVE guidelines.
Middle-aged (9 mo) male wild type and BAC Sprague—Dawley rats were housed in pairs in
individually ventilated cages, on a 12-h light/dark cycle (lights on at 7:00 am), at a constant
room temperature of 21+1 °C and had unlimited access to food and water. Upon
computation of appropriate sample sizes, animals were randomly assigned to the
experimental groups. The interaction between sex, environment and genetics is complex
and understudied, thus, for this first study of ours exploring the interaction between
genetics and stress, male animals were chosen due to higher overall incidence and
prevalence of PD, earlier disease onset, worse motor symptoms and progression, and more
frequent cognitive decline in males (Polissidis et al., 2020). We based this decision on ours
and others’ animal studies that revealed a significant PD phenotype only in male rats
(Polissidis et al., 2021) and chronic stress PD exacerbation only in male A53T mice (Wu et al.,

2016).

2. Stress protocols

Rats were semi-randomly assigned to 4 treatment groups: wild type control group
(WT CTL), BAC CTL, WT stress (either CORT or CRUST) and BAC stress (either CORT or
CRUST). Animals were handled for one week prior to the start of the stress protocols.
Following this, they were exposed to one of two distinct stress protocols: a pharmacological
stress protocol or a psychological stress protocol, for a total period of 14 days. Animals from
the CTL groups were handled similarly but were placed back in their home cages without

exposure to any stress protocols.

2a. Chronic corticosterone administration (CORT)

CORT (Corticosterone, 27840, Sigma Aldrich) was initially dissolved in absolute
ethanol and then added at a concentration of 50 ug/ml to the drinking water (1%). The
animals were designated to one of four treatment groups: (1) wildtype control (WT CTL), (2)
wildtype CORT (WT CORT), (3) BAC control (BAC CTL) and BAC CORT (BAC CORT) groups.
Either CORT or a vehicle solution (drinking water with 1% ethanol) was administered to the

CORT and the CTL groups, respectively, for two weeks (Ding et al., 2018). Fresh solutions
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were prepared every two days in tinfoil-covered water bottles to protect CORT from light-
induced degradation. There were no differences in daily water consumption among groups.
Average water intake of 35 ml/rat/day corresponded to a daily dose of approximately 1.75
mg of CORT per animal. Fecal pellets were collected from all animals during morning hours

(9.00 — 14.00) before and after the pharmacological stress protocol.

2b. Chronic unpredictable stress (CRUST)

Stressors were randomly interspersed throughout the two weeks period. Two
stressors were applied every day in an unpredictable, random manner, to avoid habituation
(Table 2). The CRUST stressors included: cage tilting (45° for 6 h), wet bedding (500ml water;
6 h), cold swim (16-18°C for 10 min) and warm swim (31-34°C for 20 min), cage crowding (4
animals/cage; 12 h), restraint in a plexiglass restrainer (1 h), cage isolation (1 animal/cage;
12 h), cage vibration (100 rpm for 1 h), placement on a brightly lit elevated platform (BLEP)
(5 min), and light cycle reversal (48 h). Body weight was monitored weekly for the duration
of the protocol. Fecal pellets were collected from all animals during morning hours (9.00 —

14.00) before and after the psychological stress protocol.

Table 2. Daily program of the two-week long ChRonic Unpredictable STress (CRUST) protocol.

ChRonic Week1 D1 D2 D3 D4 D5 D6 D7
Unpredictable = e Cage
Restraint bedding tilting Restraint ~ Vibration | Day/night BLEP
STress
pm Cold Warm reversal
Crowding BLEP swim swim Crowding Isolation
Week 2 D8 D9 D10 D11 D12 D13 D14
am Wet Cage Wet Cold swim
Vibration bedding tilting bedding  Vibration | Day/night
pm Warm reversal
Coldswim  Crowding swim BLEP Restraint Isolation

3. Behavioral testing

All behavioral testing was carried out during the light phase, between 9:00 and
17:00 upon the completion of the stress protocols. All animals stress cohorts were tested in
a behavioral test battery of motor and non-motor tests, at 9 months including in sequential
order: open field, elevated plus maze, pre-pulse inhibition, gait analysis and postural

instability. Each behavioral task was separated by at least 24h.
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3a. Open field

The open field test was employed to evaluate locomotion and anxiety-related
behaviors in a square acrylic open field arena (40 x 40 x 30 cm). Placed in the arena's center
(20 cm x 20 cm), each rat was allowed to freely explore the arena for one hour. Activity was
tracked by an overhead camera [Panasonic WV-BP332] and analyzed using specialized video
tracking software [Ethovision XT 9.0, Noldus, The Netherlands]. The parameters evaluated
were locomotor activity, as measured by the total distance travelled (cm), exploration, as
measured by the rearing frequency (when the animal stands on its hind legs) and anxiety-
related behavior, as measured by the total amount of time the rat spent in the central area

of the arena (s).

3b. Elevated plus maze (EPM)

Anxiety-related behaviors were assessed in a polyvinyl chloride EPM apparatus over
a five-minute period, according to previously established protocols (Polissidis et al., 2021).
Briefly, at the beginning of the experiment, each rat was placed in the central square with its
head facing an open arm and was allowed to freely explore the apparatus while the activity
of each animal was tracked using the same overhead camera and specialized video tracking
software that was used in the open field test. The parameters evaluated were the
percentage of time spent in the open arms (vs. total time in closed and open arms) and the

locomotor activity (measured as the total distance travelled, cm).

3c. Pre-pulse inhibition (PPI)

Prepulse inhibition (PPI) was conducted according to previously established
protocols (Polissidis 2020). Briefly, on the first day, habituation of the animals began with 5
minutes of 70-dB white noise, followed by a series of sound pulses of varying amplitude (70,
80, 90, 100, 110 and 120 dB, in pseudorandom order, 1s apart; 20 s intertrial interval; five
times each). The average startle response of the five trials, termed acoustic startle response
(ASR) was calculated. The next day, the animals were once more restrained, placed in the
startle chamber and introduced to a PPI protocol consisting of a 5-min habituation
(background white noise 70 dB), 10 pulse-alone (115 dB) trials, 10 prepulse (each of 75, 80,
85 and 90 dB) plus pulse trials in pseudorandom order (1 sec apart; 20 sec intertrial interval)
and 10 no stimulus (white noise) trials. PPl was calculated as a percentage score: % PPI=[1 -
(PreS)/S)] * 100, where “PreS” denotes the mean startle response for prepulse plus trials

and “S” the mean startle response for the startle pulse-alone trials.
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3d. Olfaction deficit test

Olfactory function was assessed based on the preference of rodents for bedding
impregnated with their own odor (familiar compartment) versus fresh bedding (novel
compartment) (Carr et al., 1976; Prediger et al.,, 2006). Regarding the experimental
procedure, for the first session, each rat was placed in the neutral compartment of a
rectangular apparatus divided into three compartments and was left to habituate for 5
minutes. In the second session, one of the side compartments was filled with 3-day-old
bedding from the rat’s home-cage while the other side compartment was filled with fresh
bedding and the rat was re-introduced, in the neutral compartment and allowed to freely
explore for 5 min. The time the animal spent in each compartment was recorded for a 5-min

period(s).

3e. Gait analysis

Gait analysis was assessed with footprinting. Each rat had its forelimbs and
hindlimbs coated with grey and black non-toxic tempera paint, respectively, and then
allowed to walk along a paper strip placed in a 13 cm wide PVC corridor (with 5 cm high
walls). A series of at least four sequential steps were used (not including the first or last
strides) for manual measurement of stride length, width between forelimbs and hindlimbs

and the overlap between forelimb and hindlimb for each stride (cm).

3f. Postural instability

To assess postural instability, after applying paint to the forelimbs, each rat was held
upside-down from its tail, almost vertically, over a paper strip. The rat was then slowly
lowered until its paws touched the paper and began to move forward, making steps while
trying to regain its center of gravity, in response to the sequential weight shifts from the one
forelimb to the other. A series of at least three sequential steps were used to measure the
distance it takes for the animal to take a step with the forelimb to regain its balance. To
avoid baseline variation between WT and BAC animals, since the transgenic animals tend to
weigh less since they are hyperactive throughout their life (Polissidis et al., 2021), we
calculated the overall variation among the forelimb steps the rats took trying to regain their

balance rather than the length of the forelimb step.
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3g. Morris water maze

The Morris water maze test was used to assess spatial learning and memory
retention (Morris, 1984; D’'Hooge & De Deyn, 2001; Vorhees & Williams, 2006). Briefly,
spatial cues were placed on the four walls surrounding a pool filled with opaque water
(colored black with non-toxic tempera paint for contrast), along with a platform submerged
1 cm below the water’s surface. During the 3-day acquisition phase, the platform remained
hidden in a specific quadrant of the pool. Each rat was semi-randomly introduced into the
water from four different start-points over four sessions each day. For each session, the rat
had to locate the platform before a 90-sec cut-off. If a rat did not succeed in reaching and
mounting the hidden platform within 90 sec, the rat was gently guided by the experimenter.
The average latency (s) and distance travelled (cm) to find the platform was measured. On
the fourth day, the rats were subjected to a probe trial where the platform was removed.
The time spent in the target quadrant (s) was measured as an index of spatial memory while
the number of times each rat crossed the position where the platform used to be
submerged, was used to assess memory retention. Finally, to exclude the possibility of
visuomotor deficiencies in the animals, the latency to reach a visible platform emerging 1 cm
from the surface of the water was evaluated (semi-random placement in the four quadrants
over four trials) on the fifth day. Trials were video-recorded and measured automatically

[Ethovision XT9.0, Noldus, The Netherlands].

4. Surgery and microdialysis

CMA 12 guide cannulas were stereotaxically implanted in the right striatum under a
combination of sevoflurane anesthesia and ketamine (100 mg/kg)/xylazine (10 mg/kg)
cocktail administered intramuscularly (IM). Atropine sulfate (0.6 mg/kg IM) was
administered to reduce bronchial secretions. Briefly, after securing the rat in the stereotaxic
frame, a guide cannula was implanted unilaterally in the striatum; coordinates: anterior-
posterior (AP): +1.0, medio-lateral (ML): +3.0, dorsoventral (DV): -4.0, according to Paxinos &
Watson (Paxinos & Watson, 2004). The cannula was secured to the skull by three stainless
steel anchor screws and rapid-setting acrylic dental cement, which surrounded the

assembly.

Three days after surgery, rats were placed in the microdialysis cage (CMA-120,
system for freely moving animals; Canergie Medicin AB, Sweden) and CMA 12 microdialysis

probes were inserted in the striatum and connected to the microdialysis pump through a
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liquid swivel to a CMA 402 pump with a constant flow rate. Perfusion was performed in
artificial CSF (147 mM Nacl, 2.7 mM KCI, 1.2 mM CaCl,, 0.85 mM MgCl,) containing 0.15%
bovine serum albumin. For collection of monoamine samples, a CMA 12 Elite (molecular
weight cut off: 20 kDa) probe was used and the speed of the pump was set at 1.2 pl/min.
HCIO, was added in the samples to a final concentration of 0.1M to prevent monoamines
from oxidation. For collection of asyn samples a CMA 12 High Cut-off (molecular weight cut
off: 100 kDa) probe was used and the speed of the pump was set at 0.6 pl/min. Triton-X-100
and Tween-20 [Thermo Fischer Scientific, 85115] were added in the samples to a final
concentration of 0.5% to prevent asyn aggregation in the collected artificial CSF. The probes
were allowed to equilibrate for 2 h with the same flow rate each time before the collection
of samples. Samples were collected either every half an hour for the monoamines or hourly
for asyn, using a CMA 470 refrigerated fraction collector and stored at -80 °C until analyzed
by HPLC and ELISA. The average concentration of DA and asyn in the first three samples was
considered as the baseline concentration. Diazoxide (60mM) - a SUR1 channel activator
producing a robust increase in interstitial fluid asyn level (Emmanouilidou et al., 2016) - was
infused through the dialysis membrane by changing the perfusion buffer to artificial CSF
containing the compound. At the end of the experiment, the brain was excised, fixed in 4%
PFA and analyzed for probe placement by 2% Evans blue staining. All efforts were made to
minimize animal suffering. The animals that underwent surgeries did not participate in any

behavioral tests.

5. Sacrifices

Animals were sacrificed either by decapitation or by transcardial perfusion. The use
of guillotine was applied when the brain regions collected were scheduled to be analyzed by
HPLC or by Western blot (WB). The key brain regions received were the following: olfactory
bulbs, prefrontal cortex, amygdala, hypothalamus, midbrain, hippocampus, ventral and
dorsal striatum, as well as an intestinal sample - the first 1 cm of the duodenum - were
dissected, snap frozen and stored in -80°C until analysis. The animals whose brains were to
be stained for immunohistochemistry (IHC) protocols were transcardially perfused with
phosphate-buffered saline (PBS 1x) for 5 min followed by 4% PFA in PBS 1x for 5 min (pump
speed set at 16 rpm) under isoflurane anesthesia. Finally, in the case when we planned to
perform both IHC and further analyze the biochemical and transcriptional profile of the
same brain regions, the animals were transcardially perfused with PBS 1x for 10 min and

brain hemispheres were separated after perfusion. Left hemispheres were post fixed
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overnight in 4% PFA in PBS 1x. Right hemispheres were further dissected to collect regions of
interest and kept at -80°C. Furthermore, adrenal glands, thymus gland and blood samples for
each animal were collected during the perfusion. Adrenal glands and thymus were kept in
4% PFA at 4°C and blood samples, collected in EDTA coated 1.5 mL tubes, were centrifuged
for 10 min at 2000 x g at 4°C and the plasmas were stored at -80°C. Perfused brains were
stored in increasing concentrations of sucrose (15% and 30%) in 0.1M PBS 1x, pH 7.4 at 4°C
and were later snap frozen with isopentane at -50°C on dry ice and stored at -80°C. Finally,
after they were sectioned using a cryotome (35um), brain slices were stored free floating in

an antifreeze solution at -20°C.

6. Determination of rat brain region-specific monoamine neurotransmitter levels using

HPLC

Homogenization and sample analysis was performed according to established
protocols (Polissidis et al., 2021). The assay measured the concentration of noradrenaline
(NA), dopamine (DA) and its metabolites (3, 4-Dihydroxyphenylacetic acid (DOPAC), 3-
Methoxytyramine (3-MT) and homovanillic acid (HVA), in brain tissue homogenates with
reverse-phase ion-pair chromatography on an isocratic pump (YL9112 Instrument Co., Ltd.,
Gyeonggi-do, Korea) coupled with an electrochemical detector (BASi LC-EC, Bioanalytical
Systems, Inc., Indianapolis, IN, USA). Briefly, the column used was YMC Triart C18 100 x 2
mm, 3-um particle size, the mobile phase consisted of an acetonitrile (Sigma-Aldrich,
271004)-50 mM phosphate buffer (1:9 dilution; Thermo Fisher Scientific, 70011036), pH 3.0,
containing 300 mg/| 5-octylsulfate sodium salt (Merck Millipore, 112268) as the ion-pair
reagent and 20 mg/l Na2EDTA (Sigma-Aldrich, 03683). HPLC software (DataApex, Clarity)
was used to quantify neurotransmitter levels by comparing the area under the peaks with
the area of external reference standards. Final results are expressed as ng/mg of wet tissue
weight. Glutamate, glutamine and gamma aminobutyric acid (GABA) levels were measured
in the Department of Pharmacology, Faculty of Medicine, School of Health Sciences
University of loannina, loannina in a YL9112 Plus Isocratic HPLC Pump (YOUNG IN Chromass
Inc., Korea) coupled with a DECADETM Elite Electrochemical Detector (Antec@Scientific,
USA). HypersilTM ODS C18, 250 mm x 10 mm x 5 um column (Thermo Fisher ScientificTM,
Massachusetts, USA) was used with pre-column derivatization, as previously described, with

some minor modifications (Ntoulas et al., 2024; Kokras et al., 2020).
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7. ELISAs

7a. Corticoptropin-releasing factor (CRF) measurements in rat hypothalami

Hypothalami were homogenized, diluted and analyzed to measure CRF levels using
the Corticotropin Releasing Factor (CRF) (Human, Rat, Mouse, Canine, Feline) EIE Kit
(Phoenix Pharmaceuticals, Inc., Catalog No. EK-019-06), following the manufacturer’s
instructions. The enzyme-linked immunosorbent assay (ELISA) was quantified by the SPARK®

multimode microplate reader (TECAN).

7b. Corticosterone measurements in rat plasma

Trunk blood was collected from the animals upon sacrifice with the use of guillotine
and collected in EDTA coated 1.5mL tubes. Animals from each group were sequentially
sacrificed during morning hours (09:00-11:00) to eliminate the time factor since CORT
secretion follows a diurnal rhythm. The blood was centrifuged for 10min in 2000 x g in a
precooled centrifuge set at 4°C. The supernatant was collected, diluted and analyzed in a
commercial corticosterone ELISA Kit (Enzo, Catalog No. ADI-900-097), according to the
manufacturer’s instructions. The ELISA was quantified by the SPARK® multimode microplate

reader (TECAN).

7c. Asyn measurements in striatal extracellular milieu

Artificial CSF samples were diluted and analyzed to measure asyn levels in the
extracellular striatal milieu using the Sensolyte Anti-a-Synuclein (Human) ELISA Kit (Anaspec,
Catalog No. AS-55550-H), following the manufacturer’s instructions. The enzyme-linked
immunosorbent assay (ELISA) was quantified by the SPARK® multimode microplate reader

(TECAN).

8. Asyn pathology assessment in the rat brain

8a. Protein extraction protocol, immunoblotting and analysis

Briefly, following brain tissue harvesting by decapitation, hippocampi and striata
were homogenized, lysed, centrifuged (120 000xg for 60 min) and depending on the lysis
buffer (either STET (50 mM Tris [Sigma-Aldrich, T1503], pH 7.4, 150 mM NaCl [Lach-Ner,
30093], 1% Triton-X-100 [Applichem, A1388], 2 mM EDTA [Applichem, A1104], protease and
phosphatase inhibitors [Roche, 11836153001, 4906845001]) or RIPA (same as STET

supplemented with 1% SDS)), appropriate amounts of the supernatants containing either
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the “soluble” (Tx100) or the membrane-associated and aggregated “insoluble” (SDS) protein
fractions were loaded on 12% SDS polyacrylamide gels. The proteins were transferred onto
nitrocellulose membranes and blocked using 5% milk in 1 x TBST. For detection of pS129
asyn, membranes were incubated overnight in PBS 1 x at 65 °C and blocked in 5% BSA. For a
list of all primary and secondary antibodies used for all immunoblot/staining protocols, refer

to Supplementary Table 1. Analysis was performed with Fiji/ImagelJ (Schindelin et al., 2012).

8b. PS129 asyn immunohistochemistry

Perfusion, brain fixation, sectioning, and immunohistochemistry were performed
according to standardized lab protocols (Xilouri et al., 2016; Polissidis et al., 2021). Briefly,
the brains were sliced coronally (thickness 35 um) on a cryotome [LEICA CM3050 S] and
three representative sections from each brain region of interest were chosen per subject.
The sections were placed for 10 min in 3% H202/10% methanol mixture and subsequently
blocked with 5% normal goat serum for 1 h at room temperature (RT). The rabbit
monoclonal anti-a-synuclein phospho S129 antibody was used as the primary antibody, for
48 h at 4 °C, the sections were washed three times for five min in PBS 1 x and incubated for
1 h with biotinylated goat anti-rabbit IgG secondary antibody [Vectastain ABC kit, PK-4001,
Vector Laboratories]. Three washes in PBS 1 xfor 5 min followed, and the sections were
then treated for 1 h with ABC solution [Vectastain ABC kit, PK-4001, Vector Laboratories] at
RT followed by three more washes in PBS 1x. Antibody binding was visualized by the
reaction of hydrogen peroxidase with 3, 3-diaminobenzidine [DAB, Dako, K3468]. Finally, the
sections were mounted on Superfrost microscope slides [Epredia, J1800 AMNZ] dehydrated
and treated for 15 min with 0.5% Cresyl Violet Acetate. Following staining, the sections were
rehydrated and treated with xylene. Finally, the sections were placed on slides with DPX

Coverquick 2000 [VWR chemicals, 0554730-500ML] as a mounting medium.

8c. Microscopic observation

Immunohistochemistry staining was observed with a Leica DM RA2 microscope.
Whole sections were scanned using Stereo Investigator software [MBF Bioscience, Version
10] using a vertiga 2000-Qimaging camera and a 10 x objective lens. For the analysis, images
from the “5th edition of The Rat Brain in Stereotaxic Coordinates” (Paxinos & Watson, 2004)
were overlaid with the tile scanned images of the section (three representative coronal
sections per brain region with the coordinates “bregma/interaural line”; for hypothalamus: -

1.40 mm/7.60 mm, — 3.14 mm/5.86 mm and - 4.16 mm/4.84 mm and for hippocampus: -
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2.56 mm/6.44 mm, - 3.14 mm/5.86 mm and - 3.80 mm/5.20 mm). Using Fiji/ImageJ, the
specific regions of the hypothalamus and the hippocampus were selected. Background
subtraction of the area of the pS129 was quantified as compared to the total area of the

region.

8d. Confocal microscopy and analysis

A Leica TCS SP5 Il on a DM 6000 CFS upright confocal microscope was used to
acquire z stacks of 1024 x 1024 pixel resolution throughout the whole thickness of the
midbrain sections with a 40 x 1.20 objective lens and a z step size of 0.7 microns. For each
brain section, three representative images were taken to cover the whole region of the SNpc
and image analysis and evaluation of the volume of the pS129 asyn was performed with
Fiji/lmagel. Briefly, the TH channel was used to create a mask of the SNpc, after applying a
threshold. The total volume of the SNpc was measured in the z-projection (using the “Sum
slices” option) and measured by dividing the Raw Integrated Density by 255. The pS129
channel was masked using the “Image calculator” option in the “Process” tab of Fiji/Image)
(“Min” operation). After applying a threshold, the masked image was z-projected using the
“Sum slices” option and the volume was calculated. The final values are expressed as the
ratio of pS129volume/total TH volume. For the assessment of asyn pathology in
dopaminergic neurons of the hypothalamus, z-stacks of 2048 x 2048 pixel resolution and a
step-size 0.3 microns were generated using a water-immersion Leica HCX APO 63 x 1.20
objective on a Leica TCS SP5 confocal microscope (Wetzlar, Germany). Analysis was
performed using Imaris x 64 9.1 software. To create the surface of dopaminergic cells, Imaris
Surface module was utilized, and an intensity threshold was applied to distinguish between
background and cell fill. The surface that was created from the TH signal was used as a mask
for pS129 asyn signal and the overlap between the reconstructed surface and pS129
immunoreactivity signal created a new signal channel representing the pS129 asyn located

inside the dopaminergic neurons.

9. Immunohistochemistry of the nigrostriatal pathway in the rat brain

9a. DAB staining

Representative sections (every 6th section) of the entire striatum and midbrain
(containing the SNpc) were stained with the polyclonal anti-tyrosine hydroxylase (TH)

antibody. The staining was visualized using DAB and the sections were further stained with
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cresyl violet (Nissl stain) and dehydrated in consecutive increasing concentrations of ethanol

solution.

9b. Dopaminergic cell counts in the SNpc

Stereological counts of TH + neurons in the SNpc was estimated using a stereological
microscope [LEICA DMRA2] coupled with a Qlmaging color camera and Stereo Investigator
v10.0 software [MBF Bioscience, USA], according to established protocols (Polissidis et al.,
2021). For each animal, 8-10 representative sections throughout the rostro-caudal axis of
the SNpc were quantified based on an unbiased method using the Optical Fractionator,
employing a systematic random sampling of counting frames. Counting contours in each
section were outlined with a 2.5 x objective lens while counting was performed using a
63 x 1.30 glycerol immersion objective lens with the following settings: optical dissector, grid
size (150 um) and counting frame (50 um). A coefficient of error (Gundersen, m=1) of <0.1

was accepted.

9c. Dopaminergic afferent densitometry in the striatum

The density of TH + axons in the striatum was measured, as previously described
(Xilouri et al., 2016). Six sections for each animal, covering the whole rostrocaudal axis of the
striatum, were stained for TH using DAB staining. Densitometric analysis was performed
using Fiji/Imagel. The striatum was sub-divided into three regions: dorsolateral (DL),
dorsomedial (DM) and ventral (V), according to the boundary between the caudate-putamen
complex and the nucleus accumbens or measured as a whole. The density of TH + neurons

was measured using Fiji/Imagel for each region.

10. Neuroinflammation assessment along the rat nigrostriatal axis

10a. Tissue processing for immunofluorescence

Immunohistochemistry was performed in free-floating sections for the assessment
of neuroinflammation along the nigrostriatal axis. Midbrain and striatal sections (3
sections/brain region/subject) were selected, washed in PBS 1x, and blocked in a buffer
containing 5% natural-goat-serum (NGS) and 0,1% Triton-X-100 in PBS 1x, to reduce
nonspecific binding of the antibodies and background signal. Incubation overnight at 4 °C
with primary antibodies followed, using anti-GFAP (glial fibrillary acidic protein) for the
staining of astrocytes, anti-lbal (ionized calcium binding adaptor molecule 1) for microglia

and anti-TH for dopaminergic neurons. The sections were washed in PBS 1 x and incubated
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with secondary antibodies conjugated with fluorophores (CF488A green, CF555 red and Cy5
far-red) for 1 h at RT. After PBS 1 x washes, sections were mounted on poly-L-lysine glass
microscopic slides [Epredia, J2800AMNZ] with mounting medium containing DAPI (4',6-

diamidino-2-phenylindole) [Fluoromount-G™, Invitrogen].

10b. Structured illumination (SIM) confocal microscopy

For the CORT cohort, the Aurox Clarity Laser Free Structure lllumination Confocal
Microscope was used to generate tile scan images of the stained brain slices which were
subsequently quantified to measure the mean intensity of the GFAP and Ibal glial cells using
TH + staining to select the ROIs, in the SNpc and the striatum. The images were analyzed
using Fiji/Image). Briefly, images belonging to the same section were stitched together
(using the “Stitching” plug-in), converted from 16-bit to 8-bit (after setting the contrast to its
full range) and the background was subtracted (“Subtract background” option in the
“Process” tab). ROls were selected based on a max projected version of the image and saved
for subsequent use in the workflow. Total volume of the structure of interest (SOI) was
evaluated by thresholding the stitched image, z-projecting using the “Sum slices” option and
measuring the integrated density statistic after overlaying the ROI on the z-projected image.
The resulting value was equal to the total number of pixels comprising the structure of
interest over the entire 3D volume x 255. Therefore, to extract the total volume (V), the
latter value was divided by 255. To calculate the numerator of the mean volume ratio, the
image was masked based on the thresholded image using the “Image calculator” option in
the “Process” tab of Fiji/lmage) (“Min” operation). The resulting image contains 0-valued
pixels over background regions (0-value in the thresholded image) and the raw values over
the structure of interest. The masked image was z-projected using the “Sum slices” option
and once more the raw integrated density statistic giving the intensity sum (I) over the SOI
was calculated after overlaying the ROI. The mean intensity of the SOI, within the ROI, is

given by the ratio: I/V.

Alternatively, for CRUST a Leica TCS SP5 confocal microscope (Wetzlar, Germany)
was used to acquire z stacks of 1024 x 1024 pixels throughout the whole thickness of the
section with a HCX APO 40x 1.20 objective and a z step size of 0.7 microns. For each brain
section, three images were captured; 20-30 stacks each, to represent all regions of the
dorsal striatum and the substantia nigra (Figure 1). Analysis of the images was performed
using Fiji/ImagelJ software. Z-stacks were projected (using the “Max intensity” option”) and

after a manual threshold was applied, the area of the astrocytes and microglia was
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measured. Area was divided by the area of the region of interest (ROI) (i.e., striatum or

substantia nigra) and finally expressed as a percentage of the total ROI.

11. RNA extraction and cDNA synthesis from rat hippocampi

RNA was isolated from rat hippocampus samples using the Nucleospin© RNA kit
[Macherey Nagel], according to manufacturer’s instructions. Total RNA was quantified with
NanoPhotometer [IMPLEN]. RNA integrity was assessed by loading 200 ng of each sample on
a 1% agarose gel. 1 pug of total RNA was used for cDNA synthesis in a two-step cDNA
synthesis protocol, according to manufacturer’s instructions [GoScript™ Reverse

Transcriptase, Promegal.

12. RNA sequencing

RNA-sequencing experiments were carried out in the Greek Genome Center (GGC)
of the Biomedical Research Foundation of the Academy of Athens (BRFAA). RNA was isolated
from rat hippocampus samples using the Nucleospin RNA kit [Macherey Nagel] according to
manufacturer’s instructions. Total RNA was quantified with Nanodrop [IMPLEN]. RNA
integrity was assessed by loading 200 ng of each sample on a 1% agarose gel. Total RNA was
subsequently isolated according to manufacturer's instructions. mRNAseq libraries were
prepared with the lllumina TruSeq RNA v2 kit using 1 ug of total RNA. Libraries were checked
with the Agilent Bioanalyzer DNA1000 chip, quantitated with the qubit HS
spectrophotometric method and pooled in equimolar amounts for Sequencing. One hundred
basepair Single-End reads were generated with the Illumina NextSeq500 sequencer and for

each sample, approximately 25 million were obtained.

12a. Read alighment and guantification

FASTQ files were imported into the Galaxy web platform and data were processed
and analyzed using the public server usegalaxy.org (Afgan et al., 2018). Sequence quality
control was performed with FastQC and MultiQC twice, once at the raw and the second time
at the aligned output. Cutadapt was utilized for adapter trimming. Assembly to the rat
reference genome (version 6.0; July 2014) was conducted with HISAT2, mapping successfully
96% of total reads to at least one genome region and 84.5% of total reads to a unique
genome location (percentages are expressed as means over all 17 samples). Uniquely
mapped reads for each sample were quantified to read counts based on the union exon

model and the function featureCounts.
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12b. Annotation and differential expression analysis

A table of read counts per sample and per mRNA RefSeq ID was exported from
Galaxy and was directly imported into the R environment for statistical computing (version
4.0.2). Gene annotation data were obtained with the Bioconductor package biomaRt
(version 2.44.1), and 17,042 out of 18,464 RefSeq IDs could successfully map to Gene
Symbols. Cases where different Refseq IDs mapped to same gene, were summarized to Gene
Symbol with the function collapseRows of the WGCNA package (version 1.69), by selecting
the RefSeq ID with the highest mean of counts across all 17 samples (resulted in 16,061
Gene Symbols). Differential expression analysis was performed with the Bioconductor
package edgeR (version 3.30.3). edgeR extends the standard negative binomial model (in
which an overdispersion parameter is calculated globally for all genes) by implementing
gene specific quasi-likelihood (QL) dispersion estimates to account for the increased
variance that characterizes low expressed genes (Robinson et al., 2010). QL estimates
obtained for each gene are then squeezed towards their mean value (across all genes) under
an empirical Bayes approach. The squeezed estimates are finally supplied for hypothesis
testing. We investigated differential expression after removing genes with very low read
counts. Briefly, genes with a sum of counts per million reads lower than 2 were filtered out
and the raw read counts of 12,097 genes were submitted for library size normalization using
as scaling factor the trimmed mean of M-values calculated over each pair of samples
(function calcNormFactors). Fitting and testing for differential expression were performed
with the functions g/imQLFit and gImQLFTest, respectively. Multidimensional scaling plot
revealed the presence of an outlier which was omitted from further analysis. Diagnostic

plots of the raw and the EB fitted QL dispersions are presented in Supplementary Figure 1.

12c. Gene Ontology analysis

While FDR (False Discovery Rate) is typically more strict than setting a raw p-value
threshold, i.e. p<0.05, the p-value threshold of 0.05 applies to each individual test, rejecting
the null hypothesis if the probability of the observed data under the null hypothesis is less
than 0.05. However, in large-scale analyses like RNA-seq, testing for significance is
performed several thousand times, one for each gene. This gives rise to the multiple
comparisons problem, which posits that when multiple statistical inferences are computed
simultaneously, a portion of them will be significant only by chance (Benjamini, 2010) thus
increasing the chance of false positives. On the other hand, setting strict criteria for defining

significance can increase the Type-Il error, which signifies the false negative results, or in
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other words, the error of incorrectly accepting the null hypothesis. This is particularly
evident when sample sizes are low. Correcting for multiple hypotheses in such cases, more
often than not leads to overly large p values, and increased risk for Type-Il error. An FDR
threshold of 0.1 controls the proportion of false discoveries among all significant results,
allowing up to 10% of the significant results to be false positives. FDR is generally less strict
in terms of discovering more hits, but when sample size is limited, it might result in very few
significant hits. This is why lowering the threshold to p<0.05, even though stricter per test,
may help find more significant results at the cost of not adjusting for the false discovery rate.
Combining both approaches can help balance the number of discoveries with control over

false positives.

To identify which DEGs possess the strongest discriminatory power for distinguishing
the four groups, we performed unsupervised clustering analysis using various DEG
combinations, comparing the clustering results to the known sample groupings. The analysis
began with a minimal gene set, defined as the union of the top 20 DEGs from each of the
four comparisons, based on the lowest nominal p-values. In each of the subsequent
clustering iterations we expanded the input gene list by adding the next five most significant
genes from each comparison to the union list. This iterative process continued until the
clustering output no longer corresponded to the known group labels. A mis-clustering of
maximum 1 sample was set as the stopping point of clustering. This incremental-input
clustering approach resulted in a list consisting of the top 50 genes with the lowest p value

from each of the aforementioned comparisons.

For the pathway analyses, genes with p<0.05 were screened against the complete
Rattus norvegicus Gene Ontology database, comprised of the three libraries: Biological
Process, Molecular Function and Cellular Component. Gene Ontology testing for significance
was conducted using a two-sided hypergeometric test implemented in the functions
compareCluster and enrichGO from the Bioconductor package clusterProfiler package
(version 3.16.1). Statistically significant gene ontology terms were defined as those with

Benjamini-Hochberg adjusted p < 0.05.

13. RT qPCR analysis of rat hippocampal gene expression

To assess changes in expression of selected genes (a list of all the primers is available
in Supplementary Table 2), real time (RT) gPCR was performed in triplicates for each sample.

GAPDH or b-actin were used as housekeeping genes for normalization. 2 pl of each sample
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was added to a master mix preparation containing 2 pl of each primer, 7.5 ul of iTaq
Universal SYBR Green Master Mix [Biorad, 1725121] and 3.5 pl nuclease-free water
[Invitrogen], and loaded on a 96-well plate [Roche, Lightcycler 480 Multiwell plate 96]. Data
was collected and analyzed using the LightCycler 96 System [Roche]. The value of the cycle
number at which any sample crossed the threshold (Ct) was used to determine fold
difference. In addition, the geometric mean of the reference gene served as a point for

-AACt

normalization. Fold difference was calculated with the 2 method (Livak & Schmittgen,

2001).

14. 16s RNA sequencing

Overall, fecal pellets from 47 animals were sent to our collaborator Dr. Yogesh Singh
in the University of Tubingen for 16s RNA microbiome profiling, one sample before and one
after the chronic stress treatments - either corticosterone administration (CORT) or stress
(CRUST) - thus, 94 samples in total. Of the 47 animals, 18 animals participated in the CORT
cohort while 29 animals participated in the CRUST cohort as presented in Table 3. To detect
the genotypic effects of the BAC transgene on the populations of gut microbiota, data from
WT and BAC animals before treatment (i.e., chronic stress) were compared for quantitative
alterations. Significance was defined at p < 0.05, using a Mann-Whitney test adjusted with
Benjamini-Hochberg. To identify the interaction effect of stress (either CORT or CRUST) on
the WT and BAC, a 2x2 design was arranged involving WT CTL, WT stress, BAC CTL and BAC
stress animals was estimated with a two-way ANOVA test, after transforming the data to the
logarithmic scale, using the formula ~genotype*treatment. Normality of the ANOVA
residuals was tested with Shapiro’s test, and microbiome genera with non-normal residuals

were excluded from the analysis.

Table 3. Table summarizing the fecal pellet samples shipped to the University of Tubingen for

microbiome profiling

Stress protocol CORT CRUST
Genotype | WT 4 4 6 6
BAC 4 6 8 9
Treatment Control | Stress | Control | Stress
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15. SCFAs in rat fecal samples

15a. Reagents, lipid standards, stock and working solutions

All the solvents used were of LC-MS analytical grade. Acetonitrile was purchased
from Carlo Erba (Val De Reuil, France), isopropanol and methanol from Fisher Scientific
(Laughborough, UK), and formic acid 98-100% from Chem-Lab (Zedelgem, Belgium). 3-
Nitrophenylhydrazine  hydrochloride (97%) and  N-(3-dimethyl aminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC.HCI) (97%) were purchased from Fluorochem
(Derbyshire, UK). N'-(3-nitrophenyl) acetohydrazide, N'-(3-nitrophenyl) propionohydrazide,
N'-(3-nitrophenyl) butyrohydrazide and ds;-N'-(3-nitrophenyl) acetohydrazide were
previously synthesized at the Laboratory of Organic Chemistry, National and Kapodistrian
University of Athens. Stock solutions of the standard compounds (1000 mg/L in methanol)
were prepared and stored at 4 °C. Working solutions (500 and 1000 ng/mL) were prepared

daily by appropriate dilution.

15b. Extraction of SCFAs from fecal samples

For the fecal samples, 20 mg of freshly collected feces were homogenized in 400 pL
of precooled methanol and then centrifuged at 15,000 g for 10 min at 4 °C. The supernatants

were collected for further use (Wei et al., 2020).

15c. Derivatization procedure

For derivatization, 10 pL of each of the supernatants and 10 plL d;-acetic acid (10
ppm in methanol) were mixed with 10 pL of 3-NPH (200 mM in 50% aqueous acetonitrile)
and 10 pL of EDC-6% pyridine solution (120 mM in the same solvent). The mixture was
incubated at 40 °C for 30 min. After reaction, this solution was diluted to 1 mL with
methanol/water 1:1 in a vial and this mixture was used for the LC-MS/MS analysis (Han et

al., 2015).

15d. LC-MS/MS analysis

An ABSciex Triple TOF 4600 [ABSciex, Darmstadt, Germany] combined with a micro-
LC Eksigent [Eksigent, Darmstadt, Germany] and an autosampler set at 5 °C and a
thermostated column compartment were used to perform the LC-MS/MS measurements.
Electrospray ionization (ESI) in negative mode was used for all the MS experiments. The data
acquisition method consisted of a TOF-MS full scan m/z 50-850 and several information-

dependent acquisition (IDA)-TOF-MS/MS product ion scans using 40 V collision energy (CE)
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with 15 V collision energy spread (CES) used for each candidate ion in each data acquisition
cycle (1091). This workflow allows quantitation (primarily using TOF-MS) and confirmation
(using IDA-TOF-MS/MS) in a single run. The MS resolution working conditions were: ion
energy 1 (IE1) -2.3, vertical steering (VS1) -0.65, horizontal steering (HST) 1.15, and vertical
steering 2 (VS2) 0.00. A Halo C18 2.7 um, 90 A, 0.5 x 50 mm? column from Eksigent was used
for the present study. The mobile phase consisted of a gradient (A: acetonitrile/0.01% formic
acid/isopropanol 80/20 v/v; B: H,0/0.01% formic acid) and the elution gradient adopted
started with 5% of phase B for 0.5 min, gradually increasing to 98% in the next 7.5 min.
These conditions were kept constant for 0.5 min, and then the initial conditions (95% solvent
B, 5% solvent A) were restored within 0.1 min to re-equilibrate the column for 1.5 min for

the next injection (flow rate: 55 uL/min).

15e. Data processing and quantification

All chemical structures were drawn using ChemBioDraw Ultra 12.0 [PerkinElmer
Informatics, Waltham, MA, USA]. The data acquisition was carried out with MultiQuant 3.0.2
and PeakView 2.1 from [ABSciex, Darmstadt, Germany]. EICs were obtained with the use of
MultiQuant 3.0.2 [ABSciex, Darmstadt, Germany], which created the base peak
chromatograms for the masses that achieve a 0.01 Da mass accuracy width. The relative

tolerance of the retention time was set within a margin of £2.5%.

15f. Method validation

Solutions from 5-1500 ng/mL of N'-(3-nitrophenyl) acetohydrazide, N'-(3-
nitrophenyl) propionohydrazide and N'-(3-nitrophenyl) butyrohydrazide containing 100
ng/mL of ds;-N'-(3-nitrophenyl) acetohydrazide (3 replicates; 11 levels) were used to assess
the linearity and the limits of detection (LOD) and quantification (LOQ). The LOD and LOQ
were calculated using the signal-to-noise method. A signal-to-noise ratio (S/N) of three is
generally accepted for estimating the LOD, and a signal-to-noise ratio of 10 is used for
estimating the LOQ. This method is commonly applied to analytical methods that exhibit

baseline noise.

16. Statistical analysis and graphic illustrations

GraphPad Prism 9 software was used for statistical analyses and Adobe lllustrator
Artwork 23 was used to create figures and artwork. For two-way ANOVAs, the two factors
were genotype (WT and BAC) and drug treatment (CTL and CORT/CRUST) with Bonferroni’s

multiple comparison tests used for post-hoc analysis. Unpaired Student’s t-tests and simple

94



linear regression analysis were also used, where applicable. A p-value of <0.05 was
considered statistically significant. The exact p-values for all analyses are reported in

Supplementary Table 3. Results are presented in graphs as mean + SEM.
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Ill. Results

1. Assessment of pharmacological stress: chronic CORT administration

After two weeks of CORT administration, a battery of behavioral tests (OF, EPM and
motor phenotype analysis) was conducted before sacrificing the animals. Brain regions
associated with the HPA axis and PD pathology, including the amygdala, hypothalamus,
hippocampus, ventral midbrain and striatum, were collected for further analysis
(experimental timeline summarized in Fig. 1a). In addition, the adrenal glands, thymus
glands, and the first part of the small intestine (duodenum) were excised. Throughout the
experiment, blood and fecal samples were collected to assess the animals’ microbiota profile
and investigate potential gut-brain axis dysfunction and dysbiosis. More specifically, pS129
asyn levels were measured in all the aforementioned brain regions while CRF levels and
neurotransmitters related to stress response and PD pathology (NA and DA turnover) were
guantified specifically in the hypothalamus. In the hippocampus, NA and total asyn protein
levels were analyzed. Along the nigrostriatal pathway, we evaluated the degeneration of
TH+ neurons, glial activation, and total asyn levels to determine the extent of dopaminergic

dysfunction and neuroinflammation.

2. Human asyn overexpression in BAC rats confers baseline HPA axis dysregulation

The first evidence of HPA axis dysregulation was lower baseline CRF levels found in
the hypothalamus of BAC rats (Fig. 1b). Next, HPA axis activity was assessed by measuring
the levels of CORT circulating in the blood. The experimental groups that received CORT
revealed nonsignificant elevated plasma CORT levels (Fig. 1c) and the BAC animals
demonstrated decreased CORT levels, regardless of treatment (Fig. 1c). Adrenal insufficiency
and relative HPA axis dysregulation was also confirmed by a significant decrease in the
weight of the adrenal glands in BAC rats, regardless of treatment (Fig. 1d). Subsequently, the
EPM, OF and PPI tests were used to assess behaviors sensitive to stress, specifically anxiety
and sensorimotor gating. While BAC animals displayed baseline increased mobility in the
EPM, CORT further increased the distance travelled in both WT and BAC rats in the EPM
(SFig. 2a). As expected, CORT increased the levels of anxiety in WT rats, depicted by a
decrease in the percentage of time that WT CORT animals spent in the open arms of the
EPM, while the baseline anxiogenic profile of BAC rats was not further exacerbated (Fig. 1e).
In the OF, CORT decreased the total time spent in the center of the arena, indicating
elevated anxiety, while there was a baseline difference with BAC animals spending more

time in the center of the open field (Fig. 1f) that correlated with the total distance travelled
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in the arena of the OF (SFig. 2b). Assessment of sensorimotor gating revealed an increased
average percentage of PPl in both WT and BAC rats following treatment with CORT (Fig. 1g).
An increase in startle response amplitude following CORT treatment in BAC rats was
indicative of hypervigilance (Fig. 1h). Moreover, CORT increased NA levels in the
hypothalamus in both WT and BAC rats (Fig. 1li) and reversed enhanced DA turnover
(DOPAC+HVA+3MT/DA) in the hypothalamus of BAC rats (Fig. 1j). In the hippocampus, BAC
rats demonstrated decreased NA levels (SFig. 2c). Overall, CORT administration resulted in
anticipated behavioral and neurochemical changes. Several stress endpoints, neurochemical
and behavioral outcomes indicate a baseline imbalance of the stress system in BAC animals,

rendering them more sensitive to the effects of CORT.
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Figure 1. HPA axis dysregulation in asyn BAC rats. As depicted in the experiment outline (a), following CORT
administration for 14 days and a battery of behavioral tests consisting of open field (OF), elevated plus maze
(EPM), prepulse inhibition (PP1) and motor phenotype analysis, brains of BAC and WT rats were harvested and
the hypothalamus, hippocampus, ventral midbrain - encompassing the SNg - and striatum were dissected. First,
we evaluated (b) CRF levels (ng/ml) in the hypothalamus of 9 mo BAC animals and age-matched WT controls
without treatment, (c) levels of plasma CORT (ng/ml) following CORT administration and (d) adrenal glands
weight (mg/100g of body weight). For the behavioral phenotyping, we calculated (e) the percentage of time
spent in the open arms of the EPM, (f) the total amount of time (s) spent in the center of the OF arena, (g)
average % PPl and (h) average stimulus response in PPl test. Following neurochemical measurements in the
hypothalamus, we quantified (i) NA levels (mg/g wet tissue) and (j) DA turnover (DOPAC+HVA+3MT/DA).
Unpaired t-test was applied for (b) while two-way ANOVAs were applied for (c-j) with Bonferroni's multiple
comparisons post-hoc tests. All data are expressed as mean + SEM. Asterisk (*) is used to denote genotype main
effects while hashtag (#) denotes main treatment effects. Significance levels: */# p<0.05; **/## p<0.01;
*** [#iH p<0.001. N=4 per group for (b), N=7-10 for (c-h) and N=2-4 for (i) and (j).

3. Chronic CORT enhances asyn pathology in the hypothalamus of asyn BAC rats

The hypothalamus acts as a link between the central nervous and endocrine
systems. Immunohistochemical staining in the hypothalamus (Fig. 2a) revealed extensive
pS129 asyn pathology in BAC animals (Fig. 2b) which colocalizes with dopaminergic neurons
(SFig. 3 for indicative images of pS129 asyn colocalization with dopaminergic neurons in the
hypothalamus). In the hippocampus, BAC transgenic animals displayed approximately five-
fold greater amounts of pS129 asyn than WT animals, regardless of CORT treatment,
indicating a potential plateau effect (Fig. 2c). Moreover, Western immunoblot analysis
showed elevated soluble and insoluble total asyn levels in the hippocampus of BAC animals,
regardless of treatment (Fig. 2d, SFig. 4a,e). PS129 asyn levels in the BAC animals remained
unchanged in the hippocampus after CORT treatment, in both the soluble and insoluble
fractions (Fig. 2e, SFig. 4b,f). Comparing the shift in asyn species (insoluble/soluble fraction),
there is an overall trend for increased total (SFig. 4i; p=0.0939) and pS129 (SFig. 4j;

p=0.0505) asyn levels in BAC animals following CORT.

Analysis in the striatum revealed increased soluble and insoluble total asyn levels in
the BAC animals, regardless of treatment (Fig. 2f, SFig. 4c,g). Comparing the shift in asyn
species (insoluble/soluble fraction), BAC rats demonstrated increased total asyn levels with
an interaction effect, indicating an increase in total asyn levels between WT CTL and BAC CTL
groups (SFig. 4k). PS129 asyn levels in the striatum were unchanged in BAC animals upon
CORT treatment, in both the soluble and insoluble fractions (Fig. 2g, SFig. 4h). No further
differences were observed with respect to the shift in pS129 asyn species (insoluble/soluble

fraction) (SFig. 4l). Taken together, our results show that chronic CORT administration
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significantly enhances pS129 asyn levels in the hypothalamus, along with an apparent shift

to more insoluble pS129 asyn in the hippocampus of BAC rats.
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Figure 2. PS129 asyn pathology in stress-related brain regions. Asyn pathology was assessed in BAC rats
following chronic CORT with (a) DAB pS129 asyn staining in the hypothalamus and hippocampus, where we
calculated (b & c) the % of pS129 asyn, respectively; scale bars; 1 column: 3 mm, 2™ column (10x): 300 um and
3 column (40x): 75 um). Immunoblotting quantification of total and pS129 asyn in the soluble and insoluble
fractions of the hippocampus and the striatum are presented in SFig. 4. In the hippocampus, we measured the
relative protein levels of (d) total soluble, total insoluble, (e) pS129 soluble and pS129 insoluble asyn. In the
striatum, we measured the relative protein levels of (f) total soluble, total insoluble, (g) pS129 soluble and pS129
insoluble asyn. Protein levels were normalized against b-actin using Fiji/ImagelJ for relative quantification. Two-
way ANOVAs were applied for (b) and (c) with Bonferroni's multiple comparisons post-hoc tests while unpaired t-
tests were applied for the comparisons of the normalized amounts of total and pS129 asyn between the soluble
and the insoluble fractions in (d-g). All data are expressed as mean + SEM. Asterisk (*) is used to denote genotype
effects while hashtag (#) denotes treatment effects. Significance levels: */# p<0.05; ** p<0.01; *** p<0.001; ****
p<0.0001. N=4-5 for (b) and (c) and N=3-4 per group for (d-g).
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4. Chronic CORT enhances asyn phosphorylation and exacerbates nigrostriatal

neurodegeneration in asyn BAC rats

Brains were collected and processed to evaluate the integrity of the dopaminergic
system by quantifying the TH+ neurons in the SNpc (Fig. 3a,b) and amount of pS129 asyn in
these cells (Fig. 3c,d), as well as the density of their afferents in the striatum (Fig. 3e-h).
Chronic CORT administration led to a significant loss of TH+ neurons in the SNpc in both WT
and BAC animals, with a loss ranging from 15% for the former to 30% for the latter (Fig. 3b),
indicating an additive effect on nigral DA cell loss in BAC rats. Immunohistochemical staining
in the SNpc revealed a significant increase of pS129 asyn localized in the TH+ cells of the BAC
animals, while chronic CORT further increased pS129 asyn levels (significant genotype x
treatment interaction), indicating a synergistic effect (Fig. 3d). Separate analysis of the three
striatal subdivisions - DL, DM and V striatum - revealed a significantly decreased density of
TH+ afferents only in the DL striatum following CORT (Fig. 3e). While there were no
differences observed in the DM striatum (Fig. 3f), the genotype x treatment interaction

effect was significant in the V striatum (Fig. 3g).
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Figure 3. Nigrostriatal dopaminergic system integrity following chronic CORT administration. Nigrostriatal DA
system integrity following chronic CORT administration was assessed with (a) DAB TH and Nissl staining in the
SNpc to (b) calculate the number of TH+ neurons (expressed as thousands of neurons). Following (c)
immunofluorescent staining against TH and pS129 asyn (scale bar: 100 um) with DAPI in the column with the
merged images, we measured (d) the mean intensity (AU) of pS129 asyn in TH+ neurons. (e) TH+ axons density in
the dorsolateral (DL) striatum, (f) dorsomedial (DM) striatum and (g) ventral (V) striatum were calculated
following (h) DAB TH staining. Two-way ANOVAs were applied for (b) and (d-g) with Bonferroni's multiple
comparisons post-hoc tests. All data are expressed as mean + SEM. Asterisk (*) is used to denote genotype main
effects while hashtag (#) denotes treatment main effects. Significance levels: */# p<0.05;*** p<0.001; ****
p<0.0001. N=3-4 per group for (b), N=4-6 for (b) and (d-g).

5. Chronic CORT increases neuroinflammation in WT animals along the nigrostriatal axis

while asyn BAC rats display enhanced astrogliosis at baseline

In the SNpc (Fig. 4a), immunohistological evaluation of neuroinflammation, revealed
a significant increase in the mean intensity of astrocytic (GFAP) cells following chronic CORT
administration (Fig. 4b), while no changes were observed in the mean intensity of microglial
(Ibal) cell profiles (Fig. 4c). In the striatum, a specific expression pattern for GFAP emerged;
immunoblot analysis of the soluble protein fraction (Fig. 4d) demonstrated a significant
genotype x treatment interaction effect on GFAP protein expression levels (Fig. 4e). This
GFAP expression pattern was further supported by immunohistochemical glial staining in the
striatum (Fig. 4f), which also revealed a significant genotype x treatment interaction effect
on GFAP mean intensity (Fig. 4g). lbal mean intensity in the striatum also displayed a
genotype x treatment interaction effect (Fig. 4h) and had a similar expression pattern to
GFAP (Fig. 4g). Overall, the glial expression pattern was characterized by significantly
increased striatal GFAP mean intensity in the BAC rats, combined with a genotype x
treatment interaction effect, suggesting that BAC rats have already reached a plateau
immune activation, achieved by WT animals after CORT administration. The same pattern

was seen in the Ibal mean intensity levels in the striatum.

6. Chronic CORT triggers phenoconversion in asyn BAC rats, worsening their Parkinsonian

phenotype

Assessment of gross motor function supported the observed degeneration of
dopaminergic neurons in the SNpc following CORT (Fig. 3b). BAC rats exhibited a
characteristic baseline locomotor hyperactivity in the open field, expressed as increased
distance traveled (cm) (Fig. 5a), while CORT administration decreased motor activity in WT
rats and reversed hyperactivity in BAC rats (Fig. 5a). In addition, a significant increase in the

total number of rearings was observed in BAC rats receiving CORT, indicative of augmented
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Figure 4. Neuroinflammation in the nigrostriatal axis following chronic CORT administration. Following (a)
immunohistochemical staining in the SNpc we calculated the mean intensity (AU) of (b) astrocytes (GFAP) and (c)
microglia (Ibal) expression. (d) Using Western immunoblot biochemical analysis, we measured (e) relative
protein levels of GFAP (vs GAPDH) in the soluble fraction of the striatum. (f) By applying immunohistochemical
staining in the striatum, we calculated the mean intensity (AU) of (g) astrocytes (GFAP) and (h) microglia (lbal)
expression. The relative quantification of protein levels was performed with the use of Fiji/Image). Regular 2-way
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ANOVAS were applied for (b), (c), (e), (g) and (h) with Bonferroni's multiple comparisons post-hoc tests. Asterisk
(*) is used to denote genotype main effects while hashtag (#) denotes treatment main effects. All data are
expressed as Mean + SEM. Significance levels: */# p<0.05, ** p<0.01. N=4-6.

exploratory activity (Fig. 5b) and consistent with the hypervigilant state observed in the PPI
test (Fig. 1h). Examination of fine motor function revealed that CORT triggered worse
performance in the postural instability test for both genotypes (Fig. 5¢c). Moreover, recorded
stride lengths of both forelimbs and hindlimbs revealed CORT - and genotype - dependent
changes in gait; decreased right and left forelimb stride length (BAC animals have a shorter
stride length, regardless of treatment) and shorter right and left hindlimb stride length (Fig.
5d). The general pattern in these fine motor tasks was for CORT to worsen performance in

the WT, but in certain cases, it led to further exacerbation of BAC rats’ gross and fine motor

performance.
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Figure 5. Motor phenotype decline after chronic CORT treatment. Behavioral testing in BAC rats following CORT
administration measured (a) the total distance travelled (cm) and (b) the total number of rearings in the OF test.
Fine motor function behavioral tests measured (c) the average range (cm) of forelimb steps in the postural
instability test and (d) the stride length (cm) both for the forelimbs and the hindlimbs. Two-way ANOVAs were
applied for (a- d) with Bonferroni's multiple comparisons post-hoc tests. All data are expressed as mean + SEM.
Asterisk (*) is used to denote genotype main effects while hashtag (#) denotes treatment main effects.
Significance levels: */# p<0.05; ** p<0.01; ***/### p<0.001; **** p<0.0001. N=5-10 for (a-d).
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7. Assessment of psychological stress: the CRUST protocol

After two weeks of CRUST, we performed a series of pre-motor (ODT, MWM, PPI)
and motor (OF, overlap, gait analysis) behavioral tests, similar to the approach used
following CORT administration, to evaluate the PD-like behavioral phenotype in the BAC
animals (Fig. 6a). Upon completion of the behavioral testing, the animals were sacrificed and
brain regions including the olfactory bulbs, prefrontal cortex, hippocampus, ventral
midbrain, and striatum were collected for subsequent analysis (Fig. 6a). As described earlier,
we collected the adrenal and thymus glands, duodenum, as well as blood and fecal samples.
We quantified the levels of glutamate, glutamine, and GABA across all the aforementioned
brain regions. Along the nigrostriatal pathway, we assessed the degeneration of TH+
neurons and fibers, glial activation, and the levels of total, human and pS129 asyn.
Additionally, asyn levels were measured in the hippocampus, where we also performed RNA
sequencing to identify potential alterations in transcriptional regulation. This region has
been previously reported to express high levels of asyn (Polissidis et al., 2021) and is

implicated in both stress response and PD pathology.

8. CRUST induces stress in both WT and Tg animals triggering phenoconversion in asyn BAC

rats

After completing the CRUST protocol and behavioral assessments (Fig. 6a), both WT
and BAC rats that underwent CRUST showed increased weight loss (Fig. 6b), as well as
hypertrophy of the adrenal glands, indicative of prolonged stress exposure and thus, chronic
HPA axis activation (Fig. 6¢). Additionally, HPA axis and immune dysregulation was evident in
BAC rats by the significant hypertrophy of the thymus gland, independent of stress protocol
treatment (Fig. 6d). This finding was consistent with the BAC rats analyzed in the CORT
cohort (SFig. 3d). Similar to observations in the CORT cohort, gross motor function
assessments suggested DA neuron degeneration in the SNpc following CRUST treatment (Fig.
7c). BAC rats exhibited a characteristic baseline locomotor hyperactivity in the open field,
expressed as increased distance traveled, while CRUST administration decreased motor
activity in WT rats and reversed hyperactivity in BAC rats (Fig. 6e). In the open field test,
CRUST also reduced the total time spent in the center of the arena, signifying heightened
anxiety levels. Interestingly, BAC rats showed a baseline increase in time spent in the center
compared to WT rats (Fig. 6f). Olfactory testing revealed a trend toward decreased olfactory
function in WT rats (p = 0.0726; Fig. 6g), whereas BAC rats, already presenting a baseline

olfactory deficit, showed no further decline (Fig. 6g). This finding was consistent with the
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BAC rats in the CORT cohort (SFig. 3e). Evaluation of sensorimotor gating with the PPI
revealed an increase in PPl percentage in both WT and BAC rats following CRUST (Fig. 6h),
while the startle response amplitude increased only in BAC rats following CRUST, suggesting
heightened alertness (Fig. 6i). Interestingly, CRUST improved performance in the long-term
memory probe trial of the Morris water maze (24-hour retention), as indicated by an
increase in time spent in the target quadrant and the number of platform crossings (Fig.
6j,k). Overall, stress endpoints following CRUST indicate HPA axis activation in both WT and
BAC rats. The physiological and behavioral data suggest a baseline dysregulation of the
stress response in BAC animals, making them more susceptible to the effects of CRUST- as

was also the case with CORT.
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Figure 6. CRUST causes stress, behavioral phenotype alterations and leads to phenoconversion in asyn BAC
rats. (a) After completing the CRUST protocol and subsequent behavioral phenotyping, stress endpoints in
CRUST-exposed WT vs human asyn BAC rats were assessed (b) by calculating the % of weight loss after two
weeks, (c) measuring adrenal and (d) thymus gland weights (mg/100g of body weight). In BAC rats, behavioral
phenotyping post CRUST involved measuring (e) total distance travelled (cm) and (f) time spent in the center of
the OF arena. (g) Olfactory function was evaluated based on the time spent in the compartment with the familiar
odor, while (h) average % PPI and (i) average stimulus response were measured with the PPI protocol. Spatial
learning and memory performance were assessed through the Morris water maze by measuring (j) time spent in
the platform quadrant and (k) the number of platform crossings. Two-way ANOVAs were applied for (a-h) with
Bonferroni's multiple comparisons post-hoc tests. All data are expressed as mean + SEM. Asterisk (*) is used to
denote genotype main effects while hashtag (#) denotes treatment main effects. Significance levels: */# p<0.05;
## p<0.01; ***/### p<0.001. N=8-13 per group for (b-f) and (h-k) and N=4-12 for (g).

9. CRUST worsens nigral neurodegeneration in asyn BAC rats and disrupts DA metabolism

and neurotransmission

To evaluate the integrity of the dopaminergic system along the nigrostriatal axis, we
collected and processed the ventral midbrain, including the SNg, and the striatum (Fig. 7a),
to quantify TH+ neurons. At baseline, BAC rats exhibited fewer TH+ neurons (a
representative image of neuronal degeneration is presented in Fig. 7b) and CRUST exposure
resulted in a significant reduction of TH+ neurons in the SNpc in both WT and BAC rats, with
a 15% loss observed in WT and a 25% loss in BAC rats (Fig. 7c). This suggests an additive
effect of CRUST on nigral dopaminergic cell loss in BAC rats. However, the analysis of the

striatal region did not reveal significant changes in the density of TH+ fibers (Fig. 7d).

Additionally, CRUST reduced striatal DA levels exclusively in BAC rats, which
exhibited elevated baseline DA levels (Fig. 7e). DA turnover (DOPAC+HVA+3MT/DA) in the
striatum was not affected by stress exposure but was influenced by genotype, as BAC rats
showed decreased baseline DA turnover (Fig. 7f). To further investigate these changes and
their association with asyn levels, we conducted in vivo microdialysis by inserting probes into
the striatal region to measure extracellular DA release (Fig. 7g provides a representative
image of the experimental setup). In vivo microdialysis measurements indicated that DA
release increased in WT rats following CRUST, whereas BAC control animals displayed higher
baseline DA release compared to WT controls. In contrast, DA turnover was significantly

lower in WT CRUST and BAC rats, regardless of stress exposure (Fig. 7i).

Regarding asyn levels in the extracellular milieu in the striatum, administration of
diazoxide resulted in an increased release of asyn. However, the findings showed only a non-

significant trend toward elevated extracellular asyn release in BAC rats subjected to stress
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(Fig. 7j), making it difficult to draw definitive conclusions about the effect of CRUST on

extracellular asyn dynamics.
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Figure 7. Dopaminergic system integrity along the nigrostriatal systems is compromised following CRUST. DA
system integrity following CRUST administration was assessed (a) along the nigrostriatal axis using (b) DAB TH
and Nissl staining in (c) the SNpc to quantify the number of TH+ neurons (expressed as thousands of neurons). (d)
In the striatum, TH+ axon density was measured using DAB TH staining. DA levels (mg/g wet tissue) and DA
turnover (DOPAC+HVA+3MT/DA) were quantified in both (e,f) ex vivo striatal tissue and samples collected with in
vivo microdialysis (g) representing extracellular release (h,i). Additionally, we measured (j) asyn levels (pg/ml) in
the same microdialysate samples collected from the striatal extracellular milieu. Two-way ANOVAs were applied
for (a-j) with Bonferroni's multiple comparisons post-hoc tests while paired t-test was additionally applied for (j)
to compare baseline asyn levels with asyn levels following diazoxide administration. All data are expressed as
mean + SEM. Asterisk (*) is used to denote genotype main effects while hashtag (#) denotes treatment main
effects. Significance levels: */# p<0.05; ** p<0.01. N=3-5 per group.

10. CRUST enhances asyn truncation in the striatum of asyn BAC rats

Western blot analysis revealed elevated levels of soluble total asyn in the striatum of
BAC animals, irrespective of stress exposure (Fig. 8a,c). Additionally, prolonged exposure led
to the appearance of truncated forms of total asyn in BAC animals, with significantly higher

levels observed in the second truncated band (Fig. 2e), but not in the first (Fig. 2d) in
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stressed BAC groups. Levels of pS129 asyn in BAC animals remained unchanged in the
striatum after the CRUST protocol in both the soluble (Fig. 8b,f) and insoluble (Fig. 8I,n)
fractions, although there was a non-significant trend toward increased soluble pS129 asyn in
the BAC CRUST group compared to their unstressed counterparts (Fig. 8f). Further
biochemical analyses of asyn (Fig. 8g) did not reveal any significant differences in human
asyn levels (Fig. 8h), truncated forms (Fig. 8i), or endogenous rodent asyn levels (Fig. 8j).
Similarly, no changes were detected in the insoluble fraction of total asyn among the groups
(Fig. 8 k,m). Collectively, these findings indicate that CRUST selectively enhances asyn
truncation in the striatum of BAC rats without affecting the levels of human or endogenous

rodent asyn.
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Figure 8. Soluble and insoluble asyn levels in the striatum. Using immunoblot analysis, in (a) we quantified
soluble protein levels of (c) total asyn (d) 1% truncated and (e) 2" truncated asyn band. In (b) we quantified
soluble protein levels of (f) pS129 asyn while in (g) we quantified soluble protein levels of (h) human asyn, (i) 1%
truncated human asyn band and (j) rodent asyn. For the insoluble fraction in (k), we quantified insoluble protein
levels of (m) total asyn protein levels and in (I), we quantified (n) pS129 asyn insoluble protein levels. Protein
levels were normalized against GAPDH using Fiji/Image) for relative quantification. Unpaired t-tests were applied
for (h) and (i) while two-way ANOVAs were applied for (c-f) and (j), (m) and (n) with Bonferroni's multiple
comparisons post-hoc tests. All data are expressed as mean + SEM. Asterisk (*) is used to denote genotype main
effects. Significance levels: ** p<0.01; ****p<0.0001. N=2-4 per group.

11. CRUST increases gliosis in the striatum, mostly affecting WT animals

To investigate the effect of CRUST on neuroinflammation, we performed
immunofluorescence staining for GFAP, a key structural protein of astrocytes, and Ibal, a
marker of reactive microglia, in sections of the SNg (Fig. 9a) and striatum (Fig. 10a). Analysis
of the GFAP-positive area in the SNg revealed no significant differences (Fig. 9b,c). For Ibal
expression, a significant genotype x treatment interaction was observed (p=0.0236; Fig. 9d),

although no further differences were identified in subsequent multiple comparisons.
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Figure 9. No evidence of gliosis in the SNg following CRUST. (a) Upon selection of three representative sites
from coronal sections based on “The Rat Brain in Stereotaxic Coordinates” 5™ edition atlas by Paxinos (image
credit: Allen Institute for Brain Science) (b) we performed immunohistochemical staining in the SNpc with
antibodies targeting GFAP or Ibal (green), TH (red), along with merged image containing DAPI which stains cell
nuclei (blue). We calculated (c) the percentage of astrocytic area (GFAP) and (d) the percentage of microglial area
(Ibal). Scale bar = 100 pum. Two-way ANOVAs were applied for (c) and (d) with Bonferroni's multiple comparisons
post-hoc tests. All data are expressed as mean + SEM. N=5-7 per group.

In the striatum, our analysis revealed that CRUST exposure led to an increase in the
astrocytic area (GFAP) in both BAC and WT rats compared to their unstressed counterparts
(Fig. 10c). For microglial (Ibal) expression, we observed a significant effect of stress as well
as a genotype x treatment interaction (p = 0.0134; Fig. 10d), indicating that BAC rats either
show resistance to further stress-induced activation or have already reached a plateau of

immune activation, which is then surpassed by WT animals following CRUST exposure (Fig.

10d).
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Figure 10. CRUST induces neuroinflammation in the striatum. (a) Upon selection of three representative sites
from coronal sections based on “The Rat Brain in Stereotaxic Coordinates” 5 edition atlas by Paxinos (image
credit: Allen Institute for Brain Science), (b) we performed immunofluorescent staining in the striatum with
antibodies against GFAP (green), Ibal (far red) and merged image containing DAPI (blue). We calculated (c) the
percentage of astrocytic area (GFAP) and (d) the percentage of microglial area (Ibal). Scale bar: 100 um. Two-
way ANOVAs were applied for (c) and (d) with Bonferroni's multiple comparisons post-hoc tests. All data are
expressed as mean + SEM. Significance levels: */# p<0.05; ***p<0.001. N=4-5 per group.
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12. CRUST induces excitatory and inhibitory neurotransmission alterations across multiple

brain regions, while BAC rats exhibit baseline differences in areas implicated in PD

pathology

Excitatory (glutamate, glutamine) and inhibitory (GABA) neurotransmission were
evaluated in several brain regions affected by chronic stress and implicated in PD. In the
olfactory bulb, baseline glutamate levels were elevated in BAC animals (Fig. 11a), while no
changes were observed in glutamine (Fig. 11b) or GABA (Fig. 11c) levels. In the prefrontal
cortex, CRUST exposure resulted in an overall reduction of excitatory and inhibitory
neurotransmitters, as evidenced by decreased levels of glutamate (Fig. 11d), glutamine (Fig.
11e), and GABA (Fig. 11f). In the striatum, apart from a CRUST-induced reduction in
glutamine, more pronounced in BAC animals (Fig. 11h; non-significant genotype x treatment
interaction, p=0.0911), an overall neurotransmission imbalance was evident. There was a
trend toward increased glutamate in BAC animals (p=0.09; Fig. 11g), while baseline elevated
GABA levels in BAC rats were normalized to WT levels following CRUST (Fig. 11i). In the
hippocampus, chronic stress significantly decreased glutamate (Fig. 11j) and glutamine (Fig.
11k) levels, while BAC animals exhibited consistently lower baseline GABA levels, regardless
of CRUST exposure (Fig. 111). In the ventral midbrain, CRUST significantly reduced glutamate

levels (Fig. 11m), while glutamine (Fig. 11n) and GABA (Fig. 110) levels remained unaffected.

A comprehensive examination of the glutamine-glutamate-GABA cycle - a critical
metabolic pathway for maintaining excitatory and inhibitory balance - revealed that chronic
stress predominantly reduced these neurotransmitters and their metabolites in most of the
brain regions analyzed. BAC animals, however, displayed altered baseline levels, particularly

in the striatum and olfactory bulb.
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Figure 11. CRUST reduces excitatory neurotransmission while BAC animals exhibit baseline alterations in
neurotransmitter levels across PD-relevant brain regions. Neurochemical measurements of glutamate,
glutamine, and GABA (ug/mg wet tissue) were performed in the following regions: (a-c) olfactory bulbs; (d-f)

prefrontal cortex; (g-i) striatum; (j-I) hippocampus; and (m-o) ventral midbrain. Two-way ANOVAs were applied

for (a-o) with Bonferroni's multiple comparisons post-hoc tests. All data are expressed as mean + SEM. Asterisk
(*) is used to denote genotype main effects while hashtag (#) denotes treatment main effects. Significance levels:
*[# p<0.05; **/## p<0.01; *** /### p<0.001. N=3-5 per group.
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13. CRUST increases asyn truncation in the hippocampus of asyn BAC rats

Western immunoblot analysis of the soluble protein fraction from the hippocampus
(Fig. 12a) revealed no significant changes in total asyn, irrespective of CRUST treatment (Fig.
12b). However, truncated forms of total asyn were observed in both groups after chronic
stress, with BAC animals exhibiting significantly higher levels of the 1st truncated band,
which were further elevated following CRUST (Fig. 12c). The levels of pS129 asyn in the BAC
animals remained unchanged in the soluble fraction after CRUST (Fig. 12d), despite
significantly higher baseline amounts in Tg animals compared to WT (Fig. 12e). Additional
biochemical analyses (Fig. 12f) did not show any differences in the levels of human asyn (Fig.
12g) or endogenous rodent asyn (Fig. 12h) in the soluble fraction of the hippocampus.
Collectively, these findings indicate that CRUST selectively increases asyn truncation in the
soluble protein fraction of the hippocampus in BAC rats, without altering the levels of

human or endogenous asyn.
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Figure 12. Soluble asyn levels in the hippocampus. In the soluble protein fraction (a) immunoblot analysis was
conducted to quantify (b) total asyn and (c) the 1** truncated asyn band. Additionally, (d) pS129 asyn levels we
determined (e), while in (f), the levels of (g) human asyn and (h) rodent asyn were also measured. Protein levels
were normalized against GAPDH using Fiji/Image) for relative quantification. Unpaired t-test was applied for (g)
while two-way ANOVAs were applied for (b), (c), (e) and (h) with Bonferroni's multiple comparisons post-hoc
tests. All data are expressed as mean + SEM. Asterisk (*) is used to denote genotype main effects while hashtag
(#) denotes treatment main effects. Significance levels: */# p<0.05; *** p<0.001. N=3-4 per group.

14. SNCA overexpression alters the hippocampal transcriptome while chronic stress

further triggers PD-related DEGs and neuronal pathways activation in the Tg rats

A summary of the number of differentially expressed genes (DEGs) using either FDR
<0.1 (corrected p value) (Fig. 13a) or p <0.05 (nominal p value) (Fig. 13b) criteria indicates
that genotype had a stronger impact on the hippocampal transcriptome than chronic stress.
This is particularly evident under the stricter threshold (FDR <0.1), where DEGs were only
observed in comparisons between WT and BAC groups (i.e., BAC CTL vs. CRUST CTL and BAC
CRUST vs. WT CRUST) (Fig. 13a).

To identify which DEGs possess the strongest discriminatory power for distinguishing
the four groups, we performed unsupervised clustering analysis using various DEG
combinations, comparing the clustering results to the known sample groupings resulting in a
list consisting of the top 50 genes with the lowest p value from each of the aforementioned
comparisons. Since 38 genes were differentially expressed in more than one of the
comparisons, this resulted a list of 162 genes (SFig. 1c) whose gene expression levels can
distinguish with maximum accuracy between the 4 groups (Fig. 13c). Finally we used the
DEGs that ensued using p <0.05 as an error control measure for a Gene Ontology (GO)
Biological Process pathway process tool to organize and interpret our hippocampus

transcriptome biological data of our experimental groups (Fig. 13d).
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Figure 13. Hippocampal gene expression changes following SNCA overexpression and CRUST exposure.
Summaries of the statistically significant DEGs were generated from pairwise comparisons of the four
experimental groups using (a) a global error control measure of FDR<0.1 and (b) a local error control measure of
p<0.05. (c) Heat map of 162 genes that distinguish the four experimental groups, generated by unsupervised
clustering of the top 50 significant DEGs from each pairwise group comparison. (d) Gene Ontology (GO) Biological
Process pathway analysis was performed using the DEGs identified with the local error control measure (p < 0.05)
for all experimental groups. N=4 animals/group.
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The majority of significant DEGs were identified when comparing the BAC CRUST
group to BAC CTL (1198 DEGs) and WT CRUST (1744 DEGs) (Fig. 13b). These genes were
implicated in disease-relevant pathways, such as synapse and neurotransmission functioning
(Fig. 13d), prompting us to further investigate the transcriptional changes in the hippocampi
of chronically stressed Tg animals. To gain a clearer understanding, we performed GO
Biological Process analysis to identify the top 10 upregulated and downregulated pathways
in the BAC CRUST vs. BAC CTL and BAC CRUST vs. WT CRUST comparisons (Fig. 14a). In both
comparisons, pathways related to dendrite morphogenesis and development,
neurotransmitter transport and secretion, regulation of neurotransmitter levels and
postsynapse organization were downregulated in chronically stressed BAC animals (Fig. 14a).
A subset of key genes previously associated with PD, such as LRRK2 and SCARB2, were
identified among the top DEGs in the heatmap (Fig. 13c, S2). Additionally, other genes,
including SNCG, RGS2, NQO2, P2RX4, PAK6, NEPN, MERTK, LDLR, MMP16 and PPM1F, were
highlighted by the stricter FDR < 0.1 criterion (Fig. 13a). To validate these findings, we
conducted gPCR analysis for selected genes (Fig. 14b).

For SNCG, gPCR confirmed a baseline downregulation in Tg rats, regardless of
CRUST, while a marked upregulation was observed in chronically stressed WT rats (Fig. 14c).
For LRRK2, we observed a genotype-specific effect, with BAC animals exhibiting lower
baseline expression levels compared to WT (Fig. 14d). Although not statistically significant,
gPCR for SCARB2 (p = 0.11; Fig. 14e) was consistent with RNA-seq results, suggesting that

CRUST increased SCARB2 expression in WT animals but decreased it in BAC rats.

RGS2 expression displayed a significant baseline decrease in BAC animals relative to
WT, and a further reduction in BAC rats following chronic stress (Fig. 14f). However, contrary
to RNA-seq data, gPCR did not reveal a decrease in RGS2 expression in BAC CRUST animals
compared to WT CRUST (Fig. 14f). Instead, the expression levels in the WT CRUST group
dropped to the same level as in the BAC CRUST group after CRUST (Fig. 14f). Additionally,
NQO2 showed significantly elevated expression in BAC CRUST animals compared to other
groups, while expression levels in WT rats remained unaffected by treatment and were

lower at baseline compared to BAC CTL animals (Fig. 14g).

We identified 11 genes that were differentially expressed across all four group
comparisons (Fig. 14h). Of these, three genes—RGS5, INHBA, and PSMD14—are of particular
interest due to their involvement in the TNF, TGF-beta, and ubiquitin-proteasome pathways,

respectively. These pathways play pivotal roles in modulating inflammation, cellular growth,
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and protein degradation, which are crucial processes in the pathogenesis of

neurodegenerative diseases.

For RGS5, CRUST exposure led to increased expression in WT animals (WT CRUST vs.
WT CTL: p = 0.0036; Fc = 1.37), whereas the opposite effect was observed in BAC rats
overexpressing human asyn (BAC CRUST vs. BAC CTL: p = 0.0210; Fc = 0.75). At baseline, BAC
rats showed higher expression levels compared to WT (BAC CTL vs. WT CTL: p = 0.047; Fc =
1.28), but after CRUST, BAC animals had a marked reduction in RGS5 expression relative to
their WT counterparts (BAC CRUST vs. WT CRUST: p = 0.0053; Fc = 0.70). A similar pattern
was observed for INHBA, which increased significantly in WT animals after CRUST (WT
CRUST vs. WT CTL: p = 0.0306; Fc = 1.56), but decreased in BAC rats (BAC CRUST vs. BAC CTL:
p = 0.0027; Fc = 0.52). At baseline, INHBA expression was significantly higher in BAC rats
compared to WT (BAC CTL vs. WT CTL: p = 0.0052; Fc = 1.83), but after CRUST, BAC animals
showed a marked reduction in INHBA expression relative to WT animals (BAC CRUST vs. WT
CRUST: p =0.0165; Fc = 0.61). For PSMD14, CRUST exposure caused a decrease in expression
in WT animals (WT CRUST vs. WT CTL: p = 0.0491; Fc = 0.91), while it increased in BAC rats
(BAC CRUST vs. BAC CTL: p = 0.0068; Fc = 1.14). At baseline, PSMD14 expression was higher
in WT animals compared to BACs (BAC CTL vs. WT CTL: p = 0.0072; Fc = 0.88), but after
CRUST, BAC animals showed a further reduction in PSMD14 expression compared to WT
animals (BAC CRUST vs. WT CRUST: p = 0.0467; Fc = 1.10).

To confirm our earlier semi-quantitative findings indicating that neither total (Fig.
12a,b) nor human asyn levels were elevated in the soluble protein fraction of the
hippocampus, we re-analyzed the RNA sequences using the human genome reference
(version hg38) and re-ran the analysis pipeline. As expected, human SNCA was significantly
overexpressed in BAC transgenic animals compared to WT (N=8 animals/group), with a log
fold change of 9.88 (FDR = 4.18¢°). However, human SNCA expression did not differ

between CRUST and CTL groups in the transgenic animals (data not shown).

Overall, our findings from hippocampal RNA sequencing, DEG validation, and
pathway enrichment analysis suggest that SNCA overexpression, in combination with CRUST

exposure, induces transcriptomic alterations strongly linked to PD pathology.

117



BAC CRUST
[ vs BACCTL
Oxidative phosphorylation L]
Cellular respiration - @
Aerobic respiration ®
Generation of precursor metabolites and energy @
Mitochondrial respiratory chain complex assembly .
Energy derivation by oxidation of organic compounds °
Proton motive force-driven mitochondrial ATP synthesis .
Proton motive force-driven ATP synthesis .
Ribonucleoprotein complex biogenesis -
NADH dehydrogenase complex assembly - o
Dendrite morphogenesis ®
Ge.“gg‘:ﬁ" Dendrite development Py
® 003 Protein localization to synapse ®
: o.0d Synaptic vesicle cycle ®
@006 Regulation of neurotransmitter levels ™
90.07 g i R
Vesicle-mediated transport in synapse - 'Y
p. adjust Neurotransmitter secretion - ™
40-08 Signal release from synapse ™
3e-04 Neurotransmitter transport 'Y
2e-04 Postsynapse organization ®
le-04 + 4
Up- / Down-
regulated
b.
Gene Group comparisons p value Fold change
SNCG BAC CTL vs WT CTL p=4.47 e’ 0.08
BAC CRUST vs WT CRUST p=2.59 e® 0.08
LRRK2 | BAC CRUST vs BAC CTL p=0.0014 0.81
BAC CRUST vs WT CRUST p=0.0015 0.81
SCARB2 | BAC CRUST vs BAC CTL p=0.0035 0.76
BAC CRUST vs WT CRUST p=0.0149 0.8
RGS2 | BAC CRUST vs BAC CTL p=0.0186 0.85
BAC CTLvs WT CTL p=0.0013 0.79
BAC CRUST vs WT CRUST p=1.84 * 0.69
NQO2 | WT CRUST vs WT CTL p=0.0165 0.72
BAC CRUST vs WT CRUST | p=8.92e” 1.8
P2RX4 | WT CRUST vs WT CTL p=0.0003 0.71
BAC CTLvs WT CTL p=2.59 e* 0.58
BAC CRUST vs WT CRUST p=0.0412 0.84
PAK6 BAC CTLvs WT CTL p=0.0050 0.79
BAC CRUST vs WT CRUST | p=1.37¢” 0.65
NEPN BAC CTL vs WT CTL p=0.0009 0.1
BAC CRUST vs WT CRUST | p=1.63e” 0.05
MERTK | BAC CRUST vs BAC CTL p=0.0038 0.79
BAC CRUST vs WT CRUST p=3.68 e® 0.69
LDLR BAC CRUST vs WT CRUST p=4.58 " 0.66
MMP16 | BAC CTLvs WT CTL p=0.0005 0.66
BAC CRUST vs WT CRUST | p=0.0001 0.62
PPM1F | BAC CRUST vs BAC CTL p=0.0074 0.78
BAC CRUST vs WT CRUST p=0.0002 0.67
h.
Pcdhbé
wT WT Rpl391
CTL CRUST Galm
T Rgs5
’ : Sarnp
Mrps23
| Pedhbs
BAC B{‘-\C Inhba
CTL CRUST Cnih1
Nt5cla
Psmd14

BAC CRUST
[vs WT CRUST
e Generation of precursormetabolites and energy
° Cellular detoxification
. Cellular oxidant detoxification
a Cellular response to toxic substance
. [2Fe-25] cluster assembly
[ ] Vesicle organization
] Detoxification
° Proton transmembrane transport
0 Negative regulation of intracellular transport
° Nuclear transport
®  Axonogenesis
®  Axon guidance
e Neuron projection guidance
@  Regulation of synapse structure or activity
®  Regulation of neurotransmitter levels
® Dendrite development
Y Postsynapse organization
® Dendrite morphogenesis
® Neurotransmitter transport
Y Neurotransmitter secretion
Up{-,’ Down-
regulated
c SNCG d
25 *kok
5_ 20 - i Hkokok 5
23 23
o o
82 15 r g H
ac o &c
X 'G X0
22 10 aI‘:’ <3
Z © o _— =0
re . rk
E 0.5 E
e. f.
c c
25 25
PR 2o
e © 25
& c e
X 'G x G
° T ° k-]
5% 3%
zL ze
E E
wWT BAC
8 NQOo2
KKK
c
8=
§ 5 © Control
;I'-E e CRUST
o
o
23
[
E

BAC

Gene Ratio

p. adjust
0.04
0.03
0.02
0.01

Figure 14. Validation of altered expression levels in PD-related genes and disease-relevant neuronal pathways
(a) Gene Ontology (GO) Biological Process pathway analysis for BAC CRUST vs. BAC CTL (left) and WT CRUST
(right) groups. Pathways that are significantly dysregulated in both comparisons are highlighted in bold. (b) Table

of significant DEGs associated with PD. Group comparisons, p-values, and fold changes are indicated, with bolded

values denoting DEGs that remained significant after applying the stricter FDR < 0.1 error control threshold. (c-g)
RNA-sequencing validation of selected genes using RT-qPCR. Plots show normalized 2—-AACt values for (c) SNCG,
(d) LRRK2, (e) SCARB2, (f) RGS2, and (g) NQO2. (h) List of significant DEGs common across all group comparisons.
Mean values + SEMs are shown. Asterisk (*) is used to denote genotype main effects. Significance levels:
*p<0.05, **p<0.01, ****p<0.0001. N=4 per group for (a), (b) and (h) and N=3-5 for (c-g).
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15. Microbiota metabolites are reduced in the gut of asyn overexpressing BAC rats while

the different stress paradigms interact with the BAC genotype to alter microbiota

populations in the same fashion

SCFA levels in fecal matter were analyzed using Liquid Chromatography—Mass
Spectrometry (LC—MS) as an indicator of inflammation-associated microbiota activity.
Results revealed that, independent of the CRUST protocol, BAC rats consistently exhibited
lower levels of acetic (Fig. 15a), propionic (Fig. 15b), and butyric acid (Fig. 15c). To assess the
primary effects of human asyn overexpression (genotype) and the CRUST protocol
(treatment) on gut microbiota populations, 16s rRNA sequencing was conducted on fecal

samples from WT and BAC transgenic animals.

For evaluating the genotype effect, sequencing was performed on fecal pellets
collected under sterile conditions by combining samples from both CTL and CRUST groups
prior to stress exposure to enhance the robustness of the analysis (Fig. 15d). Conversely, to
investigate the treatment effect of CRUST, we compared fecal samples collected before and
after stress in the WT CRUST and BAC CRUST groups (Fig. 15e). This approach accounts for

the observed differences in sample size between the two analyses.

In terms of differences in gut microbiome populations between WT and transgenic
animals, the 15 genera with the highest raw microbiota abundance in each tested group,
along with the results from statistical tests, were visualized using treemaps and volcano
plots, respectively (Fig. 15d). Of the 122 microbiota genera analyzed, the top 15 genera—
ranked by abundance—showed partial overlap between WT and BAC animals, as indicated
by the color codes assigned to each genus in the treemaps (Fig. 15d). Within the CRUST
cohort, twenty genera were significantly altered (FDR < 0.05) between WT and BAC animals,
as illustrated in the corresponding volcano plot (Fig. 15d). Specifically, the genera
Escherichia, Helicobacter, Sporobacter, Lelliottia, Salmonela, Bacteroides, Alistipes,
Papillibacter, Candidatus saccharimonas, Parabacteroides, Turicibacter and Butyrivibrio were
more abundant in WT animals. In contrast, BAC rats exhibited higher levels of Allobaculum,
Sellimonas, Faecalitalea, Candidatus stoquefichus, Fusicatenibacter, Intestinibacter,

Anaeromassilibacillus, Caproiciproducens, Granulicatella and Muricinaculum (Fig. 15d).

Chronic stress significantly altered the abundance of certain genera, with most of
these changes not overlapping with those induced by human asyn BAC overexpression (Fig.

15e). In WT animals, Anaeroplasma and Blautia populations increased, whereas Alistipes,
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Agathobacter and Escherichia populations decreased after CRUST (Fig. 15e). In BAC rats,
Muribaculum populations decreased and Staphylococcus populations were no longer

detectable following CRUST (Fig. 15e).
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Figure 15. Asyn overexpression reduces SCFAs and interacts with CRUST further altering gut microbiome. SCFA
levels were quantified using LC-MS for (a) acetic acid, (b) propionic acid, and (c) butyric acid. 16s rRNA
sequencing of fecal pellets collected under sterile conditions was conducted to examine the microbiota profile
and subsequent alterations: (d) due to asyn overexpression in BAC transgenic rats, (e) following CRUST and (f) as
a result of genotype x treatment interactions. Two-way ANOVAs were applied for (a-c) with Bonferroni's multiple
comparisons post-hoc tests. All data are expressed as mean * SE. M. Asterisk (*) is used to denote genotype main
effects. Significance levels: * p<0.05; ** p<0.01. For the main effects (d) and (e), significance was defined at
p<0.05, using a Mann-Whitney test adjusted with Benjamini-Hochberg. The interaction effect was estimated with
a two-way ANOVA test, using the formula ~genotype*treatment and significance for the genera presented in the
boxplots was defined at p<0.1. Data were transformed to the logarithmic scale, and normality of the ANOVA
residuals was tested with Shapiro’s test. Microbiome genera with non-normal residuals were excluded from the
analysis. N=6-7 per group for (a-c), N=6-10 per group for (d-f).

Finally, an interaction effect between the BAC genotype and CRUST was identified
for the genera Tyzzerella, Turicibacter, Subdoligranulum, Peptococcus, Faecalibacterium and

Dubosiella (Fig. 15f).

In the CORT cohort, SCFA analysis showed that only acetic acid was significantly
reduced at baseline in BAC rats, irrespective of CORT administration (Fig. 16a), while no
differences were observed for propionic (Fig. 16b) or butyric acid levels (Fig. 16c). Similar to
the CRUST cohort, the main effects of genotype and CORT treatment were assessed using
16s rRNA sequencing data from fecal samples collected under sterile conditions. For the
genotype effect, the 15 most abundant genera in WT and BAC animals prior to CORT
administration are visualized using color-coded treemaps (Fig. 16d). In the CORT cohort,
fourteen genera were significantly altered (FDR < 0.05) between WT and BAC animals as
shown in the volcano plot (Fig. 16d). Specifically, the genera Canditus arthomitus,
Helicobacter, Sporobacter, Salmonela, Escherichia, Bacteroides were more abundant in the
WT rats, while BAC rats showed a higher abundance of Faecalitalea, Fusicatenibacter,

Sellimonas, Allobaculum, Robinsoniella and Pygmaiobacter (Fig. 16d).

Chronic CORT administration induced significant changes in gut microbiome
populations exclusively in BAC animals. Following CORT treatment, Desulfibrio, Akkermansia,
Herbinix, and Anaerostripes populations were no longer detectable in BAC rats (Fig. 16e).
Interestingly, although the interaction between genotype and CORT administration resulted
in only a single significant change due to limited statistical power, the alteration observed in
Subdoligranulum populations was also detected in the CRUST cohort, following a similar
pattern (Fig. 16f). Additionally, while not statistically significant, Peptococcus populations

exhibited a trend consistent with the changes seen in the CRUST cohort (Fig. 16g).
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Figure 16. Asyn overexpression reduces acetic acid and interacts with chronic CORT administration further
altering gut microbiome in the CORT cohort. The SCFAs (a) acetic acid, (b) propionic acid and (c) butyric acid
were quantified with the use of LC-MS. Sequencing of 16s rRNA isolated from fecal pellet in sterile conditions
enabled to examine the microbiota populations profile in the gut of the animals along with the subsequent
alterations; (d) due to the overexpression of human asyn in the BAC transgenic rats, (e) after CRUST and (f) by the
genotype x treatment interactions. Two-way ANOVAs were applied for (a-c) with Bonferroni's multiple

comparisons post-hoc tests. All data are expressed as mean + SE. M. Asterisk (*) is used to denote genotype main
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effects. Significance levels: * p<0.05; ** p<0.01. For the main effects (d) and (e), significance was defined at
p<0.05, using a Mann-Whitney test adjusted with Benjamini-Hochberg. The interaction effect was estimated with
a two-way ANOVA test, using the formula ~genotype*treatment and significance for the genera presented in the
boxplots was defined at p<0.1. Data were transformed to the logarithmic scale, and normality of the ANOVA
residuals was tested with Shapiro’s test. Microbiome genera with non-normal residuals were excluded from the
analysis. N=6-7 per group for (a-d), N=6-10 per group for (e-g).

Overall, while neither stress paradigm appeared to significantly impact the levels of
metabolites produced by gut microbes, overexpression of human SNCA in BAC animals
consistently resulted in reduced SCFA levels in both experimental cohorts. Additionally, the
same microbiota populations exhibited consistent upregulation across experiments: in BAC
rats, Faecalitalea, Fusicatenibacter, Sellimonas and Allobaculum were consistently elevated,
while in WT rats, Bacteroides, Escherichia, Salmonella, Helicobacter, Candidatus sp. and
Sporobacter showed higher abundance. Furthermore, the distinct stress paradigms
appeared to interact significantly with the BAC genotype, revealing Subdoligranulum and
Peptococcus populations to be consistently altered in a similar manner across both

experiments.
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Discussion

There is a relative lack of depth in preclinical research assessing HPA axis pathology
in PD (Bougea et al., 2022; X. Du & Pang, 2015). In this study, we provide the first evidence
for asyn-linked HPA axis hypoactivation in a PD model, indicative of GC/stress
hypersensitivity (Nicolaides et al., 2015; Nicolaides & Charmandari, 2021). In parallel, GC
hypersensitivity leads to enhanced expression of pS129 asyn in the hypothalamus and in
dopaminergic neurons of the SNg upon chronic CORT administration, suggesting direct
effects of circulating GCs on asyn pathology. Chronic HPA axis activation with CRUST
produced overall similar effects on behavior, recapitulating non-motor and motor
symptoms, neuroinflammation, neurodegeneration and gut dysbiosis. The observed changes
in CRF production and adrenal suppression as well as altered GC receptor expression (Nakos
Bimpos et al., 2024b) and hippocampal transcriptomic signatures, may serve as
compensatory mechanisms in response to these alterations that ultimately promote
neurodegeneration. Significant disruptions in transcriptomic pathways of BAC rats related to
neuronal development, synaptic function and neurotransmitter signaling, suggest impaired
brain connectivity and synaptic transmission. Chronic stress further exacerbates these
effects, triggering compensatory upregulation in mitochondrial and detoxification pathways,
associated with heightened cellular stress that drives synaptic dysfunction and
neurodegenerative processes. Alterations in the gut microbiome and their metabolites can
significantly influence the gut-brain axis, and our observation of reduced fecal SCFAs in BAC
animals aligns with similar reductions reported in the feces of PD patients, possibly
contributing to insufficient suppression of neuroinflammation. Upregulation of the same
microbiota populations is consistent across experiments in BAC rats for Faecalitalea,
Fusicatenibacter, Sellimonas and Allobaculum and in WT rats for Bacteroides, Escherichia,
Salmonella, Helicobacter, Candidatus sp. and Sporobacter. The different stress paradigms
additionally appear to significantly interact with the BAC genotype revealing
Subdoligranulum and Peptococcus populations to be significantly altered in the same
fashion. These results explain, at least in part, the ability of chronic stress to trigger
phenoconversion from a prodromal to a more overt motor phenotype, associated with
neuroinflammation, aggravated nigrostriatal neurodegeneration, and gut dysbiosis. Taken
together, our results link asyn with brain stress system hypoactivation/dysregulation that
confers enhanced sensitivity to stress system; Thus, elevated circulating GCs can impact
already offset brain stress homeostatic mechanisms, potentially triggering, or at least

contributing to, PD-related neurodegeneration and emergence of clinical symptoms.
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Although the effects of the enteric system and the nature of microbiome metabolism and
population changes observed are complex and multifaceted, we can now exploit these
findings to identify, isolate and test specific bacterial species for their detrimental or
beneficial effects on restoration of physiologic enteric function and eubiosis and circuitously,

neurodegeneration.

1. Overexpression of human wildtype asyn leads to baseline HPA axis

dysregulation

The most direct measurement of HPA axis function in humans is blood cortisol
levels. The directionality of these changes in PD is inconclusive with reports of decreased
(Bellomo et al., 1991; Styputa et al., 1996), increased (Rabey et al., 1990; Hartmann et al.,
1997; Charlett et al., 1998) or unaltered (Volpi et al.,, 1994, 1997) cortisol levels. These
differences can be explained by the lack of large-scale, multi-sampled, circadian studies up
until today and variable inclusion criteria, including age, drug treatment and disease stage
(X. Du & Pang, 2015). Strikingly, the COVID-19 pandemic, considered as an environmental
stressor, did not accelerate PD progression, but exacerbated depressive symptoms in

stressor-reactive (vs. stressor-resilient) PD patients (van der Heide et al., 2024).

The hypothalamus is a highly-conserved brain region involved in the regulation of
core homeostatic processes, neuroendocrine integration and autonomic output required for
an appropriate stress response. Asyn is present in the hypothalamus of PD patients
(Fronczek et al., 2007; Thannickal et al., 2007) and Lewy bodies have been detected in all
hypothalamic nuclei (Braak et al., 2011). In line with our findings (Fig. 2a,b), enhanced
hypothalamic pS129asyn is observed in Thyl-asyn mice (Cuvelier et al., 2018). pS129asyn
affects asyn structure and aggregation propensity (Oliveira et al., 2021) and is used as a
surrogate marker of asyn aggregation and toxicity (Karampetsou et al., 2017), despite the
ongoing debate as to whether this post-translational modification is associated with
neurotoxicity or neuroprotection (Ramalingam et al., 2023). Furthermore, decreased CRF-
like immunoreactivity has been observed in post-mortem cortical tissue from PD brains
(Whitehouse et al., 1987) and MPTP treatment in mice leads to selective reduction of CRF-
positive neurons in the PVN, suggesting that hypothalamic CRF neuron integrity is regulated
by dopaminergic pathways (X. Du & Pang, 2015). Indeed, we observe robust expression of
pS129 asyn in dopaminergic neurons of the PVN (SFig. 1). Enhanced hypothalamic DA
turnover in BAC rats (Fig. 1j) - previously reported in the striatum (Polissidis et al., 2021) - is

indicative of compensatory mechanisms also reported in patients (Sossi et al., 2002).
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Surprisingly, CORT completely reverses this increase, suggesting that it constitutes a tipping

point, leading to phenoconversion.

A critical regulator of HPA axis function is the hippocampus (Roozendaal et al., 2001;
Jankord & Herman, 2008), a brain region with abundant asyn expression (Adamczyk et al.,
2005; Polissidis et al., 2021). Depressed PD patients’ hippocampal volumes are inversely
correlated with their clinical depression scores (van Mierlo et al., 2015). Moreover, HPA axis
function is affected in PD and together, these changes may help explain in part the high
comorbidity with depression and anxiety (22 and 25-40%, respectively) (Pfeiffer, 2016).
Finally, besides CRF’s well-known role in mediating HPA axis function, hippocampal stress
signaling and neurogenesis also require intact CRF signaling (Y. Chen et al., 2004; Koutmani
et al., 2019). CRF neurons are predominantly regulated by GABAergic signaling, with nearly
one-third of their inputs being GABAergic in origin (Miklds & Kovacs, 2002). The PVN itself
has a high density of GABAergic inputs stemming from the hippocampus (especially the
ventral subregion), reflecting the critical role of this inhibition in modulating CRF activity.
Moreover, many cortical and limbic areas that influence the HPA axis do so via GABAergic

relay neurons located in the peri-PVN region (Maguire, 2019).

Our present findings of 1) enhanced pS129 asyn (particularly in DA-expressing
neurons) in the hypothalamus (Fig. 2a,b), 2) an apparent shift to more insoluble pS129 in the
hippocampus (Fig. 2e, S5j), 3) decreased CRF in both regions (Fig. 1b, (Nakos Bimpos et al.,
2024b)), 4) lower baseline plasma CORT (Fig. 1c), 5) adrenal gland atrophy (Fig. 1d) and 6)
decreased GABA levels in the hippocampus (Fig. 11i), indicate multi-level HPA axis
dysfunction, including partial adrenal insufficiency associated with asyn-dependent PD
pathology. We propose that asyn-dependent baseline HPA axis dysregulation leads to
enhanced stress system sensitivity/responsivity, consistent with the observed anxiety-like
phenotype (Fig. 1e,h, 5b, 6i) in asyn BAC rats. Notably, transcriptomic analysis in healthy
control subjects revealed a four-fold increase in asyn expression in GC-sensitive subjects vs.
GC-resistant subjects (Nicolaides et al., 2019). Presumably, baseline HPA axis dysregulation
and stress hyper responsivity sets the stage for enhanced stress sensitivity, i.e. via altered
stress signalling (discussed below), and subsequent neurodegeneration/phenoconversion
upon exposure to chronic stress since as reported on multiple occasions, asyn
overexpression and hyperdopaminergia are not enough to induce neurodegeneration

(Polissidis et al., 2021; Moreno et al., 2024).
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2. Chronic stress leads to phenoconversion from prodromal to overt motor PD

Chronic stress is a detrimental environmental factor that leads to sustained hyper-
or hypo- activation of the HPA axis, GC hyper- or hypo- secretion, decreased DA levels and
increased DA turnover in the hippocampus (Chrousos, 2009; Siopi et al., 2020). In rodent
models, chronic stress is associated with increased anxiety and depressive-like behaviors
(Watanabe et al., 1992; Conrad et al., 1996; Charney & Manji, 2004; Gong et al., 2021) and in
humans, chronic stress is a major risk factor for accelerating the onset of and exacerbating
symptomatology of depression and anxiety, although there is no clear link between the
existence of these comorbidities with PD and accelerated or worse clinical outcome
[reviewed in (Bougea et al., 2022; X. Du & Pang, 2015)]. Chronic emotional stress per se may
cause dopaminergic neurodegeneration in susceptible individuals (Djamshidian & Lees,
2014) and rodents (Wu et al., 2016), and is known to accelerate dopaminergic
neurodegeneration, subsequently exacerbating motor symptoms in toxin models of PD
(Hemmerle et al., 2014; L. K. Smith et al., 2008). Furthermore, chronic CORT administration
reduces proteostatic stress adaptation to intrastriatal asyn preformed fibril injections,
lowering the threshold for asyn pathology and nigral neurodegeneration (Burtscher et al.,
2019) and chronic mild stress is associated with microglial activation and cytokine release,
midbrain asyn inclusion pathology, exacerbated nigrostriatal neurodegeneration, and motor
worsening in A53T male mice (Q. Wu et al., 2016). Importantly, the present findings confirm
the neurodegenerative potential of chronic stress to accelerate asyn pathology and
nigrostriatal neurodegeneration and extend them by demonstrating its potential to act as a

trigger of phenoconversion.

Patients with preclinical PD may demonstrate symptoms characteristic of severe DA
deficiency following stress (Snyder et al., 1985) indicating temporary stress-induced
acceleration of the disease (Gibberd & Simmonds, 1980; Goetz et al., 1990). We previously
reported mild nigrostriatal neurodegeneration along with increased striatal DA, motor
hyperactivity and other non-motor symptoms in asyn BAC rats; a phenotype resembling
prodromal PD (Polissidis et al., 2021). Both chronic stress paradigms led to a decrease in
dopaminergic cell numbers in the SNpc (Fig. 3b, 7c). Although initial analysis in the striatum
showed no significant differences in TH+ fiber density in either the CRUST (Fig. 7d) or the
CORT (data not shown) cohorts, subsequent subregional analysis revealed a specific
reduction in dopaminergic fibers within the anatomically-connected DL striatum (Fig. 3e) in
the CORT cohort. These results corroborate with neuroanatomical findings that

dopaminergic neurons located in the SNpc with axonal projections to the DL striatum are
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preferentially degenerated in PD (Bjorklund & Dunnett, 2007). Additionally, the increased
density of TH+ fibers observed in the BAC rats (Fig. 3e), is in line with the striatal
hyperdopaminergia we previously reported (Polissidis et al., 2021). Chronic stress appears to
act as a facilitator or aggravator of PD pathogenesis as demonstrated by its
“phenoconverting” ability to reverse baseline motor hyperactivity (Fig. 5a, 6e) (Polissidis et
al., 2021) along with striatal DA levels and dopaminergic fiber density in asyn BAC rats (i.e.,

compensatory enhanced dopaminergic signalling in the striatum; Fig. 7e, 3e).

In our attempt to understand the nature of striatal hyperdopaminergia coupled with
decreased DA turnover, in vivo microdialysis experiments reveal that baseline increased DA
levels observed in the BAC rats is due to enhanced DA release (Fig. 7h). Interestingly, CRUST
has an inverse effect, increasing extracellular DA levels in WT animals while lowering DA
levels in the BAC rats, diminishing their robust difference with WT controls (Fig. 7h). Previous
microdialysis studies report no changes in DA levels in the NAc following chronic stress (Di
Chiara & Tanda, 1997; Di Chiara et al., 1999), while others find increased DA levels in the
NAc but not in the dorsal striatum (Mangiavacchi et al., 2001; Stamford et al., 1991). Overall,
it is hypothesized that the paradoxical hyperdopaminergia and altered DA
neurotransmission, frequently observed following nigrostriatal pathway lesions (Hefti et al.,
1985; Altar et al., 1987; Pifl & Hornykiewicz, 2006; Koprich et al., 2011) and in animal models
overexpressing asyn (Graham & Sidhu, 2010; Kurz et al., 2010; Hunn et al., 2019; Polissidis et
al., 2021), which lead to hyperlocomotion and possibly to improved motor phenotype,
represent a compensatory mechanism that does not reflect the underlying progressive

degeneration (Hunn et al., 2019).

The increase of extracellular DA levels in the WT animals is accompanied by a
decline in DA turnover (Fig. 7i). Animal models with nigrostriatal lesions typically show
increased DA turnover, possibly reflecting a compensatory rise in DA metabolism in
remaining synapses (Altar et al., 1987; Hefti et al., 1985; Pifl & Hornykiewicz, 2006).
However, in human asyn overexpressing BAC rats, DA turnover at 9 months was lower
regardless of stress treatment both in tissue (Fig. 7f) and microdialysis (Fig. 7i)
measurements. The same results, accompanied by an increase of DA turnover at 12 months,
coinciding with SNg neuronal loss at that timepoint, were previously reported by our group
(Polissidis et al., 2021). Notably, despite neuronal loss in the SNg and alterations in DA
metabolism, increased striatal DA levels persist for up to 18 months in the BAC rats

(Polissidis et al., 2021). These results confirm and extend the chronic stress-induced
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phenoconversion we observe with respect to reversal of hyperlocomotion and ex vivo

striatal DA levels.

In the first publication describing the creation of the asyn BAC rats, asyn was found
to be C-terminally truncated using an antibody specific for the C-terminus of human asyn
and reverse-phase chromatography (Nuber et al., 2013). Furthermore, Nuber and colleagues
report increased C-terminal truncated asyn in the striatum of aged asyn BAC rats, mirroring
biochemical findings seen in the striatum of PD patients with advancing Braak stages (Nuber
et al., 2013). While other studies support that truncated asyn is naturally observed both in
healthy and diseased brains and is not related to pathology or aging but rather correlates
with the total amount of asyn, accumulated truncated asyn is located in the core of LBs
(Dufty et al., 2007; Muntané et al., 2012). Combined with finding supporting that insoluble
truncated asyn mediates the pathogenic conversion of soluble asyn into pathogenic fibrils
(Mishizen-Eberz et al., 2005), it has been hypothesized that truncated forms of asyn might
act as a ‘seed’ of protein aggregation (Nuber et al., 2013). In the CRUST cohort, we observed
truncated forms of asyn (Fig. 8d, 12a), especially in the striatum (Fig. 8f) and the
hippocampus (Fig. 12c) of asyn BAC rats following chronic stress. In terms of increased
neuronal vulnerability, in vitro selective expression of truncated human asyn in
dopaminergic neurons of the nigrostriatal pathway does not result in dopaminergic cell loss,
however, it significantly lowers the levels of striatal DA and its metabolites (Daher et al.,
2009). In vivo, in asyn-null Tg mice, truncated human asyn reduces striatal DA (Tofaris et al.,
2006) and increases vulnerability of transplanted dopaminergic neurons to stress, indicating
a role in dopaminergic cell loss in sporadic PD (Michell et al., 2007). Indeed, asyn BAC
animals with truncated asyn (Fig. 8a), display baseline decreased DA turnover (Fig. 7f), while
chronic stress further enhances asyn truncation (Fig. 8e), which coincides with a reduction in
DA levels in the striatum (Fig. 7e). Truncated asyn is proposed to be the byproduct of

impaired autophagy and oxidative stress (Sorrentino & Giasson, 2020).

In parallel, subtle fine motor deficits manifest upon chronic stress exposure,
including worsening of postural instability (Fig. 4c) and decrease right hindlimb stride length
(Fig. 4d). Thy1-aSYN mice seem to be the only Tg PD mice that naturally phenoconvert with
age - their natural history evolves from a state of increased extracellular striatal DA at 6
months of age to decreased locomotion at 14 months of age, when striatal DA is significantly
depleted (Lam et al., 2011; Chesselet et al., 2012). Here, we report an accelerated model of

phenoconversion to a neurodegenerative state in 9 mo asyn BAC rats using chronic stress,
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demonstrating the importance of gene-environment interactions in the study of PD

pathogenesis.

We also observe similar dopaminergic neurotransmission imbalances in less well-
characterized dopaminergic systems including the hypothalamus where we see a reversal of
enhanced DA turnover in asyn BAC rats following chronic CORT treatment (Fig. 1j), further
supporting phenoconversion and apparent baseline dysregulation of HPA axis at the
neurotransmission level as well. 18 Fluoro-dopa PET has demonstrated reduced monoamine
storage capacity in PD (Moore et al.,, 2008), thus, enhanced DA turnover may be a
consequence of reduced storage capacity in asyn BAC rats and chronic stress may alter the

metabolic activity of dopaminergic neurons, decreasing their turnover.

Neuroinflammation has a cause-effect relationship with PD. Nigrostriatal astrocytic
activation is in accordance with dopaminergic neuron death (Lee et al., 2010; Walsh et al.,
2011; Morales et al., 2016), while cytokines influence neurotransmitter systems, altering
brain neurocircuits resulting in substantial changes in motor function, motivation, and
emotional states like anxiety, arousal, and heightened vigilance (Miller et al., 2013). Reactive
microglia are detected in the hippocampus of PD brains (McGeer et al., 1988; Imamura et
al., 2003) and loss of GR signalling in the SNg of MPTP-treated mice and PD patients is
caused by nuclear re-localization of GR in activated microglia, demonstrating their pivotal
role in regulating dopaminergic neurodegeneration (Ros-Bernal et al., 2011). Microglial
activation was not as prominent although it followed the same pattern as astrocytic
activation (Fig. 5, 9, 10). The robust decrease in nigral dopaminergic cell number (Fig. 3b, 6c),
decreased locomotor activity (Fig. 4a, 6e) and fine motor deficits (Fig. 4c,d) — a profile
matched by WT only after chronic stress — indicates that, temporally, inflammation precedes
dopaminergic cell loss. Additionally, BAC animals display a baseline thymus hypertrophy
regardless of chronic stress (SFig. 3d & Fig. 3d). Thymus hyperplasia may occur as a
compensatory mechanism to restore immune balance following initial stress-induced
atrophy caused by elevated GCs. This rebound hypertrophy reflects the thymus's adaptive
attempt to cope with long-term immune dysregulation (Collins et al., 2024). In light of recent
finding suggesting an antigenic response to asyn in PD patients and a possible role of the
adaptive immune system in PD pathogenesis (Sulzer et al., 2017), this finding suggesting a

role of thymus dysfunction in PD warrants future studies.

Astrocytes play a key role in neurotransmitter metabolism and glial dysfunction has

been linked to abnormal GABA and glutamate levels in mood disorder patients' brains,
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particularly in the hippocampus (Middeldorp & Hol, 2011). The glutamine-glutamate-GABA
cycle is a critical metabolic pathway that maintains the balance of excitatory and inhibitory
neurotransmission in the brain with astrocytes playing a key role in converting glutamate
back to glutamine, while GABA is converted into glutamate and subsequently into glutamine
(Hertz & Zielke, 2004). This continuous cycling process is essential for replenishing
neurotransmitter pools and maintaining neurotransmitter homeostasis  (i.e.
excitation/inhibition) in the CNS (Schousboe et al., 2014). Following chronic stress, mRNA
expression of transporters and enzymes involved in the aforementioned metabolic cycle are
significantly altered in the striatum and the hippocampus accompanied by a downregulation
of L-glutamine levels (Xu et al., 2020), in agreement with our results (Fig. 11h,k). In the
striatum, decreased GABA levels (Fig. 11i) might be related to changes in the intrinsic
regulation of GABAergic medium spiny neurons due to DA depletion (Fig. 7e) and axonal loss
in the dorsolateral region of the putamen (Fig. 3e) innervated by the SNg. Additionally, asyn
overexpression alters synaptic communication in the corticostriatal pathway, possibly
contributing to preclinical manifestations preceding neuronal loss (Wu et al., 2010) while
elevated DA levels in the striatum of aged A53T mice may not be transmitted appropriately
due to functional changes hampering striatal synaptic plasticity (Kurz et al., 2010). It has
been confirmed that genes related to synaptic plasticity are altered in the striatum of asyn
BAC mice, regardless of CUMS exposure (Wassouf et al., 2019), therefore, we focused on the

hippocampal transcriptome.

3. Distinct stress response and altered hippocampal transcriptome in asyn

overexpressing BAC rats

Asyn inclusions are abundant in the hippocampus and associate with cognitive
dysfunction, especially in later stages of the disease (Adamowicz et al., 2017; Braak et al.,
2003; G. Halliday et al., 2008; Villar-Conde et al., 2021) and asyn expression is greatest in the
hippocampus in rodent overexpression models (Nuber et al., 2013; Polissidis et al., 2021).
Interestingly, mild to moderate levels of chronic stress can heighten arousal state and
improve spatial learning and memory by enhancing synaptic plasticity and long-term
potentiation (LTP) in the hippocampus (Conrad et al., 1999; Joéls et al., 2006). That is the
case with both WT and BAC animals displaying improved MWM performance following
chronic stress (Fig. 6j) while the BAC animals additionally exhibit a general trend toward

enhanced spatial memory (Fig. 6k). This pattern aligns with previous findings in 9 mo A53T
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mice, where better MWM performance - though not related to hippocampal neurogenesis -

was observed (Liu et al., 2018).

A recent review aiming to summarize transcriptomic studies on PD, examined
shared biological pathways across various studies (Borrageiro et al., 2018). The most
commonly reported alterations were reported in pathways involved in DA metabolism,
mitochondrial function, oxidative stress, protein degradation, neuroinflammation, vesicular
transport and synaptic transmission. The majority of studies were performed in the SNg and
the striatum, while no studies were performed in the hippocampus (Borrageiro et al., 2018).
In the hippocampus, by focusing on the chronically stressed BAC animals, the most
significantly downregulated pathways - whether compared to the BAC CTL or the WT CRUST
group - are largely overlapping and involve neuronal development and synaptic function
(Fig. 14a). This pattern indicates extensive disruptions in brain connectivity and
communication. Reduction in axonogenesis, axon guidance, neuron projection guidance,
dendrite morphogenesis and development indicates compromised neuronal growth and
connectivity characteristic of disrupted neural circuits. In parallel, downregulation of
synaptic structure regulation, synaptic vesicle cycle and vesicle-mediated transport points to
significant synaptic dysfunction, implying the neurons’ inability to transmit signals
effectively. Deficits in pathways involved in neurotransmitter secretion, transport and signal
release suggest impaired neurotransmission, a hallmark of PD. Taken together, the pattern
of pathway downregulation emerging from our results indicates that chronic stress interacts
with asyn overexpression to trigger a disruption of essential processes needed for
maintaining healthy neuronal networks, consequently leading to neurodegenerative

progression.

On the upregulated pathways, the common denominator is mitochondrial function
and energy metabolism, suggesting that cells are faced with an increased demand for energy
production (Fig, 14a). This pattern typically indicates that mitochondrial activity is
heightened to meet elevated energy needs, often due to stress or damage. Upregulation of
mitochondria and energy production-related pathways suggests that cells are faced with
disrupted energy metabolism and cellular homeostasis. Additionally, upregulation of
detoxification pathways points to increased activity in neutralizing ROS and other harmful
metabolites, indicating oxidative stress. Taken together, our results suggest that enhanced
asyn burden leads to cellular metabolic and oxidative stress in an attempt to maintain

homeostasis.
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Focusing on the specific disease-relevant DEGs, among the members of the
synuclein family, SNCG (Fig. 14b) shows baseline decreased expression in BAC rats (Fig. 14c).
Pathological accumulation of SNCG has been found in the brains of patients with PD and
DLB, (Galvin et al., 1999) while in patients with amyotrophic lateral sclerosis (ALS), gamma-
synuclein-positive structures are found in the spinal cord and a rare SNP enhances the
otherwise resilient amyloid formation of gamma-synuclein (Peters et al., 2015; Aubrey et al.,
2024). In mice, SNCG overexpression results in pathology reminiscent of ALS (Peters et al.,
2015, 2015). While in BAC rats SNCG downregulation may be an offset response to SNCA
overexpression, SNCG upregulation following stress might be pathological (Fig. 14c) since
alterations in SNCG expression and function have been associated with neurodegenerative

diseases (Surgucheva et al., 2014).

Apart from changes in the synuclein family, we also examined alterations in the
expression of LRRK2 and SCARB2, both of which have established links to PD. Mutations in
LRRK2 lead to increased kinase activity and are implicated in neuronal degeneration and PD
progression (Chang et al., 2017). Despite the conflicting results regarding LRRK2 expression
levels in the hippocampi of WT rodents (Taymans et al., 2006; Melrose et al., 2007), baseline
decreased expression in BAC rats (Fig. 14 d) agrees with findings of reduced LRRK2 mRNA in
the limbic system of iPD patients (Sharma et al., 2011). SCARB2 (LIMP2) plays a crucial role in
GCase trafficking and stability (Reczek et al., 2007), required for cellular lipid homeostasis. In
PD, SCARB2 downregulation exacerbates lysosomal dysfunction leading to misfolded asyn
accumulation (Beavan & Schapira, 2013). While the differential effect of stress — increasing
expression in WTs and decreasing it in BAC animals — is not statistically significant (Fig. 14e),
sequencing results are consistent with the transcription validation showing reduction of

SCARB2 expression in BAC animals following stress (Fig. 14b).

Among the most significant DEGs identified was RGS2 which encodes a regulator of
G-protein-coupled receptor (GPCR) modulating neurotransmission in pathways related to
mood and anxiety. RGS2 disruption is linked to alterations in dopaminergic pathways (Jones-
Tabah, 2023) and antioxidant defenses (Salim et al., 2011). RGS2 interacts with LRRK2 to
regulate GTPase and kinase activities and is reduced in the striatum of LRRK2 and sporadic
PD (Dusonchet et al., 2014) while a polymorphism constitutes a risk allele for schizophrenia
and antipsychotic-induced Parkinsonism (Greenbaum et al., 2009; Higa et al., 2010). In the

hippocampus, RNA-seq results are partially validated, showing a significant baseline
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decrease in RGS2 expression in BAC animals compared to WT, with a further reduction

following chronic stress (Fig. 14f).

NQO2 encodes a cytosolic flavoprotein exerting protective action again ROS
formation (W. Wang et al., 2008). A 29-bp deletion in its promoter is 3.5 times more
prevalent in PD patients (Harada et al., 2001). Moreover, NQO2 is a key modulator of
autophagy, with elevated activity following 6-OHDA exposure in SH-SY5Y cells (Verbovaya et
al., 2024) and increased levels in the hippocampi of rats exposed to high fluoride, while
NQO?2 inhibition reduces autophagic flux and increases oxidative stress (Ran et al., 2023).
Additionally, NQO2 inhibition in 6-OHDA-treated astrocytes restores autophagic flux and
lowers oxidative stress, while NQO2 silencing diminishes 6-OHDA’s toxicity (Janda et al.,
2023). In early-stage PD patients, increased NQO2 expression is observed in blood cells,
whereas late-stage postmortem SNg samples show decreased mRNA levels (Janda et al.,
2023). RNA-seq validation reveals baseline increased NQO2 expression, further increased in
BAC animals after CRUST (Fig. 14g), and possibly linked to an increased need for protection

against oxidative stress.

Despite the lack of PCR validation, the remaining DEGs are briefly discussed since
they are closely associated with PD and their expression levels is significantly altered; P2RX4
encodes a purine receptor ligand-gated ion channel with high calcium permeability, broadly
expressed in neurons and glia. Typically, P2RX4 is found intracellularly in endosomes and
lysosomes while surface expression increases under pathological conditions (Duveau et al.,
2020). P2X4R KO mice show impaired sensorimotor gating, social interactions (Wyatt et al.,
2013), and reduced L-DOPA-induced motor behaviors (Khoja et al.,, 2016). P2RX4
overexpression in SNg after 6-OHDA, elevates IL-6 levels, leading to neuroinflammation and
neuronal loss (Ma et al., 2020). Additionally, P2RX4 rescues motor deficits and promotes
asyn degradation (R. Li et al., 2022). Intriguingly, BAC rats show decreased baseline P2RX4
levels while stress appears to reduce expression in WT rats (Fig. 14b). PAK6 is a kinase
exerting neuroprotective roles, especially during stress responses (Kumar et al., 2017). PAK6
was identified as a novel interactor with the GTPase/ROC domain of LRRK2, acting as a
positive regulator of neurite outgrowth. Post-mortem studies report increased PAK6
activation in idiopathic PD and LRRK2 G2019S carriers, while LRRK2 KO mice exhibit reduced
PAK6 activation (Civiero et al., 2015). Phosphorylation of 14-3-3y by active PAK6 disrupts
binding to LRRK2 can counteract the neurite shortening (Civiero et al., 2017). Interestingly,

BAC rats are characterized by baseline reduced PAK6 expression levels (Fig. 14 b).
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Neprhrocan (NEPN) encodes a protein that acts as a negative regulator of the TGF-B
signaling pathway. While nephrocan itself is not directly linked to PD, disruptions in TGF-3
signaling have been implicated in neurodegenerative diseases, including PD, given the role
of TGF-B in neuroinflammation and neuronal survival (Karampetsou et al.,, 2022).
Surprisingly, we see an immense decrease in the expression levels of nephrocan in the
hippocampus of the BAC animals (Fig. 14b). MERTK encodes a critical regulator of immune
responses, particularly in the clearance of apoptotic cells through a process called
efferocytosis. In the brain, MERTK helps regulate inflammation and maintain cellular
homeostasis (Rothlin et al., 2015). BAC animals present decreased levels of MERTK after
CRUST but also compared to the stressed WT animals (Fig. 14 b). LDLR encodes a receptor
that regulates cholesterol levels. Cholesterol homeostasis has been increasingly linked to
neurodegenerative diseases while lower levels of total and LDL cholesterol are associated
with PD (L. Zhang et al., 2017). Additionally, DJ-1 KO cells and mice display reduced LDLR
mRNA and protein levels, suggesting a potential link between LDLR and PD pathology
(Yamaguchi et al., 2012) while in our case, only after CRUST, BAC rats display reduced LDLR
expression levels compared to stressed WT animals (Fig. 14 b). MMP16 encodes a protein
that plays a role in degrading components of the extracellular matrix and activating other
matrix metalloproteinases (MMPs), like MMP2 (Yong, 2005). Although MMP16 has not been
directly linked to PD, MMPs are known to be involved in neuroinflammation and BBB
breakdown, making MMP16’s role in these processes potentially relevant to PD pathology
(Rosenberg, 2009; Consortium (IPDGC) & Consortium 2 (WTCCC2), 2011). MMP16
rs60298754 was associated with the presence of apathy, pain, nocturia and light sensitivity
in a cohort of PD patients in southern China (Chen et al., 2021). We observe a baseline
decrease of MMP16 expression levels in the hippocampus of BAC rats (Fig. 14b). Finally,
PPM1F is a serine/threonine phosphatase that regulates various cellular processes, including
stress response. In mice, PPM1F is differentially expressed after immobilization stress, and in
humans, mRNA levels are downregulated in individuals with comorbid PTSD and depression,
suggesting a role in stress-related disorders (Wingo et al., 2018). While acute restraint stress
increases PPM1F expression and decreases BDNF in the hippocampus (Meng et al., 2021),
chronically stressed BAC rats display decreased expression levels compared either to non-
stressed BAC rats or to stressed WT rats (Fig. 14 b). While the identified DEGs show potential
relevance and novelty in our experimental groups, additional validation is crucial to establish

the precise role of each gene in disease pathology before reaching definitive conclusions.
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Two recent back-to-back studies by Wassouf and colleagues stand out; RNA
sequencing of hippocampal tissue from female mice overexpressing human SNCA using a
BAC construct, either after 8 weeks of chronic stress at 6 mo (Wassouf et al.,, 2019) or
following 12 months of environmental enrichment (Wassouf et al., 2018) provide a valuable
opportunity to corroborate the most significant DEGs identified across different studies;
considering however, the independent variables of sex and species (i.e., female mice vs.
male rats). Genome-wide DNA methylation analysis of neurons in the parietal cortex of
postmortem PD patients reveal sex-specific changes in SLC17A6, NR4A2 and other genes
linked to developmental pathways, neurotransmitter release and axon guidance
(Kochmanski et al., 2022). SLC17A6 encodes the vesicular glutamate transporter 2 (VGLUT2).
Loss of thalamostriatal glutamate signaling in the dorsal striatum produces a bradyphrenia-

like phenotype similar to PD (Melief et al., 2018).

Bioinformatics analysis implicates SLC17A6 in the pathogenesis of PD and DLB (Xu et
al., 2023) and as a top DEG in the globus pallidus of PD patients (Lin-ya, 2024). Apart from
reports of decreased SLC17A6 expression in the hippocampus of BAC Tg mice (Wassouf et
al., 2019), we see a reduction in BAC compared to WT animals only after CRUST (p=0.045; Fc
0.61). While the Tg animals are indeed characterized by altered neurotransmission (Fig. 111),

glutamate levels are not affected by asyn overexpression in the hippocampus (Fig. 11j).

NR4A2, also known as NURR1, encodes for a transcription factor crucial for the
development, maintenance and function of dopaminergic neurons, particularly in the SNg,
regulating genes involved in DA synthesis and release, such as TH, dopa decarboxylase
(DDC), and SLC6A3 (DAT) (Decressac et al., 2013). While rare mutations or altered
expression of this gene are linked to familial PD, NR4A2 also reduces pro-inflammatory and
neurotoxic mediator expression in microglia and astrocytes through NF-kB-p65 binding (Saijo
et al., 2009). The effects of NR4A2 could also apply to the hippocampus (Wassouf et al.,
2018), suggesting that enhancing NR4A2 expression may support neuron survival by
mitigation of inflammation. After CRUST, BAC animals show a significant reduction in NR4A2

expression compared to their WT counterparts (p=0.017; Fc: 0.67).

SYT6 encodes a protein from the synaptotagmin family, which serves as a calcium
sensor involved in synaptic vesicle trafficking and neurotransmitter release, playing a key
role in exocytosis and synaptic transmission (Wolfes & Dean, 2020). LRRC55 (Leucine-Rich
Repeat Containing 55) encodes a regulatory subunit of large-conductance calcium-activated

potassium channels that modulate neuronal activity and neurotransmitter release by
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regulating membrane potential (Yan & Aldrich, 2012). RNA-seq results marked an increased
baseline expression of SYT6 in Tg animals (p=0.0057; Fc: 1.54), while LRRC55 expression is

significantly reduced after stress compared to WT animals (p=0.022; Fc: 0.74).

ALDH1A1 plays a crucial role in detoxifying harmful reactive aldehydes (Marchitti et
al., 2007). The subset of DA-producing neurons in the ventral SNpc of PD patients suffering
the greatest loss, is marked by selective ALDH1A1 expression (Carmichael et al., 2021).
Reduced ALDH1AL1 activity or expression is linked to vulnerability of dopaminergic neurons
to oxidative damage, making it a potential neuroprotective factor (Liu et al., 2014). While
ALDH1A1 iss downregulated only in 6mo BAC mice overexpressing human asyn (Wassouf et
al., 2019), our findings show a significant reduction in BAC animals after CRUST compared to

BAC controls (p=0.005; Fc: 0.80) and stressed WT animals (p=0.005; Fc: 0.74).

Out of the eleven common DEGs in all 4 group comparisons (Fig. 14 h), we briefly
examine three, namely; RGS5, INHBA and PSMD14. Prolonged treatment with reserpine, an
inhibitor of vesicular monoamine transporter (VMAT), used to deplete DA as a model of
parkinsonism, significantly decrease mRNA levels of several regulator of G-protein signaling
(RGS) proteins, including RGS2 and RGS5, in the striatum (Geurts et al., 2003). Similarly, in
the hippocampus, we find lower baseline RGS5 expression in WT animals compared to BAC
rats overexpressing human asyn (Fig. 14h). Recent work suggests that astrocytic RGS5 is a
key regulator of TNF signaling, promoting astrocyte activation and chronic
neuroinflammation (Yin et al., 2023). INHBA, a component of the TGF-B signaling pathway
involved in inflammation and cell growth, is significantly upregulated in the striatum of a
dyskinesia model following long-term L-Dopa treatment (Dyavar et al.,, 2020) and also
increased after LRRK2 depletion in SHSY5Y cells (Habig et al., 2008). In the hippocampus, WT
rats have lower baseline INHBA expression compared to BACs, but after chronic stress, BAC
rats show reduced INHBA levels compared to WT. Finally, PSMD14, part of the ubiquitin-
proteasome system, is found among the most dysregulated genes in aged humans (Dick et
al.,, 2023) and differentially expressed across all experimental comparisons in our analysis

(Fig. 14h).

Lastly, given that GCs are crucial for modulating the activity of stress-responsive
glutamatergic synapses (Popoli et al., 2011), stress susceptible WT mice demonstrate
elevated hippocampal MR transcript levels and no change in GR, compared to stress resilient
mice after CUMS, resulting to a greater suppression of hippocampal mGlu2 receptors due to

stress (Nasca et al., 2015). Intriguingly, both Tg BAC rats and PD patients display increased
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MR expression levels (Nakos Bimpos et al., 2024b), while RNA-seq results show decreased
expression of the mGlu2-encoding gene GRM2 in the group of stressed BAC animals
compared to the WT groups (BAC CRUST vs WT CTL, p=0.049; Fc: 0.75 and BAC CRUST vs WT
CRUST, p=0.0037; Fc: 0.64).

4. The body-first BAC model replicates key human microbiome findings and reveals

stress-responsive microbiota linked to PD

Recent studies using BAC Tg rodents expressing human asyn have shown age-
dependent prodromal symptoms and dopaminergic degeneration (Nuber et al., 2013;
Taguchi et al., 2020; Polissidis et al., 2021). Although asyn is widely expressed throughout
the body, pathology appears in the gut before affecting the basal ganglia, making these
models particularly relevant for studying body-first PD (Van Den Berge & Ulusoy, 2022).
Since Braak’s hypothesis proposed that the gut might serve as an entry point for the
initiation and spread of PD pathology (Braak et al., 2003), this idea gained traction as more
research highlighted the gut-brain axis' role in PD pathogenesis with population-based
studies suggesting a potentially higher risk of PD in patients with inflammatory bowel
disease (IBD) (Lee et al., 2021). However, since not all IBD patients develop PD, some
researchers propose that gut inflammation might act as a “facilitator” in the spread of PD
pathology (Derkinderen et al., 2021; Johnson et al., 2019). Supporting this, an analysis of
serum samples from IBD patients reveals elevated tryptophan degradation, suggesting that

tryptophan deficiency could influence PD risk or severity (Nikolaus et al., 2017).

Computational models analyzing the interactions between the microbiome and the
metabolism of PD patients showcase decreased folate and increased homocysteine
production (Rosario et al., 2021). While folate along with vitamins B12 and B6 catabolize
homocysteine releasing other amino acids, high homocysteine levels is an indicator of
vitamin deficiency, can disrupt methylation cycles and affect tryptophan metabolism,
potentially leading to neurological and metabolic imbalances (Bottiglieri, 2005; Obeid &
Herrmann, 2006). Briefly, it is hypothesized that increased levels of homocysteine lead to
excitotoxicity through binding to NMDA receptors and by contribution to the release of
inflammatory mediators, either by astrogliosis or by endothelial cell dysfunction which in

turn stimulate the activation of MMPs leading to BBB disruption (Fan et al., 2020).

Intriguingly, Subdoligranulum was revealed as the main producer of homocysteine

and its population is increased in PD cases compared to controls (Mao et al., 2021; Rosario
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et al., 2021). Along with Faecalibacterium, both species produce SCFAs (Duncan et al., 2002;
Holmstrgm et al., 2004) and are known to be auxotrophic (i.e. unable to synthesize) for the
majority of vitamins and for tryptophan (Soto-Martin et al., 2020) and are affected following
overexpression of human asyn and chronic stress interaction (Fig. 15f, 16f). While the exact
mechanisms underlying the beneficial effects of SCFAs are yet to be fully understood, it is
known that SCFAs exert anti-inflammatory, anti-oxidant and intestinal barrier protective
properties by binding to G-protein coupled receptors (Caetano & Castelucci, 2022). Overall,
in our results the asyn overexpressing BAC rats are characterized by reduced baseline SCFA

levels (Fig. 15a-c, 16a).

Our findings are supported by multiple studies showing a significant decrease in
Faecalibacterium levels that correlate with both disease severity and duration (Haikal et al.,
2019; W. Li et al., 2017). Similarly, individuals with high trait anxiety exhibit reduced
microbial diversity and distinct alterations in microbiota composition, including elevated
Blautia and decreased Faecalibacterium. Notably, those who respond better to cognitive
intervention display improved tryptophan metabolism and increased Subdoligranulum levels

(2. Wang et al., 2022).

Being first isolated in the 30s, the gram-positive anaerobic Peptococcus (Kluyver &
Niel, 1936) is part of the normal flora of the human body, including the intestine tract
(Murdoch, 1998). Interestingly, in two different occasions, Peptococcus has been associated
with motor complications in PD patients (Qian et al., 2018; Baldini et al., 2020), while in both
CRUST and CORT cohort Peptococcus populations are increased in the same fashion
following chronic stress in the WT rats, reaching the higher baseline levels characterizing

BAC animals (Fig. 15f, 16f).

Gut dysbiosis, known to be present in the early stages of irritable bowel syndrome
(IBS), is thought to be triggered following an intestinal infection (Spiller & Garsed, 2009) or a
stressful life event (L. Chang, 2011). Restraint stress triggering IBS in mice, results in elevated
plasma CORT, ROS and increased abundance of the genera Tyzzerella and Bacteroides (R. Lin
et al.,, 2021). Interestingly, chronic stress also elevates Tyzzerella levels in our study with BAC
animals already exhibiting higher baseline levels (Fig. 15f), while Bacteroides is consistently
reported to be the most abundant genera characterizing WT animals in both cohorts (Fig.
15d, 16d) in agreement with data from human studies reporting an almost unanimous
decreased population of Bacteroides in PD patients (Haikal et al., 2019). Moreover, the

serotonin and NA reuptake inhibitor drug venlafaxine exerts its antidepressant action by also
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restoring glutamate levels with Tyzzerella and Blautia emerging, among other genera, as
potential targets since their populations correlates with glutamate levels (W. Shen et al.,

2023).

Treatment of animal models with PD patient medication (L-DOPA and carbidopa)
alleviates depressive behaviors and ameliorates constipation symptoms through the
increase of Turicibacter population both in the ileum and the feces and the boost of butyrate
production (Radisavljevic, 2023). Turicibacter (Fig. 15f) is an anaerobic, gram-positive, non-
spore-forming bacteria named after Zurich (Turicum in latin), the city of Switzerland, where
is was first isolated (Bosshard et al., 2002). Conversely, 6-OHDA injections result in
decreased abundance of Turicibacter, while this decrease is reversed following high dosages
of phenolic antioxidants (Nurrahma et al., 2022). Finally, findings from the field of cancer
research identified Turicibacter as a key player in overall immune activation (Hamada et al.,
2023). Intriguingly, our results show lower baseline levels in the BAC rats and Turicibacter

population decrease following after CRUST in the WT animals (Fig. 15f).

Our results show a lower baseline population of the Helicobacter genus in BAC
animals (Fig. 15d, 16d), while much of the research attention has focused on Helicobacter
pylori. The literature is brimming with studies, meta-analyses and reviews exploring the
potential links between this pathogen and increased PD risk and pathogenesis, the
worsening of motor symptoms and the alteration of L-DOPA pharmacokinetics with many
studies highlight the potential benefits of H. pylori eradication (Huang et al., 2018; McGee et
al., 2018; Shen et al., 2017; Tan et al., 2020; Zhong et al., 2022).

Escherichia, a gram-negative, non-spore forming, facultatively anaerobic bacteria
inhabiting the Gl tract (Escherich, 1988), has lower baseline abundance in the BAC animals of
both cohorts (Fig. 15d, 16d) and is further decreased after CRUST (Fig. 15e). 16S rRNA gene
sequencing from a big group of PD patients reported that Sporobacter, Escherichia and other
genera has higher linear discriminant analysis scores in the PD patient group (Jo et al., 2022)
while in a different human study Sporobacter and Blautia — among other genera — shows
negative correlation with UPDRS scores (W. Li et al.,, 2017). Interestingly, vitamin K2,
primarily produced by Escherichia bacteria (Kang et al., 2022), has been shown to function as
an electron carrier in mitochondria successfully rescuing a Drosophila model of PD with
mitochondrial dysfunction (Vos et al., 2012). Additionally, in vitro studies indicate that
vitamin K can delay asyn fibrillization by interacting with the N-terminus of the protein (da

Silva et al., 2013) and directly suppress ROS production and p38 activation in a rotenone-
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activated microglial cell line (Y. Yu et al., 2016). In PD patients, decreased vitamin K2 levels in
the serum are associated with disease progression, dysregulated inflammatory responses
and coagulation cascades (Y.-X. Yu et al., 2020). In 2020 a clinical trial was launched to
investigate the potentially beneficial effects of vitamin K2 in genetic cases of PD associated
with mitochondria dysfunction, e.g. with PINK1 gene mutations (Prasuhn et al., 2020).
Finally, in agreement with our results, a group using a similar animal model also reports
significantly increased Faecalitalea population in the cecum of their BAC transgenic mice
(Singh et al., 2019) while studies in human PD patients have shown that the severity of
constipation (evaluated by the Wexner score) positively correlates with Faecalitalea and
Sellimonas (Fig. 15d, 16d) among other microbiota genera populations (W. Chen et al.,

2021).

As a concluding remark, it is crucial to highlight that sequencing results and
correlation studies often produce vast amounts of data, which, when analyzed through
varying pipelines, may not always reflect disease relevance. Therefore, utilizing large sample
sizes processed through consistent analytical methods is essential. Most importantly,
understanding the precise mechanisms by which microbial communities contribute to
disease pathogenesis should be a primary focus to translate findings into meaningful
insights. A seminal meta-analysis published in 2020 combined data from over 1,000 PD
patients across diverse populations in Japan, the United States, Finland, Russia and
Germany. This large-scale study reported a decrease in SCFA-producing Roseburia and
Faecalibacterium, alongside an increase in Akkermansia, a bacterium known to disrupt gut

integrity and increase oxidative stress in the ENS (Nishiwaki et al., 2020).

In relation to the second part of my remark, a study assessing the impact of
Akkermansia on obesity and diabetes through microbiota transplantation reported no
significant effects on these markers in colonized mice, despite prior correlative evidence
suggesting such a role (Depommier et al., 2020), underscoring the importance of in vivo
studies to validate microbial contributions to disease beyond correlations (Van Hul et al.,

2020).

Overall, our body-first PD animal model recapitulates the most important finding
from PD human studies, including the recently reviewed levels of Faecalibacterium which
show a lower baseline in BAC animals regardless of treatment and a decrease in WT animals
after CRUST (Fig. 15f), as well as the decreased SCFAs (Fig. 15a-c, 16a). Apart from the

diversity stemming from the asyn overexpression, interaction with chronic stress revealed a
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plethora of altered microbiota genera which constitute promising targets for therapeutic

interventions.

5. Conclusions

This study demonstrates HPA axis dysregulation prior to overt neurodegeneration in
human-asyn BAC overexpression Tg rats. Chronic stress, by enhancing asyn pathological
changes, appears to supersede compensatory mechanisms leading to more overt
neurodegeneration and subsequent emergence of full-blown Parkinsonian phenotypes.
Thus, under conditions of enhanced asyn burden/pathology, chronic stress as an
environmental factor can potentially “trigger” PD phenoconversion on multiple levels in the
brain and gut. Chronic stress protocols could therefore be used as critical research tools to

study the underlying mechanisms of phenoconversion in PD.
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Supplementary Figure 1. (a) Multidimensional scaling plot of

sample relationships before (top) and after

(bottom) removal of the outlier. (b) Biological coefficients of variation (BCV) estimated with the edgeR pipeline.

BCV measures the percentage difference of gene expression from replicate to replicate; tagwise = BCVs are

calculated separately for each gene; Common = a common value of BCV calculated fo all genes; Trend =
abundance-dependent fit, towards which, tagwise BCVs are squeezed via an empirical Bayes process. (c) List of

top 162 DEGs among all the group comparisons.
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Supplementary Figure 2. (a) Total distance travelled (cm) in the EPM by WT and BAC animals after two weeks of
CORT administration. (b) Simple linear regression correlation analysis of the time (s) spent in the center of the OF

arena to the total distance travelled (cm) in the OF arena for the animals of all the experimental groups,
regardless of genotype and treatment group. Linear regression analysis was applied. (c) NA levels (mg/g wet
tissue) in the hippocampusof WT and BAC animals after two weeks of CORT administration. Two-way ANOVA was
applied with Bonferroni's multiple comparisons post-hoc tests for (a) and (c-e). All data are expressed as Mean +
SEM. Asterisk (*) is used to denote genotype main effects while hashtag (#) denotes treatment main effects.
Significance levels: */# p<0.05; ** p<0.01; *** p<0.001. N=7-8 per group for (a), (b) N=26, (c) N=3-4 per group, (d)

and (e) N=6-10 per group.
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Supplementary Figure 3. Immunofluorescence staining against TH and pS129 asyn in the hypothalamus. In (a)
the pictures that were captured with the 40x 1.20 objective and in (b) the pictures were captured with the 63x
1.30 objective.
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Supplementary Figure 4. By immunoblot biochemical analysis we measured relative protein levels (vs b-actin) of
(a) total asyn levels in the soluble fraction of hippocampus, (b) pS129 asyn levels in the soluble fraction of
hippocampus, (c) total asyn levels in the soluble fraction of striatum, (d) pS129 asyn levels in the soluble fraction
of striatum, (e) total asyn levels in the insoluble fraction of hippocampus, (f) pS129 asyn levels in the insoluble
fraction of hippocampus (g) total asyn levels in the insoluble fraction of striatum and (h) pS129 asyn levels in the
insoluble fraction of striatum. We calculated insoluble to soluble fraction ratios of (i) total asyn levels in
hippocampus, (j) pS129 asyn levels in hippocampus, (k) total asyn levels in striatum and (I) pS129 asyn levels in
striatum. The relative quantification of protein levels was performed with the use of Fiji/Image). Two-way
ANOVAs were applied for (a), (c), (e), (g), (i) and (k) with Bonferroni's multiple comparisons post-hoc tests while
unpaired t-tests were applied for the comparisons (b), (d), (f), (h), (j) and (I). Asterisk (*) is used to denote

genotype effects. All data are expressed as Mean + SEM. Significance levels: * p<0.05; ** p<0.01; *** p<0.001.
N=3-5
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Supplementary Tables

Supplementary Table 1. Lists of primary and secondary antibodies

Primary Catalog Working Working Host
Antibody Clone number dilutions dilutions species Company
against (wB) (IHC)
b-actin ca MAB1501 1/5000 - mouse EMD Millipore
- TA309077 1/2000 - mouse OriGene
GAPDH 6C5 MAB374 1/5000 - mouse EMD Millipore
GFAP (GA5) - 3670 1/1000 1/1000 mouse Cell Signaling
Technology
- 17198 - 1/400 rabbit Cell Signaling
Ibal/AlF-1 Technology
- 0199741 - 1/2000 rabbit WAKO
Phospho EP1536Y ab51253 1/1000 1/2000 rabbit Abcam
S129 - 23706 - 1/1000 rabbit Cell signaling
Total asyn BD Transduction
SYN1 610786 1/1000 1/1000 mouse .
Laboratories
H:srss” 4B12 GTX21904 | 1/1000 - mouse GeneTex
R:S;n”t D37A6* 4179 1/1000 - rabbit Cell Signaling
Tyrosine LNC1 MAB318 - 1/1000 mouse EMD Millipore
Hydroxylase - ab76442 - 1/1000 chicken Abcam
- 657012 - 1/2000 rabbit Calbiochem
Secondary Catalog number Working dilutions Company
antibody (ICC or WB)
CFA88A green - 1/2000 Biotium
CF555 red - 1/2000 Biotium
Cy5 128-175-160 1/400 Jackson Imm. Affinipure
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https://www.jacksonimmuno.com/catalog/products/128-175-160

Supplementary Table 2. List of RT gPCR primers

Gene Forward (5’ 3’) Reverse (5’ 3’)

Rat GAPDH ATGACTCTACCCACGGCAAG CTGGAAGATGGTGATGGGTT
Rat b-actin AGCCATGTACGTAGCCATCCA TCTCCGGAGTCCATCACAATG
Rat SNCG AAGGGGTCATGTATGTGGGC TCTTCTCAGCCACCGAGGTT
Rat LRRK2 CCACTTCTGCCCAGGTCTTT TCGCTCGCTTGCTATTGAGG
Rat SCARB2 CTGACTTCTGCAGGTCCGTC TACCGAAAAGCAGGCAGTCC
Rat RGS2 GAAGCCCAAAACTGGCAAGA TGAATGCAGCAAGCCCATATTT
Rat NQO2 TCCAGGAGGCAGAGACTGTT GGAGCACTTTCTTACCTGCCA

179




Supplementary Table 3. Exact p-values for the results presented in Figures and Supplementary files

Fig. Title Statistical P value P value Significantly Multiple comparisons
test summary different
1b Corticotropin release | Unpaired 0.0229 * Yes Does not apply
factor in the t-test
hypothalamus
1c Plasma corticosterone | Two-way Genotype effect: 0.0182 * Yes -
ANOVA Treatment effect: 0.0628 ns No
1d Adrenal glands weight | Two-way Genotype effect: 0.0342 * Yes -
ANOVA
le Elevated plus maze Two-way | Interaction effect: 0.0135 * Yes WT CTL vs WT CORT:
ANOVA | Genotype effect: 0.0005 rEkx Yes p=0.0098 (**)
Treatment effect: 0.0282 # Yes WT CTL vs BAC CTL:
p=0.0007 (***)
WT CTL vs BAC CORT:
p=0.0008 (***)
1f Time spent in the Two-way | Genotype effect: 0.0001 ** Yes -
center of the open ANOVA | Treatment effect: 0.0013 HiHt Yes
field arena
1g Average PPI Two-way | Treatment effect: 0.0075 H#t Yes -
ANOVA
1h Acoustic startle: Two-way | Interaction effect: 0.0047 *k Yes WT CTL vs BAC CORT:
Stimulus response ANOVA Genotype effect: 0.0053 Hit Yes p=0.0423 (*)
WT CORT vs BAC CORT:
p=0.0007 (***)
BAC CTL vs BAC CORT:
p=0.0532 (ns)
1i Noradrenaline (NA)in | Two-way | Treatment effect: 0.0029 H#t Yes -
the hypothalamus ANOVA
1j Dopamine (DA) Two-way | Interaction effect: 0.0019 *k Yes WT CTL vs BAC CTL:
turnover in the ANOVA Genotype effect: 0.0033 *k Yes p=0.0031 (**)
hypothalamus Treatment effect: 0.0117 # Yes WT CORT vs BAC CTL:
p=0.0027 (**)
BAC CTL vs BAC CORT:
p=0.0018 (**)
2b pS129 in the Two-way Genotype effect: 0.0002 ok Yes -
hypothalamus ANOVA Treatment effect: 0.0183 # Yes
2c pS129 in the Two-way | Genotype effect <0.0001 HE xR Yes -
hippocampus ANOVA
2d Total asyn in the Two-way Genotype effect: 0.0165 * Yes -
hippocampus ANOVA
(soluble fraction)
2d Total asyn in the Two-way Genotype effect: 0.0008 kK Yes -
hippocampus ANOVA
(insoluble fraction)
2f Total asyn in the Two-way Genotype effect: 0.0175 * Yes -
striatum ANOVA
(soluble fraction)
2f Total asyn in the Two-way Genotype effect: 0.0066 *k Yes -
striatum ANOVA
(insoluble fraction)
3b TH+ neurons in the Two-way | Treatment effect: 0.0223 * Yes -
SNpc ANOVA




Fig. Title Statistical P value P value Significantly Multiple comparisons
test summary different
3d pS129 asyn in the SNpc | Two-way | Interaction effect: 0.0403 * Yes WT CTL vs BAC CTL & BAC
ANOVA Genotype effect<0.0001 HoA Ak Yes CORT: p<0.0001 (****)
Treatment effect: 0.0001 HitH Yes WT CORT vs BAC CTL & BAC
CORT: p<0.0001 (****)
BAC CTL vs BAC CORT:
p=0.0005 (***)
3e TH+ fibers DL striatum | Two-way Genotype effect: 0.0138 * Yes -
ANOVA Treatment effect: 0.0137 # Yes
3g TH+ fibers V striatum | Two-way | Interaction effect: 0.0399 * Yes ns
ANOVA
4b Astrocytes (GFAP) Two-way | Treatment effect:0.0327 # Yes -
expression (in the ANOVA
SNpc)
de GFAP in the striatum Two-way | Interaction effect: 0.0449 * Yes ns
ANOVA
4g Astrocytes (GFAP) Two-way | Interaction effect: 0.0039 *k Yes WT CTL vs WT CORT
expression ANOVA Genotype effect: 0.01 * Yes p=0.0489 (*)
(in the striatum) WT CTL vs BACCTL
p=0.004 (**)
WT CTL vs BAC CORT
p=0.0547 (ns)
4h Microglia (Ibal) Two-way | Interaction effect: 0.0086 *x Yes WT CTL vs WT CORT
expression ANOVA p=0.0809 (ns)
(in the striatum)
5a Total distance travelled | Two-way | Genotype effect <0.0001 HE Ak Yes -
(Open Field) ANOVA Treatment effect:0.0006 HiHt Yes
5b Total number of Two-way | Interaction effect: 0.0426 * Yes WT CTL vs BAC CORT:
rearings ANOVA Genotype effect<0.0001 HE Ak Yes p=0.0003 (***)
(Open Field) WT CORT vs BAC CORT:
p=0.0001 (***)
BAC CTL vs BAC CORT:
p=0.0404 (*)
5c Postural instability Two-way | Treatment effect: 0.0215 # Yes -
ANOVA
5d Gait analysis: Stride Two-way | Interaction effect: 0.0494 * Yes WT CTL vs WT CORT:
length (Right Forelimb) | ANOVA Genotype effect: 0.0064 *k Yes P=0.0558 (ns)
Treatment effect:0.04 # Yes WT CTL vs BAC CTL:
P=0.0199 (*)
WT CTL vs BAC CORT:
P=0.0071 (**)
5d Gait analysis: Stride Two-way Genotype effect: 0.0047 ok Yes -
length (Left Forelimb) ANOVA
5d Gait analysis: Stride Two-way Genotype effect: 0.0083 *k Yes -
length (Right Backlimb) | ANOVA Treatment effect: 0.0378 # Yes
5d Gait analysis: Stride Two-way Genotype effect: 0.007 *k Yes -
length (Right Backlimb) | ANOVA
6b Body weight Two-way | Treatment effect <0.0001 HiHHH Yes -
ANOVA
6¢ Adrenal glands weight | Two-way Treatment effect: 0.025 Hit Yes -
ANOVA
6d Thymus gland weight | Two-way Genotype effect: 0.0136 * Yes -
ANOVA
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Fig. Title Statistical P value P value Significantly Multiple comparisons
test summary different
6e Total distance travelled | Two-way | Interaction effect: 0.0148 * Yes WT CTL vs BACCTL
in the open field ANOVA Genotype effect: 0.0001 rEkx Yes p=0.0002 (***)
Treatment effect: 0.0005 HitH Yes WT CRUST vs BAC CTL
p <0.0001 (****)
BAC CTL vs BAC CRUST
p=0.0004 (***)
6f Time spent in the Two-way Genotype effect: 0.0462 * Yes -
center of the open ANOVA Treatment effect: 0.0025 Hit Yes
field arena
6g Olfactory Two-way | Interaction effect: 0.0145 * Yes WT CTL vs BAC CTL:
discrimination ANOVA Genotype effect: 0.0055 ** Yes p=0.0007 (***)
WT CTL vs BAC CRUST
p=0.0107 (*)
6h Average PPI Two-way Interaction effect: 0.02 * Yes BAC CTL vs BAC CRUST
ANOVA p=0.0368 (*)
6i Acoustic startle: Two-way | Treatment effect: 0.0429 # Yes -
Stimulus response ANOVA
6j Morris water maze: Two-way Genotype effect: 0.0857 ns No -
Time spent in target ANOVA Treatment effect: 0.0472 # Yes
guadrant
6k Morris water maze: Two-way Genotype effect: 0.056 ns No -
Number of platform ANOVA Treatment effect: 0.056 ns No
crossings
7c TH+ neurons in the Two-way Genotype effect: 0.0111 * Yes -
SNpc ANOVA Treatment effect:0.0183 # Yes
7e Dopamine (DA) Two-way | Interaction effect: 0.0069 *k Yes WT CTL vs BACCTL
in the striatum ANOVA Genotype effect: 0.0008 rEkx Yes p=0.0015 (**)
WT CRUST vs BAC CTL
p=0.0091 (**)
WT CRUST vs BAC CRUST
p=0.0231 (*)
7f Dopamine (DA) Two-way Genotype effect: 0.0321 * Yes -
turnover ANOVA
in the striatum
7h Dopamine (DA) in Two-way | Interaction effect: 0.0069 *k Yes WT CTL vs WT CRUST
striatal ANOVA Genotype effect: 0.01 ns No p=0.0327 (*)
extracellular milieu WT CTL vs BAC CTL
p=0.0307 (*)
7i Dopamine (DA) Two-way Interaction effect: 0.059 *E Yes WT CTL vs WT CRUST
turnover in striatal ANOVA Genotype effect: 0.0084 ok Yes p=0.0055 (**)
extracellular milieu Treatment effect: 0.0178 # Yes WT CTL vs BAC CTL
p=0.006 (**)
WT CTL vs BAC CRUST
p=0.0046 (**)
7j Asyn levels in striatal Paired 0.058 ok Yes Does not apply
extracellular milieu t-test
8c Total asyn (Striatum Two-way | Treatment effect: 0.0032 ok Yes -
soluble fraction) ANOVA
8d 1% truncated band Two-way Interaction effect: 0.09 ns No -
Total asyn (Striatum ANOVA Genotype effect: 0.0018 *k Yes
soluble fraction) Treatment effect:0.0586 ns No
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Fig. Title Statistical P value P value Significantly Multiple comparisons
test summary different
8e 2" truncated band Two-way | Interaction effect: 0.0237 * Yes WT CTL vs BAC CRUST
Total asyn (Striatum ANOVA Genotype effect: 0.0019 ok Yes p=0.0024 (**)
soluble fraction) Treatment effect:0.0197 # Yes WT CRUST vs BAC CRUST
p=0.005 (**)
BAC CTL vs BAC CRUST
p=0.0139 (*)
8f pS129 asyn (Striatum | Two-way | Interaction effect: 0.0747 ns No -
soluble fraction) ANOVA Genotype effect <0.0001 oAk Yes
8n pS129 asyn (Striatum | Two-way Genotype effect: 0.0017 ok Yes -
insoluble fraction) ANOVA
10c Astrocytes (GFAP) Two-way | Treatment effect:0.0144 # Yes -
expression ANOVA
10d Microglia (Ibal) Two-way | Interaction effect: 0.0134 * Yes WT CTL vs WT CRUST
expression ANOVA Treatment effect:0.0003 Hit# Yes p=0.0008 (***)
WT CTL vs BAC CRUST
p=0.0888 (ns)
WT CRUST vs BAC CTL
p=0.0107 (*)
11a Glutamate in Two-way Genotype effect: 0.0003 rEkx Yes -
olfactory bulb ANOVA
11d Glutamate in Two-way | Treatment effect <0.0001 HiHHH Yes -
prefrontal cortex ANOVA
11e Glutamine in Two-way | Treatment effect <0.0001 Hith Yes -
prefrontal cortex ANOVA
11f GABA in Two-way | Treatment effect: 0.0178 Fizd Yes -
prefrontal cortex ANOVA
11g Glutamate in Two-way | Treatment effect: 0.0911 ns No -
striatum ANOVA
11h Glutamine in Two-way Interaction effect: 0.09 ns No -
striatum ANOVA Treatment effect: 0.0019 H#it Yes
11i GABA in Two-way | Interaction effect: 0.0007 kK Yes WT CTL vs BACCTL
striatum ANOVA Genotype effect: 0.0006 ok Yes p=0.0003 (***)
Treatment effect: 0.0007 HiHt Yes WT CRUST vs BAC CTL
p=0.0003 (***)
BAC CTL vs BAC CRUST
p <0.0001
11j Glutamate in Two-way Interaction effect: 0.05 ns No -
hippocampus ANOVA Treatment effect: 0.0007 HiHH Yes
11k Glutamine in Two-way | Treatment effect <0.0001 HiHH Yeap -
hippocampus ANOVA
111 GABA in Two-way Genotype effect: 0.031 * Yes -
hippocampus ANOVA
11m Glutamate in Two-way Treatment effect: 0.046 # Yes -
ventral midbrain ANOVA
11ln Glutamine in Two-way Genotype effect: 0.1002 ns No -
ventral midbrain ANOVA Treatment effect: 0.1096 ns No
12c 1% truncated band Two-way | Interaction effect: 0.1021 ns No
Total asyn ANOVA Genotype effect: 0.0007 *Ekx Yes
(Hippocampus soluble Treatment effect: 0.0336 # Yes
fraction)
12e pS129 asyn Two-way Genotype effect: 0.0189 * Yes -
(Hippocampus soluble ANOVA
fraction)
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Fig. Title Statistical P value P value Significantly Multiple comparisons
test summary different
1l4c SNCG Two-way | Interaction effect: 0.0287 * Yes WT CTL vs WT CRUST
ANOVA Genotype effect < 0.0001 HoA Ak Yes p=0.0058 (**)
Treatment effect: 0.0017 Hi Yes WT CTL vs BAC CTL
p=0.0002 (***)
WT CTL vs BAC CRUST
p=0.0009 (***)
WT CRUST vs BAC CRUST
p<0.0001 (****)
WT CRUST vs BAC CRUST
p<0.0001 (****)
14d LRRK2 Two-way Genotype effect: 0.0269 * Yes -
ANOVA
14 f RGS2 Two-way | Interaction effect: 0.0208 * Yes WT CTL vs WT CRUST
ANOVA Genotype effect: 0.0013 *k Yes p<0.0001 (****)
Treatment effect <0.0001 HitH# Yes WT CTL vs BACCTL
p=0.0040 (**)
WT CTL vs BAC CRUST
p<0.0001 (****)
WT CRUST vs BAC CTL
p=0.0657 (ns)
BAC CTL vs BAC CRUST
p=0.0074 (**)
l4¢g NQO2 Two-way | Interaction effect: 0.0086 *k Yes WT CTL vs BACCTL
ANOVA Genotype effect: <0.0001 HE Ak Yes p=0.0061 (ns)
Treatment effect: 0.1016 H#t ns WT CTL vs BAC CRUST
p=0.0006 (***)
WT CRUST vs BAC CRUST
p< 0.0071 (**)
WT CRUST vs BAC CRUST
p< 0.0001 (****)
BAC CTL vs BAC CRUST
p=0.030 (*)
16b Acetic acid (C2:0) Two-way Genotype effect: 0.0041 ok Yes -
ANOVA
16c Propionic acid (C3:0) Two-way Genotype effect: 0.0137 * Yes -
ANOVA
16d Butyric acid (C4:0) Two-way Genotype effect: 0.0232 * Yes -
ANOVA
17a Acetic acid (C2:0) Two-way Genotype effect: 0.0303 * Yes -
ANOVA
S2a Elevated Plus Maze Two-way Genotype effect: 0.0008 rEx Yes -
(total distance ANOVA Treatment effect: 0.0127 # Yes
travelled)
S2c Noradrenaline (NA) in | Two-way Genotype effect: 0.0064 *x Yes -
the hippocampus ANOVA
S2d Thymus gland weight | Two-way Genotype effect: 0.0020 ok Yes -
ANOVA
S2e Olfactory Two-way | Interaction effect: 0.0176 * Yes WT CTL vs WT CORT:
discrimination ANOVA Genotype effect: 0.0019 *k Yes p=0.0198 (*)
Treatment effect: 0.0355 #Hit Yes WT CTL vs BAC CTL:
p=0.0023 (**)

WT CTL vs BAC CORT:
p=0.0017 (**)
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Fig.

Title Statistical P value P value Significantly Multiple comparisons
test summary different

S4i Total asyn in the Two-way | Genotype effect: 0.0939 ns No -
hippocampus (ratio) ANOVA

S4j pS129 asyn in the Unpaired Genotype effect: 0.0505 ns No Does not apply
hippocampus (ratio) t-test

S4k Total asyn in the Two-way | Interaction effect: 0.0490 * Yes WT CTL vs BAC CTL:

striatum (ratio) ANOVA Genotype effect: 0.0204 * Yes P=0.0416 (*)
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